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Abstrakt: Ve srazkach ultrarelativisticych tézkych iontt vznikd kvark-gluonové
plazma (QGP), stav hmoty, ve kterém kvarky a gluony nejsou vézany do hadrond.
Simulacemi takovych srazek pomoci napt. HYDJET+-+ Monte Carlo generatoru
muzeme lépe porozumét vlastnostem QGP. V této praci jsou popsany zaklady jadro-
jadernych srazek a pomoci modelu HYDJET++ verze 2.4 byla nasimulovina pro-
dukce nabitych a puvabnych ¢astic ve srazkdch Pb+Pb pii energiich /sy = 2.76 a
5.02 TeV a srdzkdch Au+Au pfi /syy = 200 GeV. Simulované vytézky céstic a je-
jich kolektivni tok jsou porovnany s experimentalnimi daty a ze srovnani vyplyva, ze
model dobfe popisuje data v nejcentralnéjsich srazkach naptic energiemi. Vysledky
ukazuji, Ze teplota kinetického vymrznuti D mesontu se pii zvySeni energie srazky z
Vsnn = 200 GeV na 2.76 TeV a 5.02 TeV snizi z T}, = 165 MeV na T}, = 105 MeV.
Ty, = 105 MeV je shodna pro energie /syx = 2.76 a 5.02 TeV.

Klicovd slova: Srazky tézkych iontii, puvabné mezony, kvark-gluonové plazma,
HYDJET+—+

Title:

Study of equilibration of charm mesons in relativistic heavy ion collisions
within Monte Carlo generator HYDJETH+

Author: Be. Jaroslav Storek

Abstract: In ultra-relativistic collisions of heavy nuclei, medium composed of
deconfined quarks and gluons, quark-gluon plasma (QGP), can be created. Repro-
ducing experimental results by the HYDJET++ Monte Carlo event generator can
help scientific community to better understand properties of QGP and nature of
the underlying processes. In the thesis, basics of nuclei collisions are introduced
and simulations of charged and charm particles with HYDJET++ model version
2.4 in Pb+Pb collisions at /sy = 2.76 and 5.02 TeV and in Au+Au collisions at
Vsnn = 200 GeV energies are presented. Simulated particle yields and collective
flow coefficients are compared to the experimental data and a good agreement be-
tween the simulations and the data is observed in the most central collisions at all
studied energies. The results show that the thermal freeze-out temperature of D
mesons decreases from 7T}, = 165 MeV in Au+Au at /sxy = 200 GeV to T3, = 105
MeV in Pb+Pb at \/syy = 2.76 and 5.02 TeV.
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Introduction

The Standard Model is one of the most successful particle physics theories. Accord-
ing to the Standard Model, the world around us is made from elementary particles
which interact between each other by fundamental interactions. Atomic nuclei can
be recognized to consist of protons and neutrons which are found to be made of
quarks. Force that holds quarks together is strong interaction and its mediators
are called gluons. However, right after the Big Bang, temperature of all the matter
was too high for strong interaction to hold quarks together. It is believed that the
matter was in the so called quark-gluon plasma (QGP) state of quasi-free quarks
and gluons. Nowadays, such conditions of matter with high energy densities can
be reproduced in particle colliders by colliding heavy ions at ultra-relativistic en-
ergies. Understanding of the QGP behavior allows one to model evolution of the
early Universe and currently it is a field of very intense theoretical and experimental
studies.

Many models try to explain what happens with the matter in such extreme con-
ditions and predict outcome of the experiment. Match between the model and ex-
perimental data may indicate that the main physical processes have been correctly
understood. One of such models is HYDJET++ which combines blast wave model
used for low transverse momentum particles with PYTHIA 6.4 generated modified
jet events which are applied in high transverse momentum region. An interesting
feature of this model based on basic assumptions is possibility to disentangle contri-
butions of different effects into the final distributions. In this thesis, HYDJET++
simulated distributions of charged and charm particles are compared to the experi-
mental data in three different collision setups and conclusions of the particle specie
thermalization are made.

In the beginning of the thesis, nuclear matter phase diagram and time evolution of
the ultra-relativistic heavy ion collisions are explained. Next, several QGP signa-
tures are introduced. The main part of the thesis is dedicated to HYDJET-++ model
and simulation results of Au+Au collisions at \/syy = 200 GeV and Pb+Pb colli-
sions at /syy = 2.76 and 5.02 TeV. Finally, relevant observations are summarized
in the conclusion.
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Chapter 1

Ultra-relativistic Nucleus-nucleus
Collisions

Nuclei are composed of protons and neutrons which consist of elementary particles,
quarks. The Standard Model describes the behavior of elementary particles inter-
acting through three fundamental forces between each other. All the elementary
particles and force carriers can be seen in Fig. 1.1. Boxes in the scheme distinguish
groups of particles which interact by the particular force. The Standard Model in-
teractions are governed by charges. Overview of all interactions' and their relative
strength is summarized in Tab. 1.1. As can be seen from the scheme, quarks can
interact via all the forces. No other particles except of the strong force mediators
can interact by the strong force.

Theory of the strong interaction, quantum chromodynamics (QCD), has got its
origin in the 1970s [2]. Interaction of color charged quarks is described by interchange
of color charged gluons. Important feature of QCD is that the color charged gluons
can interact between each other. Quarks and gluons (altogether called partons) are
under normal conditions bound into colorless hadrons. However, at early times of
the Universe the energy density of partons was too high to form bound states such
as protons or neutrons [3]. To study systems of deconfined nuclear matter and get
better understanding of QCD theory, high energy density needs to be reached. One
of the ways how to achieve such conditions are heavy ion collisions at relativistic
energies.

Interaction Force carrier Source Range [m]| Relative strength
strong g color charge <1071 1
electromagnetic 7y electric charge 00 1072
weak w=, Z° weak charge 1018 1077
gravitational graviton mass 00 1073

Table 1.1: Summary of four interactions and their properties [4].

!Note that gravity is not part of the Standard Model.
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Figure 1.1: Standard model scheme [1].

1.1 Nuclear Matter Phase Diagram

One of the key tasks of heavy ion physics research is to investigate nuclear matter
phase diagram. It is known from lattice QCD calculations that the nuclear matter
can exist in deconfined phase which implies a phase transition between confined and
deconfined phase occurring at a critical temperature 7,.. This critical temperature
has been computed even before establishment of QCD by Hagedorn who estimated
"boiling point of hadronic matter" at vicinity of 7T, = 160 MeV [5|. Later lattice
QCD calculations yielding T, = (156.5 + 1.5) MeV agree with this result [6] and
it has become a great experimental challenge to confront these predictions with
reality. Note that both mentioned predictions are based on vanishing net baryon
density assumption where number of baryons is equal to number of antibaryons.

Schematic picture of QCD phase diagram in terms of temperature 7' and chemi-
cal baryon potential? g can be seen in Fig. 1.2. Baryon chemical potential jp
corresponds to net baryon number density, i.e. difference between baryons and an-
tibaryons, and it is lowest for early universe conditions as well as in ultra-relativistic
heavy ion collisions. The critical temperature mentioned above is labeled here at
T, = 155 MeV and is calculated for zero baryon chemical potential ug = 0. At
this point, white curve denoting phase transition from quark-gluon plasma (QGP),
state of deconfined matter, where quarks and gluons are not bound into hadrons
and can freely move within the medium, to hadron gas® begins and continues along

2Baryon chemical potential is in thermodynamics defined as change in initial energy U when
number of baryons Np is changed while entropy S and volume V' remain constant pup = ;TUB| A%

[7].

3There is a sharp change in degrees of freedom at phase boundary between quark-gluon plasma
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Figure 1.2: A sketch illustrating the experimental and theoretical exploration of the
QCD phase diagram [10].

points with decreasing temperature and increasing pup. Following the white phase
transition curve, two distinct regions can be distinguished split by a critical point:
crossover and the first order phase transition. Critical point is location in a phase di-
agram where the boundary between the phases disappears. At the first order phase
transition phases coexist together while at the crossover region there is smooth
change of phases [8]. The location of the critical point has been narrowed down to
T, < 135 — 140 MeV and pu% > 300 MeV by recent lattice QCD calculations [9].

Experiments focusing on phase transition line studies are also depicted in the graph.
It is namely the Large Hadron Collider (LHC) at CERN* in Geneva, Switzerland [11],
the Relativistic Heavy Ion Collider (RHIC) at the Brookhaven national laboratory
in New York, USA [12], and the Facility for Antiproton and Ton Research in Europe
(FAIR) at Darmstadt, Germany [13]. One can see that with increasing energy of an
experiment smaller yp and higher T points of the graph are covered. The LHC is
the most powerful machine and can reach center of mass energies up to \/syy = 5.02
TeV in Pb+Pb collisions®. Net baryon densities close to zero can also be achieved in
Au-+Au collisions at /sxyy = 200 GeV energies at RHIC. An important feature of
RHIC is that energies down to /syx = 7 GeV can be studied where critical point of
the nuclear matter is expected to be located. High net baryon densities are about
to be investigated by the Compressed Baryonic Matter (CBM) experiment at FAIR

and hadron gas. Phase is a region with particular number of degrees of freedom.
4CERN is an abbreviation of European Center for Particle Physics.
5./3NN is center-of-mass energy per nucleon pair.
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in gold beams collisions on a fixed target at energies up to /syy = 4.9 GeV [14].

To intuitively understand two points of the phase diagram — phase transition along
temperature axis (up = 0) and along chemical potential axis (7" = 0) —, the MIT
bag model described in the next section can be used.

1.1.1 MIT Bag Model

The Bag Model developed at MIT (Massachusetts Institute of Technology) is a
simple model describing a hadron as a bag confining non-interacting quarks in it
[15]. Tt provides a good theoretical example which illustrates the possibility of a
transition from hadron gas to quark-gluon plasma.

In this model, quarks are held in a hadron by the bag pressure B. B points inwards
to the center of the hadron and compensates pressure of quarks caused by their
kinetic motion. The value of the bag pressure B 1 for the confinement radius 0.8 fm
and a 3 quark system in a baryon is equal to B1 = 206 MeV [16]. If pressure caused
by kinetic motion overwhelms B, quarks expand and are no longer confined inside
the bag. Thanks to this intuitive thermodynamic model it is easy to imagine, how
this pressure excess can happen: either pressure of partons is too high (corresponds
to high temperature) or too many partons try to fit in a very small area (large
baryon number density).

In high temperature regime, let noninteracting and massless quarks and gluons be
in thermal equilibrium at large temperature 7" in volume V and assume an equal
number of quarks and antiquarks, so the net baryon density and the baryon chemical
potential are equal to zero, ug = 0. From sum of pressures of quarks, antiquarks
and gluons, critical temperature 7., at which outward pointing pressure P equals
the bag pressure B, can be inferred. Pressure B = P can be expressed as [16]

7.‘.2

B=P= gg—Tf, (1.1)

where g = 37 is number of degrees of freedom considering only two quark flavors.
For B1 = 206 MeV T, yields 144 MeV [16]. Temperatures of the medium exceeding
T, cause breaking of the bag and quarks and gluons are deconfined in the state of
quark-gluon plasma.

The bag pressure can be exceeded also by high baryon density in the bag. To avoid
thermal contribution, 7" = 0 is assumed for this calculation. Pauli exclusion prin-
ciple restricts filling the same states for fermions, therefore increasing the number
of quarks results in occupation of different momentum states and increase of the
pressure.

Critical baryon number density at bag pressure B can be expressed as [16]

! —4( L )‘I‘Bi (1.2)
"Be = gMae = 3\ 9402 ’ '
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where g, is quark degeneracy factor. Inserting values g, = 12 (two flavors, two
spins and three colors) and Bi = 206 MeV, the critical baryon number density ng.,
at which the compressed hadron matter becomes the quark-gluon plasma with a
high baryon content at T = 0, equals ng, = 0.72/fm3. Because this value is 3
times higher than that of the nuclear matter under normal conditions®, this state of
matter can be imagined as compressed form of regular matter.

The MIT Bag Model serves especially as a guide and helps to illustrate reasons
why transition into the deconfined state of matter can happen. Prediction of the
deconfinement can be extracted directly from the first principle calculations using
lattice QCD techniques.

1.2 Time Evolution of Nuclear Collision

Time evolution of nuclear collision in an inelastic scattering can be seen in Fig. 1.3.
Here, the z-axis represents space coordinate along the beam direction, the y-axis is
time ¢ and 7 = /t? — 22 is the Lorentz invariant proper time of the collision. Using
proper time 7, three different space-time areas can be recognized: space-like (7 < 0),
light-like (7 = 0) and time-like (7 > 0). Massless particles (e.g. photons) follow
light-like path, while other particles fall into the time-like region. In the space-like
region no particles can be found. In the figure, two possible cases of a collision time
evolution are drawn. Left half (2 < 0) describes evolution of a collision without
sufficient energy density to create QGP while the right one (z > 0) that with QGP
creation. Only the case with QGP creation will be discussed.

The collision happens at t = 7 = 0. Right after the collision, before the medium
reaches equilibrium, interaction of strong fields of nuclei partons is assumed and can
be described by Color Glass Condensate effective field theory [18]. Due to rapid
interactions between constituents, the medium is assumed to reach local thermal
equilibrium at proper time 7 < 1 fm/c and to create quark-gluon plasma. The
system collectively expands and description by relativistic hydrodynamics can be
used. While expanding, medium cools down below the critical temperature for QGP
formation 7, and mixed phase of QGP can be formed after which the matter takes
the form of hadron gas. At chemical freeze-out temperature 7T, ~ 160 — 175 MeV
[19, 20, 21|, hadronization from quarks and gluons finishes. Particles do not undergo
inelastic collisions anymore and particle species are set. After cooling down below
kinetic (thermal) freeze-out temperature T, ~ 90—130 MeV [22], elastic interactions
also stop, resonances decay and momenta of outgoing hadrons are fixed.

Evolution of the quark-gluon plasma can be successfully described by relativistic
hydrodynamics explained in the next section.

6Baryon number density of the nuclear matter under normal conditions ng = 0.25/fm?3 can be
obtained from mean nuclear radius R = RyA/3, where Ry = 1.2 fm is a constant and A is the
nuclear number [17].
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Figure 1.3: Diagram representing two possible scenarios of a collision evolution in
space (z) and time coordinates without (left, 2 < 0) and with (right, z > 0) the
QGP [23].

1.2.1 Hydrodynamics

Hydrodynamics of QGP can be described by energy density field e, pressure field p,
baryon charge density n and the 4-velocity field u* = dz*/dT at every space time
point x using energy-momentum tensor 7" and baryon number current N* [16].
Classical energy-momentum tensor is defined as [24]

)= [Ty st (13)

where f(x,p) is a distribution function and p* = (E,p) where E is energy and p'is
momentum vector. 7% (z) is the energy density, 27" describes i-th component of
momentum density and ¢7"% i-th component of energy flow (i = 1,2,3) where c is
the speed of light [25]. Baryon number current is defined as

N = / TP fa.). (1.4)
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The basic hydrodynamical equations are energy and momentum conservation law

oTH
=0 1.5
B (1.5)
and the current conservation [26], in this case baryon number conservation,
ONH
=0. 1.6
Ox (1.6)

If the particle distribution f(x,p) is a known function, 7" and N* can be computed
and static matter properties hydrostatic pressure p and energy density € as well as
transport properties viscous stress tensor II"” and heat flow IJ' can be extracted
using equations shown below [25]. In case of a small deviation from the static equi-
librium, transport properties can be approximated by linear dependence on the flow
velocity and the temperature, and shear viscosity 7, bulk viscosity ¢ and heat con-
ductivity x transport coefficients are introduced. Note that medium in relativistic
heavy ion collision is not static macroscopically but microscopically. Local static
equilibrium can still be achieved as the microscopic interaction are much faster than
the expansion of the fluid cell.

