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Abstract: Under normal conditions, basic building blocks of matter, quarks and gluons, are
bound within hadrons. The theory of strong interaction predicts that under conditions of high
energy density and high temperature the nuclear matter may undergo a phase transition into
a novel state of matter called quark-gluon plasma. We expect that this state of matter was
present in the earliest stages of the universe shortly after the Big Bang and that can be ex-
perimentally recreated in high energy heavy ion collisions. The STAR experiment at RHIC in
BNL is one of the foremost experiments in the study of quark-gluon plasma. An important
probe in the study of the medium created in collisions of heavy ions are heavy quarks (¢ and
b). This thesis discusses physics of heavy quarks and deals in more detail with quarkonia —
bound states of quarks and antiquarks. The models of heavy quarkonia production together
with modifications of the production due to the presence of surrounding nuclear matter are
discussed. The suppression of heavy quarkonia production in heavy ion collisions has been
considered a prominent signature of a presence of the quark-gluon plasma. Part of this work
is dedicated to other effects which can also influence the heavy quarkonia production, but do
not come from quark-gluon plasma. These are called cold nuclear matter effects. In the last
part of this thesis measurements of the STAR experiment on the heavy quarkonia production
are discussed and compared with selected results from experiments at SPS and LHC colliders.
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Ndzev prdce:
Produkce tézkych kvarkonii na experimentu STAR

Autor: Jana Fodorova

Abstrakt: Za normadlnich okolnosti jsou zdkladni stavebni kameny hmoty, kvarky a gluony,
vazané v hadronech. Teorie silné interakce vSak predpovida, ze za podminek vysoké hustoty en-
ergie a teploty prechédzi jaderna hmota do stavu tzv. kvark-gluonového plazmatu. Domnivame
se, ze tento stav hmoty byl pfitomen u zrodu vesmiru kratce po velkém tresku a Ze se muze
formovat také ve vysokoenergetickych srazkach tézkych jader. Jeden z nejvyznamnéjsich ex-
perimenttu pro studium kvark-gluonového plazmatu je experiment STAR na urychlovac¢i RHIC
v BNL. Vyznamnou sondou pii zkouméani média vznikajictho ve srazkach ultrarelativistickych
tézkych jader jsou tézké kvarky (c a b). Tato price se zabyvé fyzikou tézkych kvarku a po-
drobnéji se vénuje jejich vdzanym stavum — kvarkoniim. Préice popisuje modely jejich vzniku
a také efekty, které ma na jejich produkci pfitomnost jaderné hmoty. Predpovézené potlaceni
produkce tézkych kvarkonii v jadro-jadernych srazkach je povazovano za jeden z hlavnich znaku
pritomnosti kvark-gluonového plazmatu. Existuji vSak i jiné efekty, které mohou modifikovat
produkci tézkych kvarkonii. Ty jsou vSak spusobeny ptritomnosti pouze studené jaderné hmoty,
nikoliv kvark-gluonového plazmatu. Cést préce je vénovéna pravé témto efektium. V zdvéru
préce jsou diskutovény vysledky méfeni experimentu STAR a porovnany s vybranymi vysledky
z experimentu na urychlovacich SPS a LHC.

Kli¢ovd slova: tézké vuné, kvarkonia, kvark-gluonové plazma, STAR, RHIC, srazky tézkych
jader
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Chapter 1

Introduction to Particle Physics

Technical developments in the 1950s enabled high-energy beams of particles to be produced
in laboratories. Consequently, a wide range of controlled scattering experiments was performed.
The greater use of computers and sophisticated methods of analysis led to the opportunity to
handle huge quantities of data that were produced. Since then, various measurements resulted
in the discovery of a large number of particles.

This chapter provides basic information on the current knowledge of particle physics. All
the known particles can be divided into different groups according to several criteria. In this
chapter, particles are divided into elementary and composite and some of their properties are
mentioned. Emphasis is placed on elementary particles. The theory concerning all the known
elementary particles is called The Standard Model of particle physics. Moreover, the Standard
Model includes a theory of three of the fundamental interactions of nature - the strong, weak,
and electromagnetic interaction. Gravitational interaction is not incorporated in the Standard
model, however, in this chapter all the fundamental forces of nature as the forces acting among
the particles are briefly presented.

1.1 Particles

Elementary particle is a particle with no evidence of its substructure. A composite particle
is a name for a particle which consists of two or more elementary particles.

1.1.1 Elementary Particles

Elementary particles can be divided into two classes - according to the fact if they are
fermions, i.e. particles characterized by Fermi-Dirac statistics and following the Pauli exclusion
principle, or not. The first class includes fermionic particles - particles with half-integral spin,
namely quarks and leptons, and the second one contains non-fermionic bosons with integer
spin. A brief overview of elementary particles can be seen in the Figure
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Figure 1.1: Elementary particles. Taken from [IJ.

Quarks and Leptons

Quarks and leptons are fermions with spin 1/2. They are characterized by a quantum
number called flavor. Quarks and leptons with 6 different flavors are known to exist. They are
divided into doublets and form three generations of elementary particles. The first generation
is formed by the doublet of up (u) and down (d) quark and the lepton doublet of electron (e)
and electron neutrino (v,). The doublet of charm(c) and strange (s) quark with the lepton
doublet of muon (x) and muon neutrino (v,,) form the second generation, the third generation
of elementary particles is formed with the top (t) and bottom (b) quark doublet and the tau
(1) and tau neutrino (v;) lepton doublet.

Each quark carries one of the three different colors — red, green, blue — in analogy to the
three primary colors. Similarly to the interaction between electric charges, the colors of the
interacting quarks influence the interaction between quarks.

The electron, the muon and the tau carry an electric charge of -1, while the three neutrinos
do not carry any electric charge.

In addition to this classification, each of the mentioned particles has its antiparticle with
the same mass and opposite charge.

Gauge Bosons

All the gauge bosons have spin 1. Accordingly, they do not obey the Pauli exclusion prin-
ciple. They are mediators of the interactions and they can be massless like photons and gluons
or massive like W+, W—, Z% bosons. Photons are associated with the electromagnetic interac-
tion,they are electrically neutral. Electrically charged W and W~ together with electrically



neutral Z° boson are associated with the weak interaction. The term gluons denotes eight
gauge bosons which are electrically neutral. As the mediators of the strong interaction they
carry the color quantum number.

Higgs Boson

In the Standard Model, the Higgs boson is a particle with spin 0, no electric charge or color
charge. It is postulated to explain the origin of mass within the theory, since without it all the
particles in the model are predicted to have zero mass. In 2012 the experiments ATLAS and
CMS at LHC in CERN observed a new ”Higgs-like” particle with mass around 126 GeV [2].
To determine whether or not it is the Higgs boson further measurements are needed. Recent
results [3, 4] indicate that the new particle is indeed the Higgs boson.

1.1.2 Composite Particles

A composite particle is a particle which consists of two or more elementary particles.
The composite particle which is made of quarks held together by the strong force is called
a hadron. Hadrons can be divided into two groups - mesons and baryons. Mesons are
bound states of quark, while baryons are three-quark bound states. Familiar examples of
the baryons are nucleons —the neutron (udd) and proton (uud), and of the mesons are pions
— 7t (ud), 7~ (da), 7°(uti + dd + s5).

1.2 Fundamental Interactions
There are four basic forces of nature - gravitational, electromagnetic, weak and strong.
Some of the most important characteristics of the fundamental forces can be viewed in the

Table 11

| Inferaction || Mediator || Relative strength [| Range [m] |
Gravitational graviton 10739 00
Electromagnetic photon 1077 00
Weak W and Z bosons 10712 1018
Strong gluon 1 10~

Table 1.1: Fundamental interactions. Relative strength is given with respect to the strong
interaction.

1.2.1 Gravitational interaction

Unlike the others, the weakest of the interactions, gravitation is not incorporated in the
Standard Model. Gravitation is the only interaction that acts on all particles having mass. It
is generally assumed that gravitation is mediated by a massless spin-2 particle called a graviton
which has not been discovered yet.



1.2.2 Electromagnetic interaction

The electromagnetic interaction affects all charged particles It binds electrons into orbitals
around nuclei to form atoms. In classical physics, the electromagnetic interaction is mediated
by the electromagnetic waves, which are continuously emitted and absorbed. This effective
idea is applicable at long distances, at short distances (~ 107!% m) the quantum nature of
the interaction must be taken into account and the interaction is mediated by the exchange of
photons. Since photons have zero mass, the range of this force is infinite.