There are two essential components entering T"”: reversible T ) component and
irreversible 7* () component,

TH — prv (r) e (0, (1.7)

Reversible component applies for ideal fluid when medium is in the static equilib-
rium. Irreversible part is dissipative part which distorts the equilibrium. From
dissipative part shear and bulk viscosity variables come out.

In special case, when fluid element is at rest” (marked by asterisk), reversible part of
T can be expressed as T** ) = diag(e, p, p, p). When the fluid element is moving
with 4-velocity u”, T ) can be obtained from 7% () by the law of transformation
of tensors [27]. 7" @) is then be expressed as

T ® = (e + p)utu’ — g"p, (1.8)

where ¢g" = diag(1,—1,—1,—1) is the Minkowski space metric tensor and T+ ()
can be expressed as [25]

T,uzz(i) _ (Ig—i— €+pNgAg)uu+ <[(11,+ €E+Dp
Nru, Nru,

N"Ag) W, (1.9)

where I} is the heat flow, N* = i ﬂEpppf(:c,p) is the particle 4-flow, AF = J# — 4t

Usu®

where 0# is the Kronecker delta and I1*” is the viscous stress tensor. Baryon number

7(’&*0, u*l7 u*?) u*&) — (]_7 O, O, 0)
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current can also be decomposed into reversible N# ) and irreversible N* ) part,
NN — N:U‘ (r) + N:“ (i)’ Where

NA® = pu”  and (1.10)
Ne O = _ﬁpz({;. (1.11)

From relations shown above it is clear that one ends up with five equations from
conservation laws and six variables - energy density e, pressure p, velocity @ and
baryon number density n. Therefore equation of state (EoS) connecting the pressure,
the energy density and the charge density has to be added to obtain unambiguous
solution. Ideally, one would use EoS from lattice QCD calculations, practically ideal
relativistic gas EoS for the QGP phase and resonance ideal gas EoS for the hadron
phase can be used.

Assumptions of the hydrodynamic model are that the medium is in local thermal
equilibrium and that the mean free path of the particles is much smaller than the
typical size of the system. As a result, hydrodynamic predictions deviate from the
data for transverse momenta pr 2 2 — 3 GeV/c ® [29]. In Fig. 1.4, comparison of
(3+1)D viscous hydrodynamic model CLVis calculations to the experimental data
of 77 and D particles in Au+Au collisions at /syy = 200 GeV energy can be seen
as an example.

As a part of any hydrodynamic simulation, initial conditions have to be taken from
other models (e.g. Color Glass Condensate model [18]) or be set from physical
assumptions. Finally, prescription of hadronization is needed to obtain invariant
particle spectra. One can employ Cooper-Frye formula [30] or hadronic cascade
model. More details of the hydrodynamic simulation procedure and the currently
used methods can be found in Ref. [31].

1.3 Centrality determination

Quark-gluon plasma is studied in heavy ion collisions because they offer sufficiently
high energy density after a collision. Energy density of a collision is directly propor-
tional to the centrality of the collision. Centrality of a collision corresponds to the
nuclei overlap and can be expressed in terms the impact parameter b that connects
centers of the colliding nuclei as it is depicted in Fig. 1.5. Impact parameter b equals
zero for a head-on collision.

In an experiment, impact parameter can not be measured and centrality of a collision
is usually extracted from the number of charged particles coming out of a collision.
Relationship between the impact parameter b, number of the collision participants
Npart, centrality of the collision and the number of charged particles Ny, can be seen

8Defining a fourvector p* = (%, Dz Dy, Pz ), rapidity y and transverse momentum pp are defined

2
E2)? and pr = \/p2 + 3 [28].

asy = %ln(
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Figure 1.4: Comparison of the hydrodynamic model CLVisc calculations of py yield
spectra of 7+ (left) and D mesons (right) to the PHENIX and STAR experimental
data. Graphs have been taken from Ref. [32].

in Fig. 1.6. Central collisions feature more collision participants and more charged
particles is produced than in the peripheral ones. Also, central collisions are very
rare.

Determination of the impact parameter is model dependent and usually the Glauber
model, which connects the number of participants to the impact parameter, is used
[33]. Mapping between the experimentally measured charged particle multiplicity
distribution and the Glauber calculations is needed and centrality bins are defined
as a specific fractions of the total integral of the measured multiplicity distribution
[34].

Central collisions refer usually to 0-10% of the most central collisions, semi-central
collisions to 10-30% of the most central collisions and peripheral collisions to 30-60%
of the most central collisions.

participants

before collision after collision

Figure 1.5: Illustration of impact parameter in a collision [35].
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Chapter 2

QGP Signatures

In 1982 it has been proposed that enhancement of strange particle production in
nuclear collisions would indicate presence of QGP [37]. It is because strange quark
is created early in the collision, it is sensitive to the local color charge deconfine-
ment and it is dependent on the gluon degree of freedom [38]. The enhancement
of the strange quark production is caused by abundance of gluons which transform
into the strange quarks via g + g — s + § reaction. This phenomenon has eventu-
ally been observed in experiments conducted on Super Proton Synchrotron (SPS)
and experimental results can be seen in Fig. 2.1a (open symbols) showing more
pronounced enhancement for multi-strange baryons = and 2. Together with other
proposed QGP signatures!, observation of the QGP has been declared in February
2000 in CERN lead beam programme assessment [39]. The SPS results have been
confirmed by RHIC results at tenfold higher energy few years later (solid markers
in Fig. 2.1a). Since that time, QGP properties are under thorough investigation
which continues also at LHC. In this chapter the main experimental QGP tools are
discussed.

To quantify QGP effects, results from nuclei collisions are compared to p-+p collisions
where QGP has not been created and medium effects can be deduced. For this
purpose modification factor R,p is used. R4p is a ratio of the yield of a particle of
interest in A+ B collision, N4, with respect to that in p+p collision, N??, scaled by
the mean number of binary collisions (N.;) and can be defined in dependence on
chosen variable, usually transverse momentum pr or number of participants Npg,,
as |44]

ANAB/dpr  dANB/dpr

— 2.1
Ncoll>dep/de TABdO'pp/de ’ ( )

Rag(pr) = <

where 0P is the cross section of charged particles in p-+p collisions and T4 g is nuclear
overlap function from the Glauber model. Instead of using (N.u), Rap can be
expressed in terms of nuclear overlap function T4 and total inelastic cross section in

LOther signatures supporting the QGP creation were charmonia suppression, fireball expansion
inferred from momentum distributions and from two-particle correlations and broadening of the
p’s spectral function.
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Figure 2.1: (a) Mid-rapidity yield enhancement as a function of the number of
participants N, for strange particles [40]. The solid markers are for Au+Au at
VSN = 200 GeV and the open symbols for Pb+Pb (]y|<0.5) at \/syy = 17.3 GeV
|41, 42]. (b) ALICE experiment pr-integrated yield ratios of different particles to
pions as a function of the charged particle multiplicity density (Npq-¢/dn) measured
in |y| < 0.5 region [43].

p+p collision 07” ,, Tap = (Neou) /01, - Notation of A+B can represent two identical
nuclei (A+A) or collision of a nucleus and a proton (p+A) or a deuteron (d+A).
Example of Rap dependence on transverse momentum pr in ALICE experimental
data can be seen in Fig. 2.2. Taking into account only hard processes pr > 4
GeV, substantial suppression of particle production with respect to p+p collisions is
observed in Pb+Pb collisions while for p+Pb collisions the data are consistent with
no suppression. This allows one to study cold nuclear effects in p-+Pb which are not

connected to QGP.

It is important to note that effects similar to that in ion collisions have been observed
also in p+p collisions at LHC which might point to QGP creation even in p-+p
collisions. It is for example continuous strangeness enhancement shown in Fig. 2.1b
or ridge effect and collective flow effects described in following sections.

2.1 Collective Flow

Flow as a collective motion of particles produced in a collision appears to be an
important effect. As the medium expands with time, momentum distribution of the
outgoing particles can be studied in azimuthal angle in transverse plane. Because
the flow properties depend on initial conditions of a collision, information about dy-
namics of the early collision system and the degree of thermalization of the medium
can be extracted [46].
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Figure 2.2: The nuclear modification factor of charged particles as a function of
transverse momentum in minimum bias (NSD) p+Pb and Pb+Pb central 0-5% and
peripheral 70-80% collisions at ALICE [45].

After a non-central collision, medium forms an almond-like shape in the transverse
plane which results in azimuthal momentum anisotropy because of anisotropic pres-
sure gradients. The azimuthal transverse momentum distribution % = r(p) of

azimuthal angle ¢ is a periodic function and can be expanded into a Fourier series

dN Zo 1 > .
o r(p) = o, T ;[% cos(ng) + yn sin(ny)], (2.2)
where
27 27
r= [ ) costuade, = [ r(e)sinuold (2.3)
0 0

Defining x,, = v, cos(ny,) and y,, = v, sin(ny,) (v, = /a2 + y2) where 1, is angle
o . 2 T 2T .

between z-axis and reaction plane®, normalizing vy = fo r(¢)dy = 1 and using

trigonometrical identity cos(a — b) = cos(a) cos(b) + sin(a) sin(b), formula

v _ 1 (1 +2 Z vy, cos[n(p — @bn)]) (2.4)

dp — 2r

2Reaction plane is defined by the impact parameter b and the z-axis which is parallel to beam-
line.
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can be obtained. In symmetric nuclear collisions, v, averaged over all particles in
all events can be expressed as v, = (cos[n(¢ — ¥,)]) [47]. In an experiment, Fourier
coefficients can be corrected for the event plane resolution [48].

Fourier coefficients vy, v, and ws are called directed, elliptic and triangular flow
respectively. Higher v, coefficients also contribute but their importance is not so
significant. Unity in equation (2.4) stands for radial flow which is the isotropic
component of the flow. Schematic picture of how the elliptic and triangular flow
can appear from spatial overlap of the nuclei in a collision is shown in Fig. 2.3.
Participant plane Wpp is calculated for the particles contributing to the flow. Due
to different pressure gradients after the collision, the area of the hot medium changes
its shape and spatial anisotropy is transformed into momentum anisotropy. Time
evolution of energy density in the transverse plane for elliptic flow can be seen in
Fig. 2.4. The graph shows that almond-like shape disappears with time and the
system becomes spatially isotropic.

It has also been observed that for |/syy > 2 GeV collision energies the magnitude of
elliptic flow increases with (/syn (Fig. 2.5). More importantly, vy changes its sign
around /sxy ~ 4 GeV. Because elliptic flow can be expressed as (let 1 = 0)

vz = (cos(2¢)) = (cos?(¢) — sin?()) = <(§—) - (jj—)> EY)

sign change of vy is directly connected to vy shape in z-y plane. It is believed that at
low energies, where vy < 0, the matter is not Lorentz contracted and v is created by
nucleons while for vy > 0 region more quarks and gluons is involved in the collision.

Triangular flow

Figure 2.3: Figure illustrates from transverse plane point of view how initial con-
ditions of a collision can contribute to elliptic (left) [49] and triangular (right) [50]
flow. Wgp identifies reaction plane and Vpp participant plane.

2.1.1 Mass Ordering and Constituent Quark Scaling
Two phenomenons regarding elliptic flow have been observed. It has been found that

heavy particles such as protons experience different elliptic flow pr dependence than
light particles as pions. This phenomenon is called mass ordering. Up to pr < 2

28



Time
2 fm/c 4 fm/c

y (fm)

X (fm)

Figure 2.4: Series of graphs shows time dependence of created initial transverse
energy density for a non-central heavy-ion collision [49].
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Figure 2.5: Average elliptic flow (vs) as a function of beam energy /syn [51].

GeV/c for RHIC and pr < 2.5 GeV /¢ for LHC heavier particles show smaller vy then
the light ones while for higher pr the mass ordering breaks and vy shows stronger
dependence on particle’s quark composition [52]. Mass ordering of v, can be seen
for RHIC and LHC data in Fig. 2.6a and Fig. 2.7a respectively. Characteristic
mass dependence can be explained by interplay between anisotropic elliptic and
azimuthally symmetric radial flow [53].

Breaking of the mass ordering in the 2 < pr < 4 GeV/c region hints the other
phenomenon called constituent quark scaling. At RHIC energies it has been observed
that, when elliptic flow and pr is scaled by the number of constituent quarks n of the
particle, all particles follow the same curve. To more pronounce this scaling, variable
K Er = my — mg considering relativistic effects is used, where my = /p% + m? is
transverse mass and my is rest mass of the particle. Quark scaling of v, at RHIC can
be seen in Fig. 2.6b. However, deviations from quark scaling have been observed
at LHC energies (Fig. 2.7b). One of the reasons might be abundance of jets [54].
From constituent quark scaling it can be concluded that the elliptic flow is created
during pre-hadronic stage [55] and that flow at the constituent quark level strongly
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supports quark-like degrees of freedom [52].

Interestingly, elliptic flow mass ordering has been observed also in high multiplicity
p+p collision which hints medium creation even in p+p collisions. Fig. 2.8 shows
ve(pr) distributions extracted from long-range two-particle correlations in p-+p col-
lisions at /s = 13 TeV energy together with that in p+Pb and Pb+Pb collisions.
Graphs are labeled by reconstructed track multiplicity Nefine and particle pairs are
formed by associating each charged trigger particle originating from the primary ver-
tex within a given ptT“g range with the remaining charged primary tracks in specified

PF°¢ interval.
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Figure 2.6: Elliptic flow vy dependence of different particle species on pr and K E7 in
minimum bias Au+Au at /sy = 200 GeV [52]. In the right graph (b) constituent
quark scaling has been performed. Data points have been obtained from Au+Au
and Cu+Cu collisions.

2.1.2 7n/s Determination Using Collective Flow

By comparing collective flow results to relativistic viscous hydrodynamic simula-
tions, information about the medium shear viscosity to entropy density ratio n/s
can be inferred. Comparison in Fig. 2.9 shows that QGP can be treated as an almost
perfect fluid® with minimal viscosity. Under a rough approximation of 1/s being in-
dependent on temperature, values /s = 0.12 for RHIC energy and 7n/s = 0.2 for
LHC energy describe the data very well. Simulation considering temperature depen-
dence using HH-HQ parametrization® with a minimum 7/s(7) = 0.08 at T, = 180
MeV [58] is also considered and for RHIC gives worse description of the data which
implies that the correct temperature dependence has not been extracted yet. The
lower bound n/s = 0.08 = L is set because of /s > -1 condition coming from

47 4
gauge theories in the strong coupling limit [59].

3Perfect fluid has no shear viscosity.
*HH-HQ parametrization uses different 7/s(T) dependencies for both hadron gas and QGP
phase.
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(b) constituent quark scaling has been performed.
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Figure 2.8: Elliptic flow vy (pr) of inclusive charged particles, K2 and A/A particles
in p+p [56], p+Pb and Pb+Pb [57] collisions at CMS experiment.

Temperature dependent 1/s(7T') results of lattice QCD have also been computed and
are shown in Fig. 2.10. In T'/T, ~ 1—3 region, lattice QCD results 0.08 < n/s < 0.3
are close to that from hydrodynamics.