1.2.3 Weak interaction

The weak interaction is associated with the exchange of W, W~ and Z bosons. It affects
quarks and leptons and can change the flavor of quarks. The weak interaction is the only
interaction in which neutrions participate. Since the intermediators of this interaction are very
massive, the range of this force is very short. The weak interaction is responsible for the
decay of nuclei.

1.2.4 Strong interaction

The strong interaction binds quarks into hadrons but it is observable also on a larger scale
— it binds protons and neutrons to form nucleus. The range of this force corresponds with
the size of the nucleus. Although the mediators of the strong interaction are 8 gluons which
are massless — so as photons are, the character of the strong interaction is different from
the electromagnetic interaction. The difference between these two interactions and the most
important features of the strong interaction are briefly explained in the following section, which
focuses on the theory describing strong interaction called Quantum Chromodynamics.

1.3 Quantum Chromodynamics

A theory describing strong interaction is called Quantum Chromodynamics (QCD). By
analogy with Quantum Electrodynamics (QED) which describes the electromagnetic interac-
tion and in which the electric charge plays a key role, for QCD the color charge is important.
All the fundametal particles of strong interaction, i.e. quarks and gluons, carry the color
charge. Quarks carry one of three color charges — red, green or blue (or one of their anticolors)
while gluons can exist in eight colour states. The crucial difference between QCD and QED
is as follows — photon, the mediator of electromagnetic interaction does not carry any electric
charge thus photons do not interact with each other. On the other hand, gluons as the medi-
ators of strong interaction carry the color charge and so they can interact with other gluons.
The coupling constant of the strong interaction «; which determines the strength of the in-
teraction shows the different dependence on the transferred energy (and thus on the distance)
compared to the coupling constant of the electromagnetic force . This is illustrated in the
left panel of Figure [[.:2] The properties mentioned above lead to characteristics of the QCD —
color confinement and asymptotic freedom.



1.3.1 Color confinement

The QCD potential V' between a quark and an antiquark as a function of the distance r
can be expressed by the effective formula (called Cornell potential)[5]

Vr) = —g + kr, (1.1)

where constant k determines long distance properties of the potential. Hence, the QCD poten-
tial consists of two terms — Coulomb term and ”elastic” term. With increasing the distance r
the Coulomb term vanishes but the attractive force (given by the elastic term) between quark
and antiquark increases. Intuitively, the connection between quark and antiquark can be de-
scribed by an elastic string or color flux tube. Moreover, when the QCD potential exceeds two
quark masses it is expected that the string breaks and a new quark-antiquark pair is created
from vacuum. Accordingly, (at longer distances or lower energies) it is not possible to observe
a free quark — all quarks are bound within hadrons. This characteristic feature of the QCD is
called color confinement.

probing small distance scales (x) —
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Figure 1.2: Left: The different Q?-dependence of the coupling constant of the strong and

electromagnetic force [6]. Right: The @Q-dependence of a, from experiments and theoretical
predictions [7].

1.3.2 Asymptotic freedom

The QCD coupling constant «g , which describes the strength of the strong interaction,
depends on the momentum Q? transferred in the interaction. Since [§]

1
e @l (1.2)

Qg ~



where A is a constant defining the scale, o decreases logarithmically with increasing Q2. The
exact () dependence of ag, supported by experiments, can be seen in the right panel of the
Figure Since the distance is the variable inverse to Q2 the QCD coupling constant a
increases with the distance. At very short distances, respectively at high Q2 «, tends to zero.
This feature of QCD is called ”asymptotic freedom” [9]. In principle the asymptotic freedom
means that under the above conditions quarks and gluons behave as almost free particles. The
phase of matter consisting of asymptotically free quarks and gluons, where quarks and gluons
are deconfined from bound states of hadrons, is called quark-gluon plasma.

1.4 Quark-gluon Plasma

The QCD assumes that under the conditions of high temperature and/or high energy density
a phase transition of hadronic matter into quark-gluon plasma occurs [10].

Figure shows the QGP phase diagram for nuclear matter. The vertical axis represents
temperature and the horizontal axis represents baryon chemical potential. The baryon chemical
potential has similar meaning to net baryon density.

r' Universe
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Future LHC (e rmenis
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Figure 1.3: The QGP phase diagram [T1].