2.2 Jet Quenching

At high energies \/sxy > 40 GeV, high transverse momentum partons with pr 2 2
GeV /c can be used to study properties of the created medium. Firstly, because they
originate from partonic scatterings with large momentum transfer %, and secondly,
because they are produced in short timescales 7 ~ 1/pr < 0.1 fm/c and propagate
through the medium [36].

Evolution of a hard parton scattering can be seen in Fig. 2.11. Outgoing scattered

31



0.2 r|vqy ==+ | RHIC 200GeV, 30-40%
Vo — | filled: STAR prelim. ©
0.15 open: PHENIX 0.2 ‘ . .
| We=012 ) vy, — | ATLAS 20-30%, EP
e I S — V3 == | narow: nWs(T)
= 005 | 4 ) 3 ] 0.15 ¢ wide: 1/s=0.2
: oy
- w02 :#’ﬂ I g
0 I 1A LR o 01 -
T > o
02 r|vy == | RHIC 200GeV, 30-40% , o T -
Vo — | filled: STAR prelim. o © 0.05 T
0.15 open: PHENIX L - -
© -y
2 o1l n/s(T) | 0
s et £ 0 05 1 15 2

0.05

pr [GeV]

(a) (b)
Figure 2.9: (a) Comparison of v,(pr) at RHIC using /s = 0.12 and temperature
dependent 1/s(T") with data from PHENIX and STAR experiments in 30-40% cen-
trality region. (b) Comparison of v,(pr) at LHC using n/s = 0.2 and temperature
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Bands indicate statistical errors. Both graphs are taken from Ref. [60].
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Figure 2.10: n/s lattice QCD results with displayed lower bound 7n/s = 0.08 [61].

partons radiate gluons which split into ¢¢ pairs and finally hadronize. Outgoing
collimated spray of hadrons resulting from the fragmentation of an outgoing parton
is called a jet. Due to energy loss in the medium, attenuation or disappearance of a
jet can be observed. Such phenomenon is called jet quenching.

Both collisional and radiative energy loss AF,.,; and AFE,,; contribute to the total
energy loss AFE. Collisional energy loss comes from elastic scatterings with medium
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Figure 2.11: Schematic evolution of a hard parton scattering [62].

constituents and dominates at low particle momenta while radiative energy loss is
caused by inelastic scatterings such as photon or gluon bremsstrahlung and affects
particles with high momenta. Feynmann diagrams of both processes can be seen
in Fig. 2.12. Radiative losses are proportional to the strong coupling constant
a, color charge Cgk, medium thickness L and transport coefficient ¢ in which the
medium modifications are encoded, AFE,.q ~ a;CrqGL?* [36]. They are also mass
dependent and the heavier quark the less energy it loses by radiation. Effect of the
small-angle 6 < % radiation suppression where M is mass of the quark and FE its
energy is called "dead cone" effect [63].

E E-AE

+AE

E //AE

E-AE

X
(medium)

Figure 2.12: Feynmann diagrams for collisional (left) and radiative (right) energy
loss of a quark of energy E traversing a quark—gluon medium [36].
In order to study QGP properties by hard partons, their perturbative produc-

tion cross section and modification by propagation through the strongly interacting
medium have to be known. Application of perturbative QCD is justified because
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the running strong coupling constant a, goes to zero with rising momentum transfer

Q*. Calculation of the perturbative cross section do'#4,, that hadron h is produced

in collision of A and B nuclei can be performed in the factorization approach [36]

dol, = fara(21, Q%) ® foyp(x2, Q%) @ dont™S (21, 22, Q%) ® Dessp(2,Q%), (2.6

where

faja(z1,Q?) is the probability of finding a parton of flavor a and momentum

fraction x; = 222" ingide the nucleus A, i.e. the parton distribution function

Pnucleus
(PDF) ,

fo/8(22,Q?) is the PDF for a parton of flavor b and nucleus B,

D, n(z,Q?) is the probability that the parton ¢ fragments into the hadron h
with fractional momentum z = Bhadion " o the fragmentation function (FF),

'parton

which can be determined from e*A or eTe~ collisions and

dohard (21, 29, Q%) is the perturbative partonic cross section computable up to

a given order of a.

The factorization approach is based on the assumption that characteristic time of a
hard parton-parton interaction is much shorter than any long distance interaction
occurring before or after the hard collision. Therefore, partons can be considered
"frozen" during the hard scattering and nucleus’ PDF f,/4(x, Q?) can be approxi-
mated by PDF of a nucleon N, f,/n(z,Q?), multiplied by number of nucleons A,
faja(z, Q%) = Afyn(z,Q?). Deviation of a nuclear collision from proton-+proton
collision is studied by the nuclear modification factor.

In many jet quenching models the factorization theorem is employed and modifi-
cation by propagation through strongly interacting medium is taken into account
by modifying the parton fragmentation function D, ;(z) by neglecting the Q* de-
pendence. Final hadronization is assumed to happen in vacuum after the parton
escapes the medium.

In experiment, jet quenching can be observed by suppression of high-pr leading
hadron spectra or by unbalanced d(div % spectra in heavy ion collisions. In the left
graph in Fig. 2.13, clear suppression of 7° production in Au+Au can be seen in
pr > 5 GeV/c region with respect to that in p+p. In the right graph in Fig. 2.13,
two particle azimuthal distributions for p+p, p+Au and central Au-+Au collisions are
compared. In Au+Au % spectra, the opposite jet is fully stopped by the medium
at A¢ = m while this effect is not observed in d+Au or p+p collisions. In the two
particle correlations, trigger particles are defined as all charged particles originating
from the primary vertex and hadron pairs are formed by associating the remaining
charged particles with every trigger particle. There may be more trigger particles in
an event and various transverse momentum ranges can be studied for both trigger

(p7'8) and associated (p3°¢) particles. In this case, the trigger particles were chosen
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from 4 < p;® < 6 GeV/c range and associated particles from 2 < p§°° < py.
range. Observed suppression at A¢ = 7 for Au+Au collisions means significant

suppression of events in the studied p§*°° range caused by the medium.
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Figure 2.13: Left: Observed suppression of 7¥ yield in Au+Au with respect to p+p
collisons at PHENIX [36] (data taken from [64, 65]). Right: Comparison of two-
particle azimuthal distributions for the 0-20% most central d+ Au collisions to those
in p+p and central Au+Au collisions at STAR [66]. Shortcut FTPC-Au denotes
Forward Time Projection Chamber in the Au beam direction.

Azimuthal spectra can also be studied together with pseudorapidity correlation. In
these two-particle (A¢, An) correlations a so called ridge effect has been observed.
Ridge manifests as a clear collective (involving nearly all particles in the event)
long-range correlation in relative pseudorapidity (An) which extends over many
pseudorapidity units in the A¢ ~ 0 and |An| = 2 region [67]. This effect can be
theoretically explained as a sum of collective flow Fourier harmonics [68]. As Fig.
2.14 shows, the ridge effect can be observed in Pb+Pb, p+Pb and p-+p collisions.
While in Pb+Pb the ridge is attributed to final state interaction in the QGP medium,
in p+p collisions this effect can rise also from initial-state geometry.

Strong suppression of high pr jets is observed to be dependent on centrality and
weakly dependent on collision energy at two highest LHC collision energies in Fig.
2.15a. In Fig. 2.15b, R44 dependence of the prompt D mesons® and that originating
from b quark is shown. A clear stronger suppression of the prompt D mesons (corre-
sponding to ¢ quark) in the area of the green circle, 6 < pr < 14 GeV /¢, supports the
radiative loss quark mass dependence between ¢ and b quarks, AE,.4(c) > AFE,4q(b).

2.3 Quarkonia Production Modification

Quarkonia are bound states of quark and antiquark of the same flavor and heavy
quarkonia are composed of heavy quarks - J/¢ (c¢) and T (bb). Advantage of the
heavy quarkonia is the fact that they are created at early stages of the collision and

5D mesons contain one charm quark or antiquark.
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Figure 2.14: Two-particle correlation function C(A¢, An) for p+p (a) and p+Pb
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graphs.
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Figure 2.15: (a) Nuclear modification factor R4 4 as a function of jet pr for jets with
ly| < 2.1in 0—10% and 30 — 40% centrality intervals for two energies |/sSyn = 2.76
and 5.02 TeV [72]. (b) Nuclear modification factor Ra4 pr dependence for prompt
and non-prompt D mesons in 0-10% central Pb+Pb collisions at /syy = 5.02 TeV
[73].

experience the QGP stage. Despite different content of heavy quarkonia, both of
them follow qualitatively the same (quantitatively different because of the different
masses) production modification effects due to QGP.

In 1986, Matsui and Satz [74] proposed J/1 suppression as a signature of formation
of the high temperature QGP. They came with an idea of color charge screening.
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Because of the high temperature in the medium, color charge that binds quarkonia
together is screened by color charges of quarks and gluons in the medium. This
causes the quarkonia to dissociate.

state J/U  x.(1P) W¥(2S) T(1S) T(2S) TY(3S)
mass [GeV/c?] 3.10  3.53  3.68 946 10.02 10.36
radius [fm] 025 036 045 0.14 028  0.39

Table 2.1: Masses and radii for charmonia and bottomonia [75].

The limit of the anomalous quarkonium dissociation can be expressed by Debye
screening length rp which is inversely proportional to the temperature T', rp ~ 1/T.
When rp becomes small, all states with radii larger than rp (r > rp) dissociate.
Thanks to various radii of quarkonia (see Tab. 2.1), it is possible to indirectly
measure the temperature of the medium by observing a quarkonia sequential sup-
pression [76]. Dependence of the J/v survival probability on the energy density of
the medium can be seen in Fig. 2.16a. The higher the energy density the more
tightly bound quarkonia dissociate. The stronger suppression of exited states Y (2S)
and YT(3S) can be clearly observed also in Fig. 2.16b where the measured nuclear
modification factor R4 for ground Upsilon state T(1S) and its excited states Y (2S)
and Y(3S) is shown.

Fig. 2.17 shows that J/i quarkonia are more suppressed in central collisions
(Npart ~ 350) than in peripheral collisions (small Npa¢). In central collisions higher
energy densities are reached and quarkonia are therefore more suppressed. Also, no
difference in the suppression is observed between Au+Au collisions at |/sxy = 200
GeV and Pb+Pb collisions at /sy = 2.76 TeV.
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Figure 2.16: (a) Illustrative graph of sequential J/v suppression by color screening
[77]. (b) Nuclear modification factor R44 dependence on pr for T(1S), T(2S), T(3S)
quarkonia in 0-100% central Pb+Pb collisions at /syy = 5.02 TeV|78].
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Figure 2.17: Nuclear modification factor R44 dependence on the number of partic-
ipants Npay for J/1 in mid-rapidity Au+Au collisions at \/syy = 200 GeV and in
Pb+Pb collisions at /syy = 2.76 TeV [79).

However, not only suppression effects contribute to the production modifications.
There is also enhancement by recombination caused by coalescence of nearby quarks
of the same flavor. Next, the so called feed-down effect and the cold nuclear matter
effects contribute and will be discussed in next subsections.

2.3.1 Feed-down and Other Effects

In an experiment, where quarkonia are reconstructed, only inclusive quarkonia are
observed and the ground state is usually the most abundant one. This is partially
caused by contributions from deexcitation of the excited states, so called feed-down
effect. The contribution of J/1 feed-down from (2S) is 8% and from y.(1P) 25%
|80]. The deexcitation is realized by hadronic decays for S states and radiative
ones for P states. Scheme of J/1 excited states can be seen in Fig. 2.18. Labeled
thresholds show the dominant decay channel.

2.3.2 Cold Nuclear Matter Effects

In order to describe the observed suppression, Cold Nuclear Matter (CNM) effects
have to be accounted for in the quarkonium production modification models. As-
sumption of insufficient energy density for QGP creation in p+A or d+A collisions
allows one to study CNM effects in that collisions. The CNM effects include shad-
owing, Cronin effect and nuclear absorption with comover interaction.

Modification of the effective partonic luminosity in colliding nuclei with respect to
that in proton collisions is one of the CNM effects. Distribution of partons in protons
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Figure 2.18: Scheme of J/v¢ excited states with their masses and hadronic decay
channels [81]. Radiative decay channels are omitted.

are described by parton distribution function (PDF). But partons in a single proton
behave according to different dynamics than that in nuclei. The latter are influenced
by partons from surrounding nucleons and their PDF is modified with respect to a
free nucleon. For nuclear-modified PDF shortcut nPDF is used. Quantitatively, the
difference can be expressed by ratio R; of nPDF to PDF [82]

nPDF;(z, Q?)

Ri(z, Q%) = POF (o 07 (2.7)

where index ¢ denotes flavor of a parton. Parton distribution functions depend on
Bjorken zx, which is a fraction of the nucleon momentum carried by a parton, and
square of four-momentum transfer Q2.

In Fig. 2.19a, an example shape of R; can be seen. In region z < 1072, PDF
dominates in (2.7) (R; < 1). The effect is called shadowing and is related to phase-
space saturation. Possible enhancement (R; > 1) in area 1072 < @ < 107! refers to
anti-shadowing. Last two effects comprise Fermi motion and yet unexplained EMC
effect |85].

Cronin effect and nuclear absorption are also counted among CNM effects. Cronin
effect describes enhancement of the nuclear modification factor R,4 at high pr by
multiple subsequent scatterings of proton partons on partons of nuclei [86]. By this
scattering, partons get transverse momentum impulse and shift into the higher pr.
Therefore with the enhancement comes also suppression in lower pr. Modeled Rga,
dependence on pr at RHIC energy is shown in Fig. 2.19b and comparison of nuclear
modification factors for Pb-+Pb and p+Pb collisions can be seen in Fig. 2.2 in the
beginning of this chapter. The Cronin effect at RHIC is expected in 2 < pr < 4
GeV /c region while at LHC energy is observed in the 3 < pr < 5 GeV/c region.
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Figure 2.19: (a) An illustration of R; behavior dependent on Bjorken x [83].
(b) Modeled R44, dependence on pr for protons and pions in midrapidity for RHIC
[84].

Nuclear absorption explains another addition to quarkonium production suppres-
sion. Here, quarkonia dissociate due to interaction with the nucleus [87].

Next, quarkonia can also interact with comoving hadrons which is covered in the co-
mover interaction model. Because of the inelastic scattering with comoving hadrons,
quarkonium dissociates which contributes to quarkonium suppression.

2.4 Other Signatures

Other QGP effects such as dilepton and photon production are briefly discussed
because they are not directly related to the thesis topic.

By anihilation of quark and antiquark in the QGP, ¢ — (71T, dilepton pair can
be created. Thanks to relative weakness of electromagnetic interaction, produced
leptons do not interact with any matter before they reach the detector and therefore
carry information about QGP medium. Their production rate and momentum dis-
tributions are governed by the thermodynamic condition of the plasma [16] which
can be reconstructed, such as initial temperature 7. However, there are other pro-
cesses resulting in {~[" pair, such as the Drell-Yan® process and hadron (7*) and
resonance decays, which are dominant and have to be carefully analyzed.