At lower temperatures and lower baryochemical potentials the matter is in the form of a
hadron gas. The transition to the QGP phase is reached by increasing the temperature or the



baryon chemical potential. Current knowledge suggests that the type of trasition depends on
how new phase is reached. In the Figure 1.4 one point, called critical point, is of particular
importance. The white solid curve starting from this point represents the first order phase
transition of the hadronic matter to QGP. On the left from the critical point the crossover
region starts. It is expected that in this region the hadronic matter transforms into QGP
continuously without the phase transition (respectively with the phase transition of the second
order).

At zero temperature and high baryon densities the medium is in high-energy deconfined
phase predicted to exist in neutron stars. On the other hand, the system at zero baryon
chemical potential and high temperatures is expected to exist at the birth of universe a few
milliseconds after big bang (approximately 13.8 billion years ago).

The character of the phase transition, especially in the region close to the critical point is
still not explored in detail. Therefore, there are several experiments dedicated for this study.
The most relevant for this work is the STAR Beam Energy Scan I. and the planned Beam
Energy Scan II.[12].






Chapter 2

Nucleus-Nucleus Collisions

Since it is expected that the transition to the quark-gluon plasma can be reached in high
energy heavy ion collisions, these are engaged for testing the predicted signatures of the QGP
and for understanding the QCD in the fields where it is not calculable.

In this chapter basic information about the nucleus-nucleus collisions are presented. First of
all, the kinematic and dynamic variables of collision are defined. Geometry of the collision and
space-time evolution of the collision are described. The last section of this chapter is dedicated
to the observables and probes of the quark-gluon plasma as a phase of nuclear matter in the
evolution of the collision.

2.1 Kinematic and dynamic variables of collision

It is useful to define basic observables which describe collision. Since high velocities, i.e.
velocities close to the speed of light, are typical for colliding and newly created particles it is
most preferred to use such variables which have simple properties under a Lorentz transforma-
tion. In following text the notation of natural units is used where the speed of light is set to
1,ie c=1.

Let P = (E,pg,py,p-) be the four-momentum of the particle, where E is its energy, and
P = (P2, Dy, p-) is its momentum (p, is the z-component of the momentum, i.e. the component
parallel to the beam pipe, p, and p, denote the momentum component perpendicular to the
beam axis). Than, the longitudinal momentum p) can be defined as

p|| = D= (2.1)

and the transverse momentum is defined as

pr = \/P2? + 1y (2.2)

In accordance with the previous definition, the transverse mass of the particle can be written
as

my = \/m? + pr?, (2.3)



where m is the mass of the particle. The transverse mass is invariant under Lorentz transfor-
mation along the beam axis.
Another useful variable which describes kinematic properties of the particle is rapidity. It

is defined as
1 E+ D] )
y==ln ( . 2.4
2 E —pH ( )

The rapidity is not Lorentz invariant, however, it is an additive variable (the transformed
rapidity differs from the rapidity in the original frame only by a constant rapidity of the moving
frame). It can carry value from —oo to co. In non-relativistic limit the rapidity corresponds
to the velocity of the particle.

To determine the rapidity, it is necessary to know two quantities of the particle — its energy
and its longitudinal momentum. To know the energy, the mass of the particle is needed, and
hence, we need to identify the particle. In practice, to remove the mass-dependence of the
rapidity, a variable pseudorapidity 7 is used. In terms of momentum, it can be written as [13]

77=%ln (p+p>, (2.5)

b =D

where p = |p]. In the limit m/p — 0 pseudorapidity tends to rapidity. The pseudorapidity can
be also expressed through the angle 6 between the momentum vector of the particle and the

beam axis. Than
0
n=-ln [tan <2)] , (2.6)

where 6 is also called the polar angle. The Figure shows the n-dependence on the polar
angle.

=0
n=-018 "
lg+090° ngg.SS
n = 0.88
0 =100 9:__-6[}0 '
n=~-1.32 -_
N g =45°
9._: 150 ]
N - —oo g =180° g =0° n oo

Figure 2.1: The dependence of the pseudorapidity n on the polar angle 6.

In summary, collider experiments measure momenta of particles in terms of transverse
momentum pr, pseudorapidy 7 and azimuthal angle ®, which is defined as the angle between
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the z-axis and the projection of the momentum in the xy-plane. The following conversion
relations are often used [13]:

Pa = prcos®,
py = prsind, (2.7)
p. = prsinhn.

Some of the above mentioned variables are illustrated in the Figure [2:2

Another important variables in the high energy heavy ion collisions are the center of mass
energy /s and center of mass energy per nucleon-nucleon pair \/syx. In case of two colliding
nuclei with energies E1, Fo and momenta pi, ps, the center of mass energy is

Vs = \/(El + B2)” — (p1 +p2). (2.8)

For symmetric collision the relation between /s and /sypy can be written as

Vs (2.9)

SNN = 7)

where A is the number of nucleons in each colliding nuclei.

Y

Figure 2.2: The schematic view of geometry of the collision. Brown arrows denote colliding
particle, green arrow refers to the particle emerging from the collision.

2.2 Collision Geometry

In high energy collisions, colliding nuclei are Lorentz-contracted parallel to the direction of
their motion by the factor v > 1. Therefore, the shape of the nuclei in the laboratory frame is

11



central peripheral

Figure 2.3: The central and peripheral collision.

not spherical but rather flattened. For example, at RHIC for \/syny = 200 GeV v ~ 100 which
is significant contraction. In collision of two nuclei, the impact parameter b which is defined
as the perpendicular distance between the centers of the nuclei, can carry values in the range
from 0 to Ry + Ry where Ry and Ry are the radii of the nuclei [I4]. According to the values of
b, the collisions can be divided into central (b =~ 0), peripheral (0 < b < Ry + R»), respectively
ultra-peripheral (in this case b > Ry + Rs). The schematic drawing of central and peripheral
collision for R; = Ry can be seen in the Figure Nucleons located in the overlap region
participate in the interaction, so they are called participants. The non-interacting nucleons are
called spectators. Participants and spectators are illustrated in the Figure

after collision # ‘
[ ]

participants

before collision

spectators

Figure 2.4: Participant and spectators of the collision of two nuclei.
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2.3 Space-time Evolution of the Collision

The collision of high energy heavy ion nuclei is accompanied by different stages of evolution.
Even in the present selected phases are not completely understood. One of the possible phases
which could be a part of the collisional evolution of the system and is of the main interest to
us, is the quark-gluon plasma.

Figure 2.5 shows the space-time evolution of the colliding nuclei in the case when the quark-
gluon plasma phase occurs. The vertical axis represents the time direction and the horizontal
axis shows the spatial direction. Two Lorentz-contracted heavy nuclei move along the light-
cone until they collide in the point (z,t) = (0,0). Than, the system goes through various
states. These are described depending on the proper time of the system 7 = /2 — 22.

Immediately after the collision the system is in the pre-equilibrium phase. This phase
is still under theoretical investigation and is difficult to understand. As the nuclei traverse
each other they create a fireball. In pre-equilibrium phase partons (quarks and gluons) are
created in inelastic collisions and interact with each other. It is expected that hard interactions
(i.e.interactions with high transferred momentum) present in this stage are responsible for the
production of heavy quarks.

M\ Freeze-Out A4 To Ten T
\ [ v

A

T,=<1fm/c

Figure 2.5: Space-time evolution of the collision (with presence of QGP) [I4].

At 79 ~ 0.1 — 1 fm/c [I5] the system reaches the thermal equilibrium. It is expected that
from this moment suitable conditions for the quark-gluon plasma exist. Such system can be
described by the laws of hydrodynamics, it expands (due to the high pressure) and cools down
until the critical temperature Tt is reached. This happens at time 7, ~ 5 fm/c [I6]. The system
is no longer in the quark-gluon plasma phase but it enters to the mixed phase. Partons start
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to create hadrons, the system still expands and cools down. It stays in the mixed phase until
it has totally changed to a hadron gas. It is not clear for how long the system is in the mixed
phase (or if any mixed phase in the evolution occurs) [15].

Than, the system is in a hadron gas until it reaches chemical freeze-out T,,. The system
expands, the inelastic interactions disappear and at 7., ~ 10 fm/c [I6] at which inelastic
scattering stops and the particle identities are set until they decay [I5]. After the chemical
freeze-out particles can still interact elastically. With further expansion hadrons stop interact
elastically. The time, when elastic scattering stops, 77, ~ 20 fm/c[16], is called thermal freeze-
out Ty,. After that particles just move away from each other and leave the region of collision.