Very similar probe as dileptons are photons created in processes gg — vq and
qq — g [16]. After v is created by interaction of QGP quarks and gluons, it
does not interact until it reaches a detector because of weakness of electromagnetic

5In Drell-Yan process, annihilation of a quark from one nucleon with a sea antiquark from the
other nucleon forms dilepton pair, ¢g - {~I*. Quark and antiquark can be considered independent
because they come from different nucleons [16].
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interaction and information about the medium can be extracted. Nevertheless,
significant contamination by 7 from hadron decays and from interactions of colliding
or created matter occurs which makes this method very challenging.
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Chapter 3

HYDJETH+

HYDJET++ is a Monte Carlo (MC) generator for simulation of symmetric relativis-
tic heavy ion collisions. Tt includes a detailed treatment of soft hadron production
and hard multi-parton production [88]. Main part of the HYDJET++ is written
in the object-oriented C++ language under the CERN ROOT environment [89].
Hard production in a single nucleon-nucleon collision is obtained as modified jet
event from the Fortran-based PYTHIA 6.4 generator [90]. The soft hadronic states
of the HYDJET++ model are generated on the chemical and thermal freeze-out
hypersurfaces obtained from hydro-inspired blast-wave parameterization with given
freeze-out conditions as the boundary conditions. The longitudinal, radial and el-
liptic flow effects and the decays of hadronic resonances belong to the soft hadron
production part which is dominant at transverse momenta pr < 2 — 3 GeV/c.

HYDJET++ is applicable only to symmetric A+A collisions of heavy (A Z 40) ions
at high energies (y/syny 2 10 GeV) and description of the peripheral (b ~ 2R4')
collisions might not be accurate?. Model also can deviate from experimental data in
very froward rapidities where other effects than flow or jet effects apply. Main aspects
of the soft and the hard part of the model are described in the following sections,
more details can be found in [88]. Overview of the HYDJET++ accomplishments
closes this chapter.

3.1 Hard Multi-jet Production

Description of a multiple scattering of hard partons in dense QCD matter such as
QGP is based on the energy loss AE of a particle traversing the medium. Basic
energy loss can be expressed as a function of energy E and length L |88]

AE(E, L) :/0 dzdflgl)A(z)dng’l), d];l(l) - A(lw exp (%) (3.1)

Ip denotes impact parameter and R4 radius of the nuclei.
2In peripheral collisions or at lower energies the assumption of the local thermal equilibrium of
the system might not be fulfilled.
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where [ is the current transverse coordinate of a parton, Cfi—]lj is the scattering proba-
bility density, ‘fj—}f is the energy loss per unit length, A = Ul is the in-medium mean
P

free path, p oc T% is the medium density at the temperature T and o is the inte-
gral cross-section for the parton interaction in the medium. Both collisional and
radiative energy loss F°!! and E*¢ contribute to the total energy loss AE

3.1.1 Radiative Loss

Energy loss of a high energy quark or gluon due to medium stimulated gluon ra-
diation is treated in terms of the Baier-Dokshitzer-Mueller-Schiff (BDMS) model
|91, 92]. It has been observed that for the hot matter the QED and QCD problems
are mathematically equivalent if one identifies the emission angle of radiated photons
in the QED case with the transverse momentum of radiated gluons in the QCD case
|93]. Radiative energy loss of a high energy charged particle as it passes through mat-
ter in QED has been studied by Landau, Pomeranchuk and Migdal (LPM) [94, 95].
In the BDMS approach, the strength of multiple scattering is characterized by the
transport coefficient ¢ = u% /A, (up is Debye mass that characterizes the lowest
momentum exchanges with the medium and A, is the gluon mean free path), which
is related to the elastic scattering cross section. In the HYDJET++, this strength
is regulated mainly by the initial QGP temperature Ty. Radiative energy loss for
massless partons in HYDJET++ is treated as [91, 92]

dErad ) . 2 C E 2
o « (7/:2)) R /wmm dw [1 —y+ %] In(| cos(wy 1)), (3.2)
where
; Cr 2) o160 HHA
_ _ R In — = J 3.3
wy \/2( Y+ g V' JRIn—, & o —y) (3.3)
T = ﬁ, y = w/E is the fraction of the parton energy carried away by the radiated

gluon, F is the initial parton energy, wmim = A, and Cp is the color factor. In
case of heavy quarks with mass m,, the "dead-cone" approximation has been used
|63]:

dE 1 dE

didw |, o (1+ (Bw)¥2)? dlduw

. B= (%)1/3(%>4/3. (3.4)

Effects of double parton scattering and thermal gluon absorption have not been
included.

mg=0

The medium, where partonic rescattering occurs, is treated as a boost-invariant lon-
gitudinally expanding quark—gluon fluid with partons being produced on a hyper-
surface of equal proper times 7. For simplicity, the Bjorken model [96] for a tem-
perature 1" and energy density € of QGP at T' > T, ~ 200 MeV has been used. For
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angular spectrum of the in-medium gluon radiation, the "small-angle" parameteri-
zation of the gluon distribution over the emission angle 6

dNY — 6p)?
——  sinf exp ( %)
0

- (3.5)

has been used with 6, ~ 5° as a typical angle of the coherent gluon radiation
according to Ref. [97].

The model for the single hard nucleon—nucleon subcollision takes input from PYTHIA
6.4 and is called PYQUEN [98]. Procedure goes as follows:

1. Initial parton spectra and production vertices at given impact parameter are
generated with PYTHTA.

2. Rescattering-by-rescattering of the parton path in a dense zone and its radia-
tive and collisional energy loss is simulated.

3. Final hadronization with the Lund string model [99] for hard partons and
in-medium emitted gluons is performed.

Then the PYQUEN multi-jets generated according to the binomial distribution are
included in the hard part of the event. The mean number of jets produced in A+A
events at a given impact parameter b is given by the formula

T Vo) =

do_hard ’ 27 00 (36)
/ de/ N](}] p;; \/_)/ dw/ Td?“TA(Tl)TA(ﬁ)S(Tl,7°2>Z9T7?J),
pin prdy 0 0

do’kiaﬁf (pT7\/_)

where —amdy is differential cross-section of the corresponding hard process

in nucleon- nucleon collisions (at c.m.s. energy 4/s of colliding beams) with the
minimum transverse momentum transfer pi®, Ty is the nuclear thickness function,
71,2 are the transverse distances between the centers of colliding nuclei and the jet
production vertex, y is rapidity and factor S = Su(z1, Q% 71)Sa(12, Q% 19) < 1
takes into account nuclear shadowing. Here, S is parameterization of the ratio of
the nucleon structure functions in the nucleus A and that of a free nucleon obtained
within Glauber-Gribov theory [100], x; 5 are momentum fractions of initial partons
of the nucleons involved in the hard process with the momentum transfer Q? =
x1725. Because of the 7 5 dependence, nuclear shadowing coefficient depends on the
impact parameter and it increases with the more central collisions. By increasing x
and @Q? in the structure functions the nuclear shadowing effect decreases and at a
sufficiently high pr S becomes close to unity.

Partons produced with the momentum transfer lower than p™ are considered to be
"thermalized" so their hadronization products are included in the soft part of the
event.

45



3.1.2 Collisional Loss

The next part of the energy loss caused by collisions with other particles in form of
elastic scatterings is treated in high momentum transfer limit. For the scattering of
a hard parton with energy E and mass m,, off the "thermal" parton with energy (or
effective mass) mg ~ 3T < E, the energy loss can be expressed as [101, 102]

ECO] 1 tmax
! [ (3.7)

Al 4ATXio i

1

where the dominant contribution to the differential scattering cross-section is

do 2ra,(t)  E? 127

—=C ith «, =
dt 2 EZ-mz YT (33— 2N,)In(t/Agen)

p

I

(3.8)

where ¢ is the momentum transfer, C' = 9/4,1,4/9 for gg, gq and qq scatterings,
respectively, o, is the QCD running coupling constant for Ny active quark flavors,
Aqep is the QCD scale parameter which is of the order of the critical temperature
of quark-hadron phase transition, Agep ~ T, =~ 200 MeV, tpa = [s — (m, +
mo)?][s — (my — mo)?]/s with s = 2mgE + mg§ + m2, X is the mean free path and
the integrated cross section o is regularized by the Debye screening mass squared
i (T) ~ 4maT?(1 + N;/6). Collisional energy loss is due to scatterings with
low momentum transfer not considered in HYDJET++ because of the negligible
contribution. Another model assumption is that the collisional loss represents the
incoherent sum over all scatterings.

3.2 Soft Hadron Production

In the soft part of the HYDJET++, the hadronic states are generated on the chemi-
cal and thermal freeze-out hypersurfaces obtained from the Bjorken-like? blast-wave
parameterization with preset freeze-out conditions [88|. Soft hadron production is
based on fast Monte Carlo generator developed in Ref. [103, 104]. It is assumed
that a hydrodynamic expansion of the fireball ends by an instantaneous breakup of
the whole volume into hadrons at a given constant temperature 7°" and chemical
potentials p for baryon number, strangeness, charmness and electric charge. If a
consistent description of the data can be achieved by a specific set of parameters, it
is meaningful to assume that the parameters characterize the true physical quantities
[105].

The momentum distribution of the produced hadrons retains the thermal character
of the (partially) equilibrated Lorentz invariant distribution function in the fluid

3Coordinates t, z are substituted by the Bjorken ones 7 = v/#2 — 22,n = %ln itz

t—=z
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element rest frame [106, 107]:

gi
%T"Sexp< S )il

FEES T iy vys) = (3.9)

where E* is the hadron energy in the fluid element rest frame, g; = 2J; + 1 is the
spin degeneracy factor, 75 < 1 is the (optional) strangeness suppression factor and

? is the number of strange quarks and antiquarks in a hadron 7. Plus and minus
sign in the denominator correspond to the Fermi-Dirac and Bose-Einstein statistics,
respectively.

If a common chemical and thermal freeze-out temperatures are assumed, the mean
number of each particle and resonance species at chemical freeze-out can be deter-
mined from temperature 7" and one of the chemical potentials per unit charge i,
while other chemical potentials are fixed (i represents baryon, strangeness, electric
charge, charmness and other potentials). However, more complicated scenario with
different chemical and thermal freeze-out temperatures 7" and 7' is implemented
in the HYDJET+-+. In chemically frozen evolution, particle numbers are assumed
to be conserved. To determine particle densities neq(Tth,,u;?h) at temperature of
the thermal freeze-out T™ < T conservation of the particle fractions from the
chemical to thermal freeze-out is supposed.

Multiplicity of simulated event follows Poisson distribution with mean value at mean
multiplicity N;. The mean multiplicity of a hadron species ¢ is computed using
effective thermal volume approximation [103, 108, 109]

F’i - n?q(T7 Mi)‘/efb (310)

+1

where ni (T, ;) = ZmT Y 2, (ﬂk exp (M) K, (24) (K is the modified Bessel
function of the second order, m; is the particle mass, g; is the degeneracy factor)
is the particle number density? and Vg is effective thermal volume which can be

expressed as

2 R(b,0)
Vi :7—/ d¢/ \/1 + §(b) tanh? g (7, b) cos(2¢)
0 0

Mmax
cosh g (ryrdr [ f(n)d

Tlmin

(3.11)

where 7 is the proper time, R(b, ¢) is the fireball transverse radius for impact pa-
rameter b in the azimuthal direction ¢, §(b) is momentum anisotropy parameter,
Pu(r,b) = 0] prax(h = 0) and f(n) are transverse (linear) and longitudinal (Gaus-
sian) fluid ﬂow rapidity profiles, respectively, where R(b) is the mean-square radius

“The particle number density n{"(T,u;) = [d3p*fi9(E*; T, ;) is expressed in
the fluid element rest frame (marked by asterisk) using expansion fi4(E*; T, p;) =

; 00 . —E
(2%)3 > oper (F)F T exp (k) [103].
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of the hadron emission angle, p"**(b = 0) is the maximal transverse fluid flow
rapidity for central collisions and 7 is pseudorapidity. In the HYDJETH++, Vig is
calculated only for b = 0 and for other values of the impact parameter it is calculated
from the mean number of participants. The mean multiplicity N; is proportional
to the number of participating nucleons at a given impact parameter of a nuclei
collision [88].

Spatial momentum anisotropy € and momentum anisotropy 0 parameters govern
simulation of the collective flow®. Transverse radius of the fireball is elliptically
modified and can be expressed as [110]

1—£3(b)

)\/1 +e(b) cos 2 (3.12)

Ren(b, ¢ = Ry (b

where R;(b) = Ro\/1 — €2(b) and Ry is the freeze-out transverse radius in the case
of absolutely central collision, b = 0. Momentum anisotropy is utilized as correlation
of particle azimuthal angle ¢ and azimuthal angle of the fluid cell ey

tan Qe = (| —————= tan . (3.13)

Both 5(b) and §(b) can be treated as independent parameters or can be related to
each other by hydrodynamical expression [111]

2((52 — 62)
(1—-03)(1—e3)

v (g9, 09) X (3.14)

Triangular flow modulation is introduced with randomly oriented triangular flow
event plane angle Wgp3 and modifies R(b, ) as

R(b, ¢) = Ren(b)[1 + e5(b) cos[3(¢ — Yrps)]]- (3.15)

Triangular momentum anisotropy is corrected by modulation of the maximal trans-

verse flow rapidity p'* using anisotropy parameter p3(b)

U

P = P (0) (1 + p3(b) cos[3(p — Wap3)]), (3.16)

where w is the 4-velocity of the fluid cell. No higher harmonics (v, vs) are intrinsi-
cally built in HYDJET++.

Characteristic bump shape of the anisotropic flow pr distribution is caused by the
interplay of the soft and hard HYDJET++ parts. Unlike hydrodynamic models,
dissipative processes such as shear viscosity do not need to be implemented in HY-
DJET++.

5Subscript 2 and 3 denotes elliptic and triangular flow respectively.
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Mean multiplicity of charm mesons can be controlled by 4. enhancement factor.
Multiplicities of thermalized open charm mesons (D mesons), N¥, and hidden charm
meson J /1, Nf]}/l »» computed from effective thermal volume approximation are scaled

by e

Np =7.Np', Ny = ny}%. (3.17)

Possibility of 7. computation from statistical model charm balance equation has also
been implemented in HYDJET++ [112].

The fast soft hadron simulation procedure includes the five following steps:

1. Generation of the 4-momentum of a hadron in the rest frame of a liquid element
in accordance with the equilibrium distribution function.

2. Generation of the spatial position of a liquid element and its local 4-velocity
in accordance with phase space and the character of motion of the fluid.

3. The standard von Neumann rejection/acceptance [113| procedure to account
for the difference between the true and generated probabilities.

4. Boost of the hadron 4-momentum into the center mass frame of the event.

5. The two- and three-body decays of resonances with branching ratios taken
from the SHARE particle decay table [114].

3.3 Selected Main HYDJET 4+ Results

HYDJET++ has been developed in 2009 and since that time it has managed to
describe many experimental features and phenomenons. One of the key abilities of
the HYDJET++ is that different processes can by switched on and off and their
impact on the final distributions can be separately examined. Also jet (hard) or
thermal (soft) origin of the effect can be easily deduced. Overview of the main
results is offered in this section.

HYDJET++ can very well describe charged particles’ pr and n distributions of vari-
ous observables over wide range of centralities and energies. Multiplicity dependence
and pr distribution in Pb+Pb collisions at \/syx = 2.76 TeV can be seen in Fig 3.1.
Here extraction of the soft and the hard component is shown. It has been found
that contribution of the hard component to the total multiplicity is about 25% and
that soft processes are dominant in small pr.

Next, elliptic and triangular flow of charged particles can be remarkably described by
the HYDJET++. In Fig. 3.2, vy(pr) dependence of charged hadrons can be seen in
6 centrality bins in 10-40% range with decomposed soft and hard part. Constituent
quark scaling and mass ordering can also be reproduced by the HYDJET++ in
Au+Au collisions at \/syy = 200 GeV and in Pb+Pb at \/syny = 2.76 TeV [54, 116].
It has been observed that soft processes follow the constituent quark scaling up to
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Figure 3.1: Multiplicity density dependence on the mean number of participants
(Npart) for charged particles (left) and pr distribution of charged particles for the
0-5% most central collisions (right) compared to experimental data. Graphs show
Pb+Pb collisions at energy /syx = 2.76 TeV. Solid curve is the total result, dashed
curve is the hard component and dotted curve is the soft component. Figure is taken
from Ref. [115].
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Figure 3.2: Elliptic flow ve(pr) dependence of charged hadrons at |n| < 0.8 for
different centralities in Pb-+PDb collisions at |/syny = 2.76 TeV compared to CMS ex-
perimental data. Solid curve is the total result, dashed curve is the hard component
and dotted curve is the soft component. Graphs are taken from Ref. [115].

kEr/ng = 2 GeV while the hard processes break this scaling around kEp/ng = 1
GeV for triangular flow (Fig. 3.3). If only direct processes are studied, the breaking
of the quark scaling happens already at kEr/n, = 0.5 GeV for the elliptic flow |54].
The HYDJET++ can reproduce all the vy, v3 and vy flow coefficients in Pb+Pb
collisions at /syy = 2.76 TeV in 10-40% centrality range. Higher order harmonics
vs and vg trends can also be described [117]. Next, HYDJET++ results in Pb+Pb
collisions at /sxy = 2.76 TeV support the idea that hexagonal flow vg can be
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understood as a superposition of vy and vs, vs ~ $v3 4303 [118]. Using superposition
of only v, and v3 flow harmonics, observed ridge structures can be reproduced by
the HYDJET++ in mid-central Pb+Pb collisions [119]. The HYDJET++ (An, Ayp)
two particle correlation function in 0-5% centrality interval and comparison of the
Ay variable to the experimental data in 2 < An < 4 from central to peripheral
collisions in Pb+Pb at \/sxy = 2.76 TeV energy can be seen in Fig. 3.4
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Figure 3.3: The HYDJET++ modeled kEr/n, quark scaling dependence of triangu-
lar flow v3 for direct hadrons from soft component only (a), from hadrons produced
in soft processes only (b) and from hadrons produced in both soft and hard processes
in 20-30% centrality bin in Au+Au collisions at \/sxy = 200 GeV [54]. Bottom row
shows ratio with respect to p + p, (vs/ng)/(v577/3).
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Figure 3.4: The two-particle angular correlation function C(An, Ap) modeled by
the HYDJET++ using both elliptic and triangular flow in Pb+Pb collisions at
VSun = 2.76 TeV in the most central collisions (left). In the right graph, Ag
dependence is shown in 2 < |An| < 4 region together with CMS experimental data
for six centrality bins 0-5%, 10-15%, 20-25%, 30-35%, 40-50% and 50-60%. Both
graphs are taken from Ref. [119].

Possibility to turn on and off spatial and velocity modulation in the HYDJET++
allows one to study influence of geometric (spatial) and dynamical (momentum)
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anisotropies on the development of the flow harmonics and femtoscopic radii®. For
both elliptic and triangular harmonic it has been found that in Pb+Pb collisions
at energy /sxy = 2.76 TeV their shape is governed by dynamical anisotropies,
however, for correct description geometric anisotropies are needed too. Effect of
resonance decays has also been studied. It turns out that decays of resonances
provide significant increase of the emitting areas. Effect of resonance decays in pion
emission function can be seen in Fig. 3.5.

0 (0°-30°)
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Figure 3.5: The HYDJET++ simulated pion emission function before (left column)
and after (right column) decays of resonances in the transverse plane where only
dynamical triangular anisotropy is considered. Simulation has been performed for
Pb+Pb collisions at /syy = 2.76 TeV with centrality 20-30%. Colors correspond
to the density of emitted pions and lines to the densities of pions emitted at the
denoted angles. Figure is taken from Ref. [110].

Moreover, charm and beauty particles can be studied by the HYDJET+—+. It has
been shown in Ref. [120] that HYDJET++ can describe pr distributions of yield
and elliptic flow of D% D* D** and J/¢ at two different energies \/syy = 200
GeV and /snny = 2.76 TeV corresponding to RHIC and LHC energies, respectively.
Transverse momentum spectra of D¥, D** and D° mesons can be seen in Fig. 3.6

5Femtoscopy is a technique of measuring short-range two-particle correlations as a function of
relative momentum. Using 3-dimensional correlation analysis allows one to study Rout, Rside, Rlong
parameters from which spatial and time information of the emitting source can be inferred [16].
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and Fig. 3.7a shows J/¢(pr) yield dependence at \/syy = 2.76 TeV energy. In
the J/1(pr) distribution, two HYDJET++ simulation lines represent two different
thermal freeze-out temperatures used. It has been found that at RHIC energy
thermal freeze-out of charm mesons occurs earlier than the thermal freeze-out of
light hadrons while at LHC energy thermal freeze-out of D mesons happens at the
same temperature as that for light mesons and only J/v¢ freezes-out early. The
difference can be explained by cross section of D mesons which becomes comparable
to that of light mesons at LHC energy.

The most recent studies focus on B mesons in Pb-+Pb collisions at energy /sy =
5.02 TeV and their energy losses in medium and forward-backward correlations.
The HYDJET-++ simulations imply that the energy losses of b quarks in matter
completely dominate over the nuclear shadowing contribution for pr > 30 GeV/c
while for pr ~ 10 GeV/c these effects are comparable (Fig. 3.7b). Radiative and
collisional losses are found to be comparable to each other for B mesons. On the
other hand, suppression of light hadrons occurs mainly due to radiative energy
losses. The forward-backward pseudorapidity correlation of the average multiplicity
of particles can also be described by HYDJET++ in Pb+Pb collisions at \/syy =
2.76 TeV energy [121|. Hard jet component is observed to dominate over the soft
one.
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Figure 3.6: The HYDJET ++ transverse-momentum distributions of D*, D** and
D mesons in the 0-20% most central Pb-+Pb collisions at /sxy = 2.76 TeV energy
for the rapidity range |y| < 0.5 compared to the ALICE experimental data (solid
points). Simulation parameters of inclusive hadrons have been used. Blue dotted
curve and red dashed curve are soft and hard HYDJET-++ components, respectively.
Figure is taken from Ref. [120].

The HYDJET ++ model is supposed to be used for high energies \/sxx 2 10 GeV
simulations due to the local equilibrium assumption, however, it has been shown
that pr spectra of charged particles can be well simulated even for intermediate
energies \/syy = 7.7 GeV and /syy = 11.5 GeV in Au+Au collisions at the STAR
experiment. The \/syy = 7.7 GeV case can be seen in Fig. 3.8. Therefore description
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Figure 3.7: (a) J/v¢ yield pr distribution in 0-20% centrality interval of Pb+Pb
collisions at the energy /sxy = 2.76 TeV for the rapidity range 2.5 < y < 4
compared to ALICE experimental data (solid points). The red dashed curve has
been obtained with light meson freeze-out parameters while the blue solid curve
with early thermal freeze-out ones [120]. (b) The HYDJET++ simulated nuclear
modification factor R44 dependence on pr for charged B mesons in Pb+-Pb collisions
at energy /snny = 5.02 TeV for the rapidity range |y| < 2.4 [122]. Points are the
CMS experimental data and histograms are the HYDJET++ simulation results.
The solid histogram takes into account both nuclear shadowing and energy losses,
the dashed histogram only energy losses and the dotted histogram only nuclear
shadowing.

of charged particles spectra might be possible even at lower energies which will be
achieved in Nuclotron-based Ion Collider fAcility (NICA) in Russia with planned
VSN = 4 — 11 GeV energy range [123].
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Figure 3.8: Comparison of the HYDJET++ simulated mid-rapidity |y| < 0.1 pr
spectra of 77,77, K, K~,p and p in Au+Au collisions at /sxy = 7.7 GeV to
STAR experimental data in 0-5% centrality region. Figure is taken from [124].

In summary, HYDJET++ can describe remarkably well many distributions of var-
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ious particles as well as differentiate contributing effects. In this thesis, results of
charged hadrons and charm mesons at the highest RHIC and LHC energies have
been reproduced and extended by previously not studied energy /syy = 5.02 TeV
in Pb+Pb collisions.
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Chapter 4

Simulation of Au+-Au and Pb-+Pb
Collisions

In this chapter, author’s HYDJET ++ simulation results' of Au+Au collisions at
Vsnun = 200 GeV and Pb+Pb collisions at y/syy = 2.76 and 5.02 TeV are presented.
Simulation at energies /syn = 200 GeV and /syn = 2.76 TeV is an update of
previous results and is performed as validation of the used HYDJET++ 2.4 version.
Results of the Pb+Pb collisions at y/sxy = 5.02 TeV for charged and charm particles
are computed here for the first time. Significant part of this work has been conducted
during author’s exchange stay at the University in Oslo where author benefited
from personal communication with one of the HYDJET+-+ model contributor, Prof.
Larissa Bravina, who is simultaneously author’s supervisor.

The HYDJET++ simulator is controlled by the input parameters which are stored in
RunInputHydjet file. Every version of the HYDJET-++ comes with already tuned or
suggested sets of parameters for specific collision energies. In the case of 2.4 version
it is Au+Au collisions at /sy = 200 GeV, Pb+Pb collisions at \/syy = 2.76 and
Pb-+Pb collisions at /sy = 5.02 TeV. First two of them have already been tuned to
inclusive charged hadrons? experimental data h* while the last one for the highest
energy uses just extrapolated parameters from the two previous ones. Overview of
all the parameters can be found in the HYDJET++ documentation [88]. It has been
found that the most influential parameters for the production of different species of
the particles are:

e temperature at chemical freeze-out T,
e temperature at thermal freeze-out T},
e minimal pr of parton-parton scattering in PYTHIA event pr in,

e initial QGP temperature for central Pb+Pb collisions in midrapidity 7.

LAll graphs shown in this chapter except of Fig. 4.9 have been produced solely by the author
of this thesis.
2Inclusive charged hadrons h* are 7+, K*, protons p and antiprotons p.
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e maximal longitudinal fluid flow rapidity at thermal freeze-out 7,,4.,

e maximal transverse fluid flow rapidity at thermal freeze-out for central colli-
sions Pmee and

e charmness enhancement factor 7.

When 7, = —1 is set, 7. is calculated from charm balance equation. This option has
not been used for charm particle spectra. For all other physical parameters their

default value has been used if not stated otherwise?.

The HYDJET++ simulation tool is freely accessible via internet [125] in an archive
format. In order to run the HYDJET++ one needs C++ and Fortran compilers and
CERN ROOT libraries. Simulation procedure starts by setting the input parameters
in the RunInputHydjet and modifying RunHadronSource.cxx file for a ROOT tree
output or RunHadronSourceHisto.cxx file for a ROOT histogram output. In the
RunHadronSource.cxx and RunHadronSourceHisto.cxx the user chooses the saved
data and both of the files need to be compiled and run separately.

All the computational simulations have been performed on the high-performance
computing cluster Saga provided by the Norwegian e-infrastructure for Research
& Education UNINETT Sigma2 [126|. Saga has got 9824 available computational
cores and computation time has to be requested. The HYDJET++ computation
time differs for different set of parameters. Simulation times needed to simulate 100
000 events are listed in Tab. 4.1 together with pr ,,.;, parameter which separates soft
(fast) and hard (slow) part of the simulation. Demands on the computation time rise
with the increasing collision energy ./snxn, decreasing pr i, and with more central
collisions. Because the slow jet part dominates above the pr,,, threshold, acquiring
high statistics in high py region is time demanding.

The numbers of simulated events used for all the studied distributions in Au+Au
collisions at |/syy = 200 GeV and Pb+Pb collisions at \/syy = 2.76 and 5.02 TeV
are listed in Tab. A.1, B.1 and C.1 in the appendices A, B and C, respectively.
The numbers of simulated events are uniformly distributed in the shown centrality
intervals.

4.1 Au+Au at /snny = 200 GeV

It has been shown in previous studies [127] that for the Au-+Au collisions at /syy =
200 GeV charm D mesons and charmonia follow the same evolution pattern and can
be reproduced with the same set of parameters which are different from the ones used
for inclusive charged hadrons h*. Particularly, the thermal freeze-out temperature
for charm mesons T35 = 0.165 GeV is different from that of charged hadrons Tt’}f =
0.1 GeV. The same behavior is reproduced in this thesis. Simulation of charged
hadrons has been done using the tuned set of parameters for Au+Au collisions at

3Note that in the default settings parameters needed for charm production (thermal charm
production and full particle history from PYTHIA) are turned off.
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VSnn [TeV]  particle set  prom, [GeV/c|  centrality range ¢ [h]

0.2 h* 3.55 0-40% 41
0.2 D, J/ 3.55 0-40% 34
2.76 h*, D 8.2 0-40% 91
26 e 3. 0A0% 1755
5.02 h*, D 10 0-50% 109
5.02 J /9 5 0-20% 1720

Table 4.1: Overview of the simulation duration ¢ for 100 000 events processed on
one core for different setups. For each collision energy /snyn, particle set, simulation
parameter pr i, and simulation centrality range is shown.

system Au+Au Pb+Pb
VAN [TeV] 0.2 2.76 5.02
particle set | h* ' D, JJ¢ | hE D J/y | BE D JJ
T, [GeV] | 0.165 ' 0.165 | 0.165 ' 0.165 | 0.165 ' 0.165
To, [GeV] 0.1 ! 0.165 | 0.105 ' 0.165 | 0.105 ' 0.165
Prmin |GeV/c| | 3.55 | 3.55 82 |, 3 0 , 5
T [GeV] 0.3 | 03 11 11 11
Tmaz 31 11 45 1 23 | 45 1 23
Prmac L1+ 05 |1.265: 06 | 1.35 + 0.6
Yo a7 [ 115 115 | 15 0 15

Table 4.2: List of the HYDJET-++ parameters used in Au-+Au collisions at \/syy =
200 GeV and in Pb+PDb collisions at /syy = 2.76 and 5.02 TeV for charged hadrons
h* and charm hadrons J/v and D.

Vsnn = 200 GeV delivered with the HYDJET++ distribution. Parameters for the
charm particles have been taken from Ref. [127]. Summary of the most important
parameters with the used values can be seen in Tab. 4.2. The section is divided
into two subsections according to the used set of parameters followed by discussion
of the results.

4.1.1 h* Distributions

For charged hadrons, yield, pseudorapidity n and elliptic flow v, transverse mo-
mentum pr distributions have been studied. The reproduced transverse momentum
pr and pseudorapidity 7 spectra of charged hadrons for the Au+Au collisions at
Vsnn = 200 GeV for different centralities can be seen in Fig. 4.1. The simulation
result is compared to the experimental data from STAR and BRAHMS experiments.
Parameters for charged hadrons A* from Tab. 4.2 have been used.