Since the state of quark-gluon plasma is very short-lived it can not be observed directly. To
understand the QGP phase, it is necessary to understand all phases of the collisional evolution.
Following section focuses on the observables and probes which could confirm the existence of
the quark-gluon plasma and determine its properties.

2.4 Probes of Quark-Gluon Plasma

As argued before, in the evolution of the high energy heavy ion collision the matter may
get into the quark-gluon plasma phase. Particles arising from the interaction carry information
about the properties of quark-gluon plasma. Because there is no unique signal that enables
to identify the quark-gluon plasma phase positively, the presence of the deconfined phase may
be indicated indirectly. In this section, several observables and probes used to search for the
quark-gluon plasma are mentioned.

2.4.1 High p;y and Nuclear Modification Factor

It is expected that high transverse momenta (pr > 2 — 3GeV) particles come from hard
processes occurring in the initial stage of the collision. For these processes large momentum
transfers are typical and, therefore, they are associated with a small coupling constant QCD.
For them, techniques of perturbative QCD are applicable. There are also soft processes asso-
ciated with low pr particles. Such processes occur during all stages of collision and belong to
domain of nonperturbative QCD [13].

With no medium effects (p+p collisions), the yield of high py particles produced in heavy
ion collisions should scale with the number of elementary binary collisions. However, medium
produced in collisions can modify this scaling. Nuclear modification factor R4p is considered
to be a useful observable which can measure this scaling. It can be defined as [14]

1 dQNAB/dedy
< TAB(b) > dszp/dedy '

Rap (y,pr) = (2.10)

It is the ratio of number of particles produced in A+B collisions to number of particles produced
in p+p collisions scaled to the nuclear overlapping function < T4p >, which is proportional
to the average number of binary nucleon-nucleon collisions. For collisions of identical nuclei,
A = B. If there are no effects of the medium, R4 = 1, if Ryp < 1 it denotes the suppression
effect and if R4p > 1 it is enhancement of the particle production.
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2.4.2 Elliptic Flow

Elliptic flow is a specific probe of the matter produced in early stages of heavy ion collisions.
Unlike the central collisions, in which the colliding nuclei completely overlap, in non-central
collisions the overlapped region has an almond shape,see left panel of Figure The initial
geometric anisotrophy of strongly interacting results via multiple collisions in anisotrophic
pressure gradients and thus in anisotrophic momentum distribution [17].

Figure 2.6: Left: The schematic view of the overlapped region in non-central collision [18§].
Right: Reaction plane and coordinate system.

Elliptic flow is given by the second coefficient v, of the Fourier expansion describing the
final state particle azimuthal distribution with respect to the reaction plane [§]

#N N
d*p  2mprdprdy

(1 +3" 20, (pr ) cos [n (6 — m) , (2.11)

where ¢ is the azimuthal angle and 1, is the reaction plane angle. For better illustration, right
panel of Figure [2.6] shows the coordinate system and reaction plane. In general, coefficients v,
can be calculated as average values [§]

vn (pr,y) = (cos [n (¢ — ¥r)]). (2.12)

2.4.3 Direct Photons

Direct photons are photons which do not come from decays of final state hadrons but from
interactions of various charged particles in different stages of collision. They are considered to
be excellent probes of the quark-gluon plasma phase — they interact only through electromag-
netic interaction and therefore, their mean free path is much longer than the size of strongly
interacting region.They are not affected by the thermalization. Thus, on their path, they do
not lose the information about the medium [13] [8].
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Direct photons can be divided into two groups: thermal and prompt. Thermal photons can
come from quark-gluon plasma or from hadronic gas. They dominate in the low pr region.
Prompt photons are believed to come from hard processes in the initial state and dominate in
the high pr region. Direct photons are extremely difficult to observe. Their contribution to
the total yield is only a few per cent. Direct photon measurements are complicated by a fact
that a large background of photons comes from final state hadron decays [§].