Simulated elliptic flow v, of charged hadrons in the Au+Au collisions at /syn = 200
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GeV is shown in Fig. 4.2. Special sets* of § = 0.15, ¢ = 0.07 parameters for 0-10%
centrality region and 6 = 0.28, ¢ = 0.11 parameters for 10-20% centrality region
involving vy simulation have been used. However, both sets overestimate the data
by a factor of two and to underline this overestimation the scaling by the factor of
0.5 has been used in the graphs. This has been found out to be the HYDJET++
2.4 version problem. The same distributions have been accurately simulated by the
HYDJET++ 2.1 version with § = 0.15, ¢ = 0.07 parameters for 0-10% centrality
region and 6 = 0.23, ¢ = 0.10 parameters for 10-20% centrality region and the
distributions are shown in Fig. 4.3. Since this problem occurs only in vy distributions
at \/sxn = 200 GeV for charged particles and does not affect any other distributions,
no deeper analysis of the origin of the problem has been conducted and authors of
the model have been informed.

W40 AU+ AU@ Bpp=200 GeV b, Au+Au@Ysy=200 GeV
.

HYDJET++ 0-5%
HYDJET++ 5-10%

HYDJET++ 0-5%
HYDJET++ 5-10% x 10? C HYDUET++ 10-20%
:'\I!:;EDT;; 10-20% x 10 800 — O eRAHMs 0w

-5% E BRAHMS 5-10%
STAR5-10% x 1072 7001 z BRAHMS 10-20%
STAR 10-20% x 107 o

=0

1/(2np,) d2N/dedT1| (GeV/e)y? |

Figure 4.1: THIS WORK: The HYDJET++ simulated transverse momentum pr
(left) and pseudorapidity 7 (right) histogram distributions of charged hadrons h* in
Au+Au collisions at /syy = 200 GeV for three different centralities compared to
the STAR [128] and BRAHMS [129] experimental data.

h*, 0-10%, Au+Au@ |Sy=200 GeV, 5=0.15, £=0.07 h*, 10-20%, Au+Au@\|Syy=200 GeV, 5=0.28, £=0.11
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Figure 4.2: THIS WORK: The HYDJET++ 2.4 version simulated elliptic flow vy his-
togram distributions for 0-10% (left) and 10-20% (right) centrality region of Au+Au
collisions at \/syn = 200 GeV compared to the PHENIX experimental data [130].
Used 0 and ¢ parameters are shown in the graph labels.

4The HYDJET ++ default values are § = 0.10, ¢ = 0.05 for 0-5% centrality, § = 0.24, ¢ = 0.10
for 5-10% centrality and 6 = 0.28, e = 0.11 for 10-20% centrality region.
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Figure 4.3: THIS WORK: The HYDJET++ 2.1 version simulated elliptic flow v, his-
togram distributions for 0-10% (left) and 10-20% (right) centrality region of Au+Au
collisions at /syy = 200 GeV compared to the PHENIX experimental data [130].
Used 0 and ¢ parameters are shown in the graph labels.

4.1.2 J/¢ and D Meson Distributions

For simulation of J/i¢ and D meson distributions, parameters for charm mesons
shown in Tab. 4.2 have been used. In Fig. 4.4, the HYDJET++ transverse momen-
tum distributions of D° and J/1 mesons compared to the experimental data can
be seen. In both graphs soft and hard part have been extracted. D° modification
factor Ry, and elliptic flow v, shown in Fig. 4.5 together with experimental data
have been studied for the first time. To compute the D° R 44, number of the binary
collisions (Neon) = 941.2 4+ 26.3 and Levy fit p+p reference from [131] have been
used. Uncertainties have not been calculated.

In case of D mesons, an issue in the efficiency calculation has been discovered in
the STAR experimental data from 2010/11 [131] and therefore a corrected set of the
data together with a completely new data from 2014 has been released in 2014 [132].
Used parameters have been tuned to the old data and the results are published in
Ref. [120]. Here, comparison to the new data is offered. In order to match the data
for D mesons and J/v¢ pr distributions simultaneously, impact of different values of
the 4. parameter is studied. Results for 7. = 6,5,4 can be seen in Fig. 4.6, 4.7 and
4.8, respectively.

4.1.3 Discussion of Au+Au at /snn = 200 GeV Results

The HYDJET++ simulation results for inclusive charged particles match the data
in pr distribution perfectly. Description of the data in pseudorapidity distribution
is not as impressive as in pr case but is good enough. It has been found that,
even after setting § and ¢ parameters manually, HYDJET-++ 2.4 version can not
correctly reproduce observed elliptic flow and overestimates the data by the factor
of two. This issue does not occur in HYDJET-++ 2.1 version and tuning of the
azimuthal anisotropy parameter in HYDJET++ 2.4 version for \/syy = 200 GeV
energy is needed. This effect has not been observed at higher energies discussed in
next chapters and no tuning attempt has been done in this thesis.
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Figure 4.4: THIS WORK: Comparison of the HYDJET++ simulated histograms
of transverse momentum distribution pr for D° (left) and J/¢ (right) mesons to
the STAR [132] and PHENIX [133] data in Au+Au collisions at y/syny = 200 GeV.
Centrality region 0-10% and 0-20% of the most central collisions have been used
for DY and J/v, respectively. Soft and hard component have been extracted from

HYDJETH+.
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Figure 4.5: THIS WORK: Comparison of the HYDJET-++ simulated histograms of
nuclear modification factor Ra4 (left) and elliptic flow vy (right) for DY mesons to
the STAR Raa [132] and v, [134] data in Au+Au collisions at \/syy = 200 GeV.
Centrality region 0-10% and 10-40% of the most central collisions have been used
for Ra4 and vy, respectively.

As mentioned above, the HYDJET++ D° pr distribution has been compared to the
new DY meson STAR data [132] for the first time in this thesis and overestimation of
the data is observed in pr < 1.5 GeV /c region. This directly leads to overestimation
of D° R4, in low pr region in Fig. 4.5. It is observed that description of the D°
elliptic flow is valid only for pr < 3 GeV/c.

The HYDJET++ description of J/1 transverse momentum distribution in Fig. 4.4
has been done with the same HYDJET +-+ parameters as for D°. Clear overesti-
mation of the experimental data can be seen in pr < 4 GeV/c region. However,
the same parameters have been used for very precise description of J/1 transverse
momentum distribution in one of the previous studies [127] which can be seen in
Fig. 4.9. This results in Ref. [127] has been produced with the HYDJET++ 2.1
version.
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Figure 4.6: THIS WORK: The same D and J/1 meson distributions as in Fig. 4.4
and Fig. 4.5 with modified . = 6 parameter.
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Figure 4.8: THIS WORK: The same D° and J/v meson distributions as in Fig. 4.4
and Fig. 4.5 with modified 7, = 4 parameter.

In order to describe D° and J/1 experimental data better, lowering v, parameter
has been suggested. It can be seen in Fig. 4.6 and 4.7 that better description of
experimental results of .J/1¢ pr distribution has been achieved with 7. = 6 and v, = 5
while 7, = 4 underestimates the data in all the pr range (Fig. 4.8). However, using
v. = 6 or 5 does not lead to the desired goal of correct simultaneous description of
both spectra in all the studied py range. The HYDJET ++ overestimates the D° py
distribution in pr < 1.5 GeV /e region in all the four studied cases.

It can be concluded that the HYDJET++ 2.1 version differs from the 2.4 version
and careful tuning of the parameters for the HYDJET++ 2.4 version in Au+Au
collisions at \/syy = 200 GeV is needed to reproduce the experimental data better.
The tuning has not been performed in the thesis. Despite that, the HYDJET++
2.4 simulation results agree with previous results that the model matches the data

best when the thermal freeze-out temperature T}, is the same for D and .J/v mesons
and different for charged hadrons h* in Au-+Au collisions at /syy = 200 GeV.

4.2 Pb+Pb at A/ SNN — 2.76 TeV

It has been shown that, unlike Au+Au collisions at /sy = 200 GeV, in Pb+Pb
collisions at /syy = 2.76 TeV experimental results can be reproduced with HYD-
JET++ tool by using one set of parameters for charged hadrons h* and D mesons
and different set for J/1 quarkonium [135]. Both sets of the used simulation param-
eters are listed in Tab. 4.2. Observed change of the thermal freeze-out temperature
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Figure 4.9: J/v transverse momentum distribution taken from Ref. [127].

of the D mesons can be explained by cross section of the D mesons becoming com-
parable to that of light mesons at LHC energy while interaction cross section of
the J/1 mesons remains significantly smaller than that of the D mesons. Charm
enhancement factor v, = 11.5 is used for D mesons as well as for J/¢. The section
is divided into two subsections according to the used set of parameters followed by
discussion of the results.

4.2.1 h* and D Meson Distributions

In this section, the HYDJET 4+ simulated pr distribution results of charged parti-
cles h* have been studied for yield and flow coefficients vs, vs, vy, v, that of the D°
meson for yield and elliptic flow, that of the D+ meson for yield and that of the D*
for vy observable.

h’, |y|<0.5, 0-5%, Pb+Pb@|S,y, = 2.76 TeV h’, ly|<0.5, 5-10%, Pb+Pb@ {Syy = 2.76 TeV
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Figure 4.10: THIS WORK: Comparison of the HYDJET+-+ n~, K~ and antiproton
p transverse momentum pg histograms for the Pb+Pb collisions at /syny = 2.76 TeV
with the ALICE experimental data [136] in 0-5% and 5-10% centrality bins.

The HYDJET++ transverse momentum results for various centralities® with rapid-
ity cut |y| < 0.5 of 7=, K~ and antiproton p particles can be found in Fig. B.1 in
appendix B together with the ALICE experimental data [136]. Flow wvg, vs, vy, vs

50-5%, 5-10%, 10-20%, 20-30%, 30-40%, 40-50% centrality bins have been studied.
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pr distributions of A* in 10-20%, 20-30%, 30-40%, 40-50% centrality bins can be
found in Fig. B.2 and B.3. The most central distributions 0-5% and 5-10% of the
yield distributions and 5-10% centrality vo, v3, v4, v5 pr distributions are shown in
Fig. 4.10 and 4.11, respectively. Simulation results of collective flow coefficients
have been compared to the ATLAS [137] data. In the collective flow graphs, the
flow coefficients have been computed in two ways. In the first method, the flow co-
efficients vy, v4, v5 are calculated with respect to the elliptic flow true reaction plane
generated by HYDJET++ and triangular flow has got its own true reaction plane,
while in the second method, the reaction plane for every coefficient is calculated
as in experiment. This implies that the description of vy and v3 with respect to
the HYDJET+ -+ reaction plane is accurate while v, and v5 is inaccurate because of
the lack of the intrinsic reaction planes. When using the reaction plane calculated
as in the experiment, all flow coefficients are calculated with respect to their own
reaction plane. Experimental procedure of the reaction plane computation follows
in the next paragraph.
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Figure 4.11: THIS WORK: Comparison of the HYDJET++ simulated flow coef-
ficients vq, vy (left) and wvs, vs (right) pr distribution histograms of all the charged
hadrons h* for the Pb+Pb collisions at Vsnn = 2.76 TeV with the ATLAS experi-
mental data [137] in 5-10% centrality bin. Computation has been done with respect
to the HYDJET++ true reaction plane (solid and dashed lines) and with respect to
the estimated reaction plane from the event plane using Q,, (dotted lines).

In an experiment, the true reaction plane has to be estimated by the event plane.
The event plane angle of the n'"-order, W, is defined as the direction of the flow
vector [137]

Qn = (Qums Qyn) = (SEr cosng, SErsinng), (4.1)
tann¥,, = gz:, (4.2)

where Er = /p% + m? is the transverse energy, ¢ is the measured particle angle and
the sum ranges over all the particles. The coefficient v,, is calculated by correlating
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the tracks with the event plane angle ¥, and is corrected for resolution by the
two-subevents method

e (cosn(o—Ty,))
v {EP} = Res{n¥,} \/{cosn(WP — q’ﬁ)>’

(4.3)

where nU? is angle of ng for tracks with n > 0 and n¥Y that for tracks with n < 0
and the (...) brackets denote average over all the events.

The HYDJET++ simulated py distributions of D° and D7 yields in 0-10% and 30-
50% can be found in Fig. 4.12 and 4.13, respectively. Elliptic flow pr distributions
of D% in 0-10%, 10-30%, 30-50% centrality bins and D* in 30-50% centrality bin are
shown in Fig. 4.14 and 4.15, respectively. The D meson HYDJET-++ histograms
are compared to the ALICE [138, 139] experimental data.
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Figure 4.12: THIS WORK: Comparison of the HYDJET++ simulated pr his-
tograms of the D” meson yield N to the ALICE experimental data [138] in Pb+Pb
collisions at \/syn = 2.76 TeV for centralities 0-10% (left) and 30-50% (right). Soft
and hard HYDJET++ component have been extracted.
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Figure 4.13: THIS WORK: Comparison of the HYDJET++ simulated pr his-
tograms of D' meson yield N to ALICE experimental data [138] in Pb+Pb col-
lisions at \/sxny = 2.76 TeV for centralities 0-10% (left) and 30-50% (right). Soft
and hard HYDJET++4 component have been extracted.

67



D, 0-10%, |y|<0.8, Pb+Pb@yS,, = 2.76 TeV D, 10-30%, |y|<0.8, Pb+Pb@ {Spy = 2.76 TeV

~ 06 ~ 06
> I >

—— HYDJET++ q —— HYDJET++ q
05 — 05 !

0.4| © ALICE { 0.4| B ALICE

o b b b b b b g 1 o b b b b b b I
0'10 1 2 3 4 5 6 7 0'10 1 2 3 4 5 6 7

o o
P, (GeV/c) P, (GeV/c)

Figure 4.14: THIS WORK: Comparison of the HYDJET++ simulated pr his-
tograms of the DO elliptic flow v, to the ALICE experimental data [139] in Pb+Pb
collisions at \/syy = 2.76 TeV for centralities 0-10% (left) and 10-30% (right).
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Figure 4.15: THIS WORK: Comparison of the HYDJET++ simulated pr his-
tograms of the D (left) and the D* (right) elliptic flow vy to the ALICE experi-
mental data [139] in Pb+Pb collisions at /sy = 2.76 TeV for 30-50% centrality
region.

4.2.2 J/v Distributions

The HYDJET++ simulated pr distribution of the J/¢ quarkonium in 0-20% and
20-40% centrality regions with 2.5 < y < 4 rapidity cut together with the ALICE
experimental data [140] can be seen in Fig. 4.16. In Fig. 4.17, elliptic flow of
J/1 in 20-40% centrality bin with the same rapidity cut is shown. Note that the
corresponding parameters from Tab. 4.2 have been used.

4.2.3 Discussion of Pb+Pb at /snny = 2.76 TeV Results

The HYDJET++ simulation results of the charged hadrons h* yield follow the
experimental data within the uncertainties in all the five centrality ranges except
of the p which is overestimated by the model in most of the centralities in pr < 1
GeV /c region. In the elliptic flow histograms, regardless the centrality, HYDJET++
accurately describes the data in pr < 2 GeV /c region, then overestimates the data
in 2 < pr < 4.5 GeV/c and around pr ~ 4.5 GeV /¢, where hard jet part starts to be
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Figure 4.16: THIS WORK: Comparison of the HYDJET++ simulated pr his-
tograms of the J/¢ quarkonium yield N to the ALICE experimental data [140]
in Pb+Pb collisions at /syy = 2.76 TeV. Centrality regions 0-20% (left) and 20-
40% (right) with 2.5 < y < 4 rapidity cuts have been studied and the soft and hard
HYDJET++ components have been extracted.
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Figure 4.17: THIS WORK: Comparison of the HYDJET++ simulated pr his-
tograms of the J/¢ quarkonium elliptic flow v, and the ALICE experimental data
[141] in Pb+Pb collisions at /sy = 2.76 TeV. Centrality region 20-40% with
2.5 < y < 4 rapidity cut has been studied.

dominant, significantly underestimates the data. No significant difference between
the results obtained from the true reaction plane and the estimated reaction plane
from C? has been observed. In case of the triangular flow vs, the true reaction plane
histograms match the data better. Results of the vy obtained from the estimated
reaction plane using Cj match the data better than the ones obtained with respect to
the true v, reaction plane. This is natural because of the lacking intrinsic v, reaction
plane in HYDJET+-+. Interestingly, this is not the case in 40-50% centrality bin.
Here, correlation between v, and v, reaction planes is observed which is supported
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by theory at high pr, vs ~ 20} [142]. Last, v; computed with respect to the the true
vy reaction plane is observed to be zero and the data can be described by the model
up to pr < 4 GeV/c only by the estimated reaction plane method. Zero vs is caused
by the randomly oriented true vs reaction plane and the fact that v is proportional
to the product of vy and vz, v5 < vevs. In all graphs, significant fluctuation in high
pr 2 8 GeV /c occurs because of the lack of the statistics.

The D°, D and J/1 mesons transverse momentum distributions generated by the
HYDJET+-+ match the experimental data very well in wide range of centralities.
Shape of the simulated D° and D* elliptic flow v, suggests nontrivial dependence
of vy on pr with a significant increase at pr ~ 4 GeV/c and roughly matches the
magnitude of the experimental data. However, the experimental points include large
uncertainties and no clear conclusion about the model precision can be made. Also
slight overestimation of the J/¢ distribution in 20-40% centrality region has been
observed.

The shown results perfectly agree with the results published in the previous study
[135]. It has been confirmed that in Pb-+Pb collisions at /sy = 2.76 TeV the
thermal freeze-out temperature Ty, is the same for the charged hadrons h* and the
D mesons and different for the J/¢ quarkonia. The fact that D mesons do not
thermalize at the same temperature as they do in case of the Au+Au collisions at
Vsun = 200 GeV is attributed to the D meson interaction cross section which is very
close to the interaction cross section of the light hadrons while the J/1 interaction
cross section remains much smaller [135].

4.3 Pb+Pb at A/ SNN — 5.02 TeV

In this section, completely new simulation results of the charged and charm particle
distributions in Pb-+Pb collisions at |/sxy = 5.02 TeV are presented. Based on the
results from Pb-+Pb collisions at \/sxy = 2.76 TeV, it is expected that there is also
one set of HYDJET++ parameters for the charged hadron h* distributions and
the D mesons and another set of parameters for description of the J/¢ quarkonia
behavior in Pb+Pb collisions at \/syy = 5.02 TeV. For simulation of charged hadrons
and D mesons, extrapolated parameters for Pb+Pb collisions at /syy = 5.02 TeV
energy delivered with the HYDJET++ production have been used. Parameters
used for the J/4 simulation have been chosen in accordance with /sy = 2.76 TeV
energy and pr ., = b GeV/c is overtaken from the previous study of B mesons [122].
Charm enhancement factor 7. has been firstly tuned to the .J/¢ meson distribution
and then used for simulation of the D mesons. Summary of the used parameters is
shown in Tab. 4.2.

4.3.1 h* and D Meson Distributions

The HYDJET++ simulated yield pr and 7 distributions and collective flow coeffi-
cients va, U3, V4, Us pr distributions of the charged particles h*, yield pr dependence
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of DY and Dt as well as their Raq and D° elliptic flow pr distributions in wide
centrality range have been studied. Parameters for h* and D mesons from the Tab.
4.2 have been used for the simulations. Parameter 7, has been tuned to the J/¢
distributions first.

h', Pb+Pb@Y/s=5.02 TeV, [n|<0.8 h', Pb+Pb@Y/s=5.02 TeV, [n|<0.8
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Figure 4.18: THIS WORK: Comparison of the HYDJET+-+ pg distribution his-
tograms of yield of all charged hadrons h* for Pb-+Pb collisions at \/sxy = 5.02
TeV with the ALICE experimental data [143] in 0-5%, 5-10%, 10-20%, 20-30%, 30-
40% centrality bins. In the right graph, logarithmic scale of the z axis has been
used. Cut |n| < 0.8 has also been applied.

The HYDJET ++ simulated pr distributions of charged hadrons h* yield for 0-5%, 5-
10%, 10-20%, 20-30%, 30-40% centralities under pseudorapidity condition |n| < 0.8
compared to the ALICE data [143] can be seen in Fig. 4.18. Pseudorapidity n
dependence of the charged particles can be seen in Fig. C.1 in appendix C.

Collective flow coefficients of the charged hadrons have been studied by the HYD-
JET++ true event plane method and by the scalar product method (SP) from the
experimental analysis. In the scalar product method, positive and negative n regions
are differentiated and two flow vectors QF and QX for > 0 and 7 < 0 tracks are
respectively introduced. The Cjn vector is defined by the same formula as in the
experimental event plane method in Eq. (4.1) while the sum runs over either n > 0
or n < 0 tracks. Scalar product collective flow is computed by matching particle
vector ¢, = (cosng,sinng) with 7 > 0 to the flow vector QY and event plane angle
UN with n < 0 and vice versa according to the formula |144]

(3] |ON" | cosn(d — w317

v, {SP} = ,
VUGNIIGE cos n(ws — o))

(4.4)

where the (...) brackets denote average over all the events. Results obtained by
the true HYDJET++ event plane method for the elliptic and triangular flow in two
centrality bins 0-5% and 20-30% can be seen in Fig. 4.19 and 4.20. In all graphs
soft and hard HYDJET++ component have been separated. In Fig. C.2 and C.3
in appendix C, scalar product collective flow distributions vo{SP}, v3{SP}, v4{SP},
v5{SP} have been compared to the ATLAS experimental data [144] in four centrality
bins 10-20%, 20-30%, 30-40% and 40-50%. Histograms are scaled by the number of
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events in the particular HYDJET++ component and therefore the showed "HARD"
and "SOFT" parts do not sum to the final flow®.

h*, 0-5%, n|<2.5, Pb+Pb@y/s=5.02 TeV h*, 0-5%, n|<2.5, Pb+Pb@s=5.02 TeV
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Figure 4.19: THIS WORK: Comparison of the HYDJET+-+ true reaction plane
elliptic vy (left) and triangular vs (left) flow pr distribution histograms of all the
charged hadrons h* for Pb+Pb collisions at \/sxy = 5.02 TeV with the ATLAS
experimental data [144] in 0-5% centrality bin. Pseudorapidity cut || < 2.5 has
been applied and soft and hard component of the HYDJET-++ have been extracted.
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Figure 4.20: THIS WORK: Comparison of the HYDJET+-+ true reaction plane
elliptic v, and triangular vz flow pr distribution histograms of all the charged hadrons
h* for Pb+Pb collisions at Vsnn = 5.02 TeV with the ATLAS experimental data
[144] in 20-30% centrality bin. Pseudorapidity cut |n| < 2.5 has been applied and
soft and hard component of the HYDJET++ have been extracted.

The HYDJET ++ simulated D° and DT meson yield histograms for two centrality
bins 0—10% and 30—50% compared to the ALICE experimental data [145] are shown

6N 4 N SM i 7& SN gl M i
N M N+M
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in Fig. 4.21 and 4.22. The soft and hard HYDJET -+ parts have been separated
and |y| < 0.5 rapidity cut has been applied. For all the four distributions the nuclear
modification factor R44 has also been computed and can be seen in Fig. C.4 and
C.5. The nuclear overlap function values (T44) = 23.07 4 0.44 (mb)~! for 0-10%
centrality interval and (T44) = 3.90 & 0.11 (mb)~! for 30-50% centrality interval
[145] have been used. FONLL framework” reference D meson cross sections from
p+p collisions o?” have been used [146, 147, 148, 149]. Uncertainty band has been
computed from (T44) and oP? uncertainties where uncertainties from scales, masses
and PDFs have been considered.

The D° elliptic and triangular flow pr distributions for 0-10%, 10-30% and 30-50%
centrality bins compared to the CMS data [150] can be seen in Fig. C.6 in appendix
C. Rapidity cut |y| < 1 and the HYDJET++ true reaction plane have been used.
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Figure 4.21: THIS WORK: Comparison of the HYDJET++ simulated pr distri-
bution histograms of the D° meson yield to the ALICE experimental data [145] in
Pb+Pb collisions at \/syy = 5.02 TeV in 0-10% (left) and 30-50% (right) centrality
regions. Rapidity cuts |y| < 0.5 has been applied and the soft and hard HYDJET -+
components have been extracted.

4.3.2 J/vy Distributions

The J/v meson distributions in Pb+Pb collisions at /syy = 5.02 TeV energy
have been studied here for the first time and parameters suitable for the satisfying
description of the experimental data had to be found first. Because the collision
energy increased only by a factor of two, parameters for the J/v¢ description at
Vsnn = 2.76 TeV were used as the starting point. Tuning has been performed
on the most central collisions. It has been found that the J/v yield pr simulated
distributions fit the distribution maximum in 0-10% centrality region well when
Y. = 15 is used, as is shown in Fig. 4.23. The possibility to compensate the clear
underestimation of the data in py ~ 5 GeV /c region caused by junction between the

"The FONLL framework matches fixed next-to-leading order (NLO) QCD with all-order re-
summation to next-to-leading log (NLL) accuracy in the limit where the transverse momentum of
a heavy quark is much larger than its mass. FONLL calculation can predict bottom and charm
production data [146].
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Figure 4.22: THIS WORK: Comparison of the HYDJET++ simulated pr distribu-
tion histograms of D° meson yield to the ALICE experimental data [145] in Pb+Pb
collisions at /sxy = 5.02 TeV in 0-10% (left) and 30-50% (right) centrality re-
gions. Rapidity cuts |y| < 0.5 has been applied and the soft and hard HYDJET++
components have been extracted.

soft and hard parts by changing the maximal transverse flow rapidity p,,q., parameter
has been thoroughly investigated.
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Figure 4.23: THIS WORK: Comparison of the HYDJET++ simulated pr distribu-
tion histograms of the J/¢ meson yield to the ALICE experimental data [151] in
Pb+Pb collisions at \/syny = 5.02 TeV in 0-10% centrality region. Forward rapidity
cut 2.5 < y < 4 has been applied and the soft and hard HYDJET+-+ component
have been extracted.

In the left Fig. 4.24, yield distribution of the J/v is presented for different pp,q, =
0.6,0.65,0.66,0.67,0.7 values with binning matching the experimental data. Because
of the long simulation time, only limited number of events has been generated for this
comparison (see Tab. C.1) and statistical fluctuations may play an important role in
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pr > 5 GeV/c. Tt can be seen that increase of the p,,q. leads to a better description
of the experimental data in pr ~ 5 GeV/c region and a worse description in p.1
GeV/c. In order to evaluate the precision, difference of the HYDJET++ simulation
and the experimental data TY2IETEE hag been evaluated and can be seen in right

data
Fig. 4.24.
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Figure 4.24: THIS WORK: Comparison of the HYDJET++ simulated py distribu-
tion histograms of the J/1) meson yield to the ALICE experimental data [151] in
Pb+Pb collisions at y/syy = 5.02 TeV in the 0-10% centrality region. Histograms
for different p,,q, values are shown. In the right graph relative difference between
the model and the data is studied.

Commonly used method to express a model precision is the Pearson’s y? =

Yo" (HY%{EDTJE;;T@Q statistic for Poisson distributions [81] and it is plotted in Fig.

4.25. The distribution shows that in pr < 3 GeV/c region the most suitable p,qx
parameter is ppqe: = 0.6 and for the pr > 3 region it is p,4, = 0.67.

The same distributions have been studied in 10-20% centrality bin and the results
can be seen in Fig. C.7 and C.8 in appendix C. In the J/¢ yield pr distribution, the
HYDJET++ overestimates the data peak at pr = 1.5 GeV /c. The x? distribution
does not show one single dominant p,,., value for all the pr bins. In the studied
0 < pr < 8 GeV /¢ interval, rho,,q, = 0.67 performs the best.

Based on the 0-10% bin, two candidates p,.; = 0.6 and p,.. = 0.67 have been
studied further in the elliptic and triangular flow distributions of J/1 in 0-10% and
10-30% centrality regions. For this purpose, eight times more events have been
simulated with the p,,, = 0.67 option.

Elliptic and triangular flow of the J/v quarkonium in 0-10% and 10-30% centrality
ranges can be seen in Fig. 4.26 and 4.27. Two dependencies for p,,., = 0.6 and 0.67
are shown. It is observed that both distributions are almost identical and describe
the data rather well up to pr < 6 GeV/c.

Finally, J/v yield studied in three centrality bins 0-10%, 10-20% and 20-30% and
R 4 4 distributions generated with p,,,, = 0.6 can be seen in Fig. 4.23, 4.28 and 4.29.
The same distributions for the p,,,, = 0.67 option are shown in Fig. 4.30 and 4.31.
In the J/1¢» Raa computation, the nuclear overlap function (T44) = 18.83 + 5.29
(mb)~! for 0-20% centrality interval has been used [153]. Reference of the p+p
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Figure 4.25: THIS WORK: Precision evaluation of the HYDJET++ simulation
with five different p,,,, values in Pb+Pb collisions at /syy = 5.02 TeV in the
0-10% centrality region using x? distribution.
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Figure 4.26: THIS WORK: Comparison of the HYDJET++ simulated py distribu-
tion histograms of the J/¢) meson elliptic (left) and triangular (right) flow to the
ALICE experimental data [152] in Pb+Pb collisions at \/sxy = 5.02 TeV in the
0-10% centrality region. Histograms for different p,,.. values are shown.

collisions has been taken from Ref. [154]. Uncertainty band has been computed
from uncertainties of the (T'44) and p+p collisions.

4.3.3 Discussion of Pb+Pb at ,/syn = 5.02 TeV Results

In the charged particle yield pr and 7 distributions, remarkable agreement between
the HYDJET++ model and experimental data has been observed over wide range of
transverse momentum and pseudorapidity units. Elliptic and triangular flow event
plane distributions can be described well by the HYDJET+-+ model up to pr < 5
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Figure 4.27: THIS WORK: Comparison of the HYDJET 4+ simulated pr distribu-
tion histograms of the J/1) meson elliptic (left) and triangular (right) flow to the
ALICE experimental data [152] in Pb+Pb collisions at \/sxy = 5.02 TeV in the
10-30% centrality region. Histograms for different p,,., values are shown.
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Figure 4.28: THIS WORK: Comparison of the HYDJET++ simulated p7 distribu-
tion histograms of /1 meson yield to the ALICE experimental data |151] in Pb+Pb
collisions at /sxy = 5.02 TeV in 10-20% (left) and 20-30% (right) centrality region.
Forward rapidity cut 2.5 < y < 4 has been applied and soft blast wave and hard jet
component have been extracted from HYDJET-++.
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Figure 4.29: THIS WORK: Comparison of the HYDJET++ simulated J/v nuclear
modification factor R4 to the ALICE experimental data [151] in Pb+Pb collisions
at /sy = 5.02 TeV in 0-20% centrality collisions. Forward rapidity cut 2.5 <y < 4
has been applied.
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Figure 4.30: THIS WORK: Comparison of the HYDJET-++ simulated pr distri-
bution histograms of .J/¢ meson yield with p,,., = 0.67 option to the ALICE ex-
perimental data [151] in Pb+Pb collisions at y/syn = 5.02 TeV in 0-10% (left) and
10-20% (right) centrality region. Forward rapidity cut 2.5 < y < 4 has been applied
and soft and hard HYDJET+-+ components have been extracted.
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Figure 4.31: THIS WORK: Comparison of the HYDJET++4 simulated pr distribu-
tion histograms of J/¢ meson yield in 20-30% centrality (left) and nuclear modifica-
tion factor Ra4 in 0-20% centrality to the ALICE experimental data [151] in Pb+Pb
collisions at \/sxy = 5.02 TeV. Option with p,., = 0.67 and forward rapidity cut
2.5 < y < 4 has been applied and also soft and hard HYDJET++ components have
been extracted.