2.4.4 Dilepton Production

In the quark-gluon plasma, a quark can interact with an antiquark to form the virtual
photon which decays into lepton and its antiparticle. The name dilepton denotes the system
of the produced lepton-antilepton pair. In order to be observed, the lepton and the antilepton
must pass through the collision region and reach the detectors. The leptons interact with
other particles only through the electromagnetic force. The free path of leptons is expected to
be quite large (they do not interact strongly) and the leptons are not likely to suffer further
collisions after they are produced. By extracting the dilepton spectrum coming from the quark-
gluon plasma, it may be possible to determine the plasma initial temperature [I3]. To do this,
it is necessary to separate out other sources of dileptons. Such sources could be dileptons
coming from decays of heavy flavor hadrons.

2.4.5 Strangeness Enhancement

The production of the strange quarks in the collisions without quark-gluon plasma phase
transition is suppressed due to the large mass of s quark compared with u and d quark. In
heavy ion collisions (with the QGP) there are more available channels for s35 pairs production
in the QGP, due to high gluon density, gluon fusion, annihilation of light quarks. Therefore,
the strangeness production could be enhanced compared with p+p collisions.

2.4.6 Quarkonium Suppression

In the phase of quark-gluon plasma, heavy quarkonia (bound c¢ or bb pairs) may become
unbound due to Debye screening. This should lead to a suppression of measured charmonium
yields compared to the case when there is no quark-gluon plasma. Since the topic of this thesis
is dedicated also to study of quarkonia, quarkonium suppression is described in more detail in
Chapter 5.
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Chapter 3

The STAR Experiment

In this chapter, the Relativistic Heavy Ion Collider and especially one of its experiments,
the STAR experiment, are presented.

3.1 The Relativistic Heavy Ion Collider

In 2000, the Relativistic Heavy Ion Collider (RHIC) began its operation at the Brookhaven
National Laboratory (BNL) in New York, USA. Until 2010, when the Large Hadron Collider
(LHC) at the European Organization for Nuclear Research (known as CERN) started its pro-
gram, it was the highest energy accelerator of heavy nuclei in the world.

The research at RHIC focuses on the study of QCD under extreme conditions and, espe-
cially, on the properties of QGP. It is worth mentioning that RHIC is the world’s only device
which is capable to collide high-energy beams of polarized protons.

RHIC consists of two independent, concentric storage acceleration rings of superconducting
magnets with a circumference of ca. 3.8 km. Due to the independence of the rings RHIC has
great flexibility to accelerate and collide beams of unequal masses, such as d+Au, Au+Au,
Cu+Cu, Cu+Au and U+U at energies from /syy = 7.7 to 200 GeV for heavy ions and p+p
at \/syy = 62.4 to 510 GeV [20].

The complete layout of RHIC is illustrated in the Figure Before reaching the storage
rings particles pass through several devices. The travel of heavy ions begins in the Electron
Ton Beam Source (EBIS). The heavy ion beams created and accelerated in EBIS go to the
Booster Synchrotron, a circular accelerator, where, with each pass, they gain higher speeds.
When heavy ion beams leave the Booster, they are traveling at about 37% the speed of light.
Subsequently, the ions are carried to the Alternating Gradient Synchrotron (AGS) where they
(are fully stripped of electrons and) get even more energy - until they reach 99.7% the speed of
light. Then, at the end of the AGS-to-RHIC transfer line (AtR) bunches of ions are directed
by a switching magnet either left to the clockwise RHIC ring or right to the counter-clockwise
RHIC ring [21].

The experiments at RHIC which use colliding beams of polarized protons instead of heavy
ions use a slightly different process of particle accelerating. For those experiments protons are
first accelerated in the Linear Accelerator (Linac) and transferred to the Booster. From the
Booster they travel to AGS and then to RHIC [21].
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Figure 3.1: The Relativistic Heavy Ion Collider [19].

There are six intersection points at RHIC, where the two rings cross and particles can
collide. Four of them are instrumented with experiments — BRAHMS, STAR, PHENIX and
PHOBOS. At present, only two of them, STAR and PHENIX, are in operation.