GeV/c in 0-5% and 20-30% centrality intervals. Underestimation of the data in
larger pr might result from HYDJET++ jet component which dominates in region
pr > 5 GeV/ec.

Elliptic and triangular flow scalar product distributions show the very same behav-
ior. Moreover, the model overestimates the data in pr = 3 — 4 GeV/c region in the
more peripheral collisions. Similar effect has been observed at the \/sxy = 2.76 TeV
energy and can be attributed to the lower precision of the HYDJET++ model in
peripheral collisions. Also in the quadrangular and pentagonal flow, similarity to
the lower collision energy can be observed. With the rising centrality v, fits the data
better while vy is satisfyingly accurate in all the studied centrality regions. However,
in both distributions large fluctuations occur in high py > 6 region due to the lack
of statistics.
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The D° and D% yield pr distributions can be described well by the chosen HYD-
JET++ set of parameters with 4. = 15 in both central and peripheral collisions
in 2 < pr < 14 GeV/c region. The only deviation from the experimental data
is observed in the D° in 30-50% centrality range in 2 < pr < 6 GeV where the
HYDJET++ overestimates the data. Next, it can be seen that the D° nuclear mod-
ification factor R44 computed by the HYDJET++ agrees with the experimental
data in wide 6 < pr < 20 GeV/c range in both central and peripheral collisions
where the jet HYDJET++ part dominates. The data mismatch of the simulation
in the pr < 6 GeV is clearly visible in the R44. The HYDJET++ R4 of the DT
underestimates the data roughly by a factor of two in central collisions and by a
factor of 2.5 in peripheral collisions. Nonetheless, qualitative pr dependence agrees
with that of the data in 4 < pr < 20 GeV/c range. Moreover, from the observed
slight overestimation of the D% yield distributions one would expect overestimation
also in R44. This may be explained by a difference in the used p+p reference data
which might be different from that used for the experimental data.

In case of the elliptic and triangular flow of the D° mesons, the HYDJET++ fits
the data much worse than at the \/syy = 2.76 TeV energy. While in the 0-10%
centrality bin the magnitude of the simulated distributions matches the magnitude
of the data within the data uncertainties, in the more peripheral collisions a clear
mismatch between the data and the simulation can be seen. The HYDJET++
simulation reproduces the rise of v and v with the peak around pr ~ 5 GeV/c but
the data hint the peak around p; ~ 3 GeV/c. It can be stated that HYDJET++
can not reproduce the elliptic and triangular flow of the DY mesons in peripheral
collisions in intermediate 4 < pr < 6 GeV /c range with the chosen set of parameters
and a finer tuning is be needed.

The J/4 distributions have been studied here for the first time. It has been found
that the charm scaling factor 7. = 15 has to be set to accurately describe the
magnitude of the peak in J/1 yield pr distribution in 0-10% centrality region. From
10-20% and 20-30% centrality studies can be seen that . = 15 overestimates the
spectra at pr ~ 2 GeV/c and 7, has to be adjusted for every centrality region to
match the data. Similar effect has been observed at \/sxy = 2.76 TeV energy.

In the J/4 yield pr dependencies, a clear underestimation of the experimental data
in the 4 < pr < 7 GeV /c region is observed. This is caused by junction of the soft and
hard part of the simulated HYDJET+-+ distribution. Possibility to compensate this
effect by rising the maximal transverse flow rapidity at the thermal freeze-out p,,q.
parameter has been studied. It appears that using p,,.. = 0.67 slightly neutralizes
the mismatch in the 4 < pr < 7 GeV/c area while it pronounces the mismatch in
pr < 1 GeV /¢ region. Using ppna. = 0.6 offers better description of the data in pr < 3
GeV /c region while p,,., = 0.67 in the 3 < pr < 8 GeV/c region. However, this
result is based on a limited number of simulated events because of the computational
time demandingness and statistical fluctuations may not be negligible in the pr > 5
GeV /¢ region.

From the J/1 yield distributions the nuclear modification factor R4 has also been
computed in 0-20% centrality region for both p,,.. = 0.6 and 0.67 options. Behavior
observed in the yield distributions is preserved and no significant difference between
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the two pynq. options is observed. Underestimation of the data is seen in the interme-
diate 4 < pr < 7 GeV /c region and in both low pr < 3 GeV/c and high 8 < pr < 12
GeV /c regions the experimental data are described within the uncertainties by the
model.

The elliptic and triangular flow of J/1 in 0-10% and 10-30% centrality region can
be described very well by the HYDJET-++ model up to pr < 6 GeV/c and no
significant impact of the p,,., parameter on the distributions has been observed.

From the presented results it can be concluded that the charged particles h* and
D mesons follow the same freeze-out pattern in Pb-+Pb collisions at Vsnn = 5.02
TeV as in Pb+Pb collisions at /syy = 2.76 TeV. Correct description of the D and
J/1) mesons pr distributions has been achieved by tuning the ~. parameter. The
J /1 elliptic and triangular distributions can be desribed well by the HYDJET+
regardless the maximal transverse flow rapidity at the thermal freeze-out p,.. =
0.6 or 0.67 parameter. However, the elliptic and triangular flow of the D° meson
could not be described in peripheral collisions in the intermediate py range by the
HYDJET+-+ with the chosen set of parameters.
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Conclusion

At sufficiently high temperature, lattice QCD calculations predict creation of decon-
fined phase of the nuclear matter, quark-gluon plasma, where quarks and gluons can
move freely within the medium. Such conditions may arise in ultra-relativistic nu-
clear collisions. Signatures of the QGP can be observed for instance in modification
of a particle yield or in the collective flow effects. By comparison of the experimental
data with the simulations of various physical models the true medium mechanism
can be unveiled. One of the models is HYDJET-++ which merges hydro-inspired
blast wave model used for low transverse momentum particles with jet origin applied
in high transverse momentum region.

In this thesis, a detailed study of the HYDJET++ 2.4 performance has been
conducted in Au+Au collisions at /sxy = 200 GeV and in Pb+Pb collisions at
V/Snn = 2.76 and 5.02 TeV. Charged hadrons h* (comprising pions 7=, kaons K+,
protons and antiprotons), D mesons and .J/¢ quarkonia yield and collective flow pr
distributions have been studied with focus on the particle thermalization. Results
of the Pb+Pb collisions at \/sxy = 5.02 TeV are computed here for the first time.

It has been found that in Au+Au collisions at /sy = 200 GeV the thermal freeze-
out temperature of the D mesons Ty, = 0.165 GeV is the same as that for J/v) mesons
while charged particles thermalize at Ty, = 0.1 GeV. Inability of the HYDJET++
2.4 version to correctly describe the elliptic flow of the charged particles with the
simulation parameters tuned to the 2.1 version has been observed. Even though
there is a fair agreement between the HYDJET++ 2.4 and the experimental data in
all other distributions when v. = 6 charm enhancement factor is used, new tuning
of the parameters is needed for the 2.4 version. This tuning has not been conducted
in this thesis and authors of the model have been informed.

In Pb+Pb collisions at /syy = 2.76 TeV energy, the D mesons thermalize at
different freeze-out temperature Ty, = 0.105 GeV than in Au+Au collisions at
Vsnn = 200 GeV. Their thermalization occurs at the same temperature as for the
charged hadrons which suggests that their interaction cross sections are very close
to each other at the /sy = 2.76 TeV energy. With set of the used parameters, the
HYDJET ++ can describe well all the studied h*, D, J/4 yield pr distributions and
v, U3, Vg, U5 of charged hadrons in wide 5-50% centrality range. The HYDJET++
D meson elliptic flow agrees with the experimental data due to large uncertainties.

The charged particle and charm meson HYDJET++ distributions in Pb+Pb colli-
sions at /syny = 5.02 TeV have been studied for the first time in this thesis. It has
been found that using the set of extrapolated parameters from the /syy = 2.76 TeV
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energy reproduces the charged hadron spectra remarkably well over large 10-50%
centrality range except of the quadrangular flow py distribution. Charm enhance-
ment factor 7, = 15 has been tuned on the .J/v yield distribution and used also
for the D meson distributions. Agreement between the experimental data and the
HYDJET+-+ model is seen in the D meson yield graphs, however, elliptic and trian-
gular flow of the D mesons could not be reproduced by the extrapolated parameters
in peripheral collisions. Except of the pr ,;, threshold, all the parameters have been
preserved from /syy = 2.76 TeV energy for the .J/1 distributions and satisfactory
description of all the data has been achieved in the most central collisions in the low
pr < 3 GeV/c. In the less central collisions, mismatch between the HYDJET++
and the experimental data has been observed in J/1 yield distributions where tun-
ing the 7. parameter to every single centrality bin is needed to match the data. No
significant improvement has been observed for the maximal transverse flow rapidity
at thermal freeze-out p,,q, = 0.67 parameter value.

To conclude, the HYDJET++ model simulations agree well with the experimental
data in wide energy range and the charm production in the most central Pb+Pb

collisions at /syny = 5.02 TeV is found to behave according to the same mechanisms
as at the \/syn = 2.76 TeV energy.
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Appendix A

Au+Au at /snN = 200 GeV

A/SNN = 200 GeV

particle distribution Ve Ne x 10®  centrality figure
= dN/dpr,dN/dy -1 800 0-20% 4.1
vo HYDJETH++ 2.4 -1 100 0-40% 4.2
vo HYDJETH+ 2.1 -1 54 0-20% 4.3

D, JJ¢  dN/dpr,vs, Ran T 450 0-40% 4.4, 4.5
dN/dpr, Raa 6 80 0-40% 4.6
dN/dpr, Raa ) 60 0-40% 4.7
dN/dpr, Raa 4 250 0-40% 4.8

Table A.1: Summary of the number of simulated events, N,,, in the used centrality
bins for all the studied distributions in Au+Au collisions at /syy = 200 GeV.
Corresponding figures are listed too.
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Appendix B

Pb-+PDb at , /SNN = 2.76 TeV

\/SNN — 2.76 TeV

particle distribution N, x 10® centrality figure
WD dN/dprv, 1232 0-50% B, B.2, B.3, 412, 413, 4.14, 415
I/ dN/dpr,vs 435 0-50% 4.16, 4.17
Table B.1:

Summary of the number of simulated events, V., in the used centrality

bins for all the studied distributions in Pb+Pb collisions at /sxy = 2.76 TeV.
Corresponding figures are listed too.
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Figure B.1: THIS WORK: Comparison of the HYDJET++ 7—, K~ and antiproton
p transverse momentum pr histograms for the Pb-+Pb collisions at /syy = 2.76
TeV with the ALICE experimental data [136] in four centrality bins.
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Appendix C

Pb-+PDb at , /SNN = 5.02 TeV

A/SNN = 5.02 TeV

particle distribution Pmaz New X 10%  centrality figure
118, 4.19, 4.20, C.1,
dN/dpy,dN/dn, C.2, C.3,
W=D /vf,TRAA/ R RN (e 0-50% 491, 492 C.4, C5,
C.6
M dN/dpr,v. 0.6 530 0-10%  4.23, 4.24, 4.26, 4.25
AN /dpr 0.6 720 10-30% 4‘28’0%7',28;1‘28’
Raa 0.6 770 0-20% 4.29
dN/dpr,v,  0.67 1600 0-20% 4.30, 4.26, 4.27
AN/dpr,v,  0.67 700 20-30% 4.31 left, 4.27
Raa 0.67 320 0-20% 4.31 right
AN /dpr 065 380 0-20%  4.24, 4.25, C.7, C.8
AN /dpr 0.66 200 0-20%  4.24, 4.25, C.7, C.8
AN /dpr 0.67 240 0-20%  4.24, 4.25, C.7, C.8
AN /dpr 0.7 240 0-20%  4.24, 4.25, C.7, C.8

Table C.1: Summary of the number of simulated events, N,,, in the used centrality
bins for all the studied distributions in Pb-+Pb collisions at /syy = 5.02 TeV.
Corresponding figures are listed too.
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Figure C.1: THIS WORK: Comparison of the HYDJET++ 7 distribution his-
tograms of all the charged hadrons h* for Pb+Pb collisions at \/syy = 5.02 TeV
with the ALICE experimental data [155] in 0-5%, 5-10%, 10-20%, 20-30%, 30-40%
centrality bins.
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Figure C.2: THIS WORK: Comparison of the HYDJET++ simulated flow coeffi-
cients vy, v3 pr distribution histograms of all charged hadrons h* for Pb-+Pb colli-
sions at /sy = 5.02 TeV with ATLAS experimental data [144] in four centrality
bins. Pseudorapidity |n| < 2.5 cut has been applied and computation has been done

by the scalar product method.
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Figure C.3: THIS WORK: Comparison of the HYDJET++ simulated flow coeffi-
cients vy, vs pr distribution histograms of all charged hadrons A* for Pb-+Pb colli-
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Figure C.5: THIS WORK: Comparison of the DT nuclear modification factor R4
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HYDJET+H+ true reaction plane.
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Figure C.7: THIS WORK: Comparison of the HYDJET++ simulated pr distri-
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centrality region using y? distribution.

109



	Introduction
	Ultra-relativistic Nucleus-nucleus Collisions
	Nuclear Matter Phase Diagram
	MIT Bag Model

	Time Evolution of Nuclear Collision
	Hydrodynamics

	Centrality determination

	QGP Signatures
	Collective Flow
	Mass Ordering and Constituent Quark Scaling
	/s Determination Using Collective Flow

	Jet Quenching
	Quarkonia Production Modification
	Feed-down and Other Effects
	Cold Nuclear Matter Effects

	Other Signatures

	HYDJET++
	Hard Multi-jet Production
	Radiative Loss
	Collisional Loss

	Soft Hadron Production
	Selected Main HYDJET++ Results

	Simulation of Au+Au and Pb+Pb Collisions
	Au+Au at sNN=200 GeV
	h Distributions
	J/ and D Meson Distributions
	Discussion of Au+Au at sNN=200 GeV Results

	Pb+Pb at sNN=2.76 TeV
	h and D Meson Distributions
	J/ Distributions
	Discussion of Pb+Pb at sNN=2.76 TeV Results

	Pb+Pb at sNN=5.02 TeV
	h and D Meson Distributions
	J/ Distributions
	Discussion of Pb+Pb at sNN=5.02 TeV Results


	Conclusion
	Bibliography
	Appendices
	Au+Au at sNN=200 GeV
	Pb+Pb at sNN=2.76 TeV
	Pb+Pb at sNN=5.02 TeV