3.2 The PHENIX experiment

The PHENIX detector (the Pioneering High Energy Nuclear Interaction eXperiment) fo-
cuses on the study of photons, leptons and muons, i.e. on the study of particles which are not
affected by the strong interaction and, therefore, are direct probes of the collision, respectively
of the QGP. The PHENIX experiment consists of various subdetectors which are divided into
two central arms and two muon arms. The central arms focus on the measurement of pi-
ons, protons, kaons, deuterons, electrons, the muon arms focus on the measurement of muons.
There are also event characterization detectors providing information about collision and a
set of three huge magnets that curve trajectories of the charged particles[22]. The PHENIX
experiment is schematically shown in the Figure [3.2]

3.3 The STAR Detector

The STAR (Solenoidal Tracker at RHIC) detector is used to investigate the behavior of
strongly interacting matter at a high energy density and high temperature — to search for
signatures of the QGP. It was designed mainly to reconstruct hadronic observables from the
whole event. It excels in detection and identification of charged particles at mid-rapidity.
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Figure 3.2: The PHENIX Experiment [23].

The STAR is cylindrical in shape and shares its central axis with the beam-line. It consists
of various subsystems, illustrated in the Figure [3.3] The subsystems of the STAR detector
can be divided into two groups — systems for tracking and particle identification, and event
triggering detectors.

The most important detectors for tracking and particle identification described in this
thesis are the Time Projection Chamber (TPC), the Time of Flight (TOF) detector and the
Barrel Electromagnetic Calorimeter (BEMC). They sit in a solenoidal magnet which creates
homogeneous magnetic field 0.5 T. The STAR detector is also equipped with the Inner Tracking
System located inside the TPC. Special attention is paid to the Muon Telescope Detector
(MTD) located behind the STAR magnet. Excluding the systems for tracking and particle
identification, the Triggering System of the STAR Detector is presented.

3.3.1 Time Projection Chamber

The Time Projection Chamber is the main tracking device of the STAR detector and
provides the particle identification. The acceptance of TPC covers pseudorapidity |n| < 1.8
and full azimuthal angle. The TPC is schematically shown in the Figure [25].

The TPC is cylindrical in shape and has a length of 4.2 m. Its inner radius is 0.5 m and its
outer radius is 2 m. A conductive cathode membrane (Cetral Membrane) held at the voltage
-28 kV and grounded anode end caps generate, with combination of inner and outer field cage
cylinders, a uniform electric field of ca. 135 V/cm in the gas volume of the TPC. The electric
field is parallel to the beam line and also to the magnetic field 0.5 T generated by the solenoidal
magnet, in which the TPC sits [25].

The anode end caps are equipped with the read-out system based on Multi-Wire Propor-
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Figure 3.3: The STAR Experiment [24].

tional Chambers (MWPC). The end caps are divided into 12 sectors, each sector contains 13
inner and 32 outer pad rows. The inner pad rows are in the region of highest track density,
therefore, for better resolution the pads are smaller. The outer pad rows have continuous pad
coverage for optimal dF/dx measurements [I6]. The schematic drawing of one pad plane can
be seen in the Figure [3.5]

The P10 gas, which is the volume of the TPC filled with, is a mixture of Argon 90% and
Methane 10%. When a charged particle traverses the gas volume of the TPC, it not only ionizes
the molecules of the gas but also excites the atoms of Argon. Since the excitation energy of
Argon is greater than the ionizing energy of Methane, in the collision of excited Ar atom with
the CH, molecule the ionization of the CH, molecule can be caused. The probability of this
process is very high because the time of life of the excited Ar is very long. Therefore, there
is only a small fraction of the excited Ar atoms which return to the ground state by photon
radiation. The energy which would be lost by radiation allows to create new free ions and
electrons. Hence, the resolution of the detector is better [26]. The gas operates at 2 mbar
above atmospheric pressure to prevent contamination by electronegative gas (Os , HoO) which
captures electrons [25].

The ions produced by traversing particles travel to the Central Membrane, while the ioniza-
tion electrons drift to the anode end caps with a constant drift velocity. The (z,y) coordinates
of the ionization clusters are determined by the charge measured by neighboring pads in the
pad rows. Since the drift velocity is held constant, the z position of the clusters is determined
by measuring the drift time of ionization electrons. Than, the 3D information about the track
can be achieved [27].
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The magnetic field curves the trajectory of the charged particles according to their momen-
tum. This can be expressed as [27]

pr = 0.3BR, (3.1)

where prp is the transverse momentum of the particle in GeV/¢, B is the magnetic field in T
and R is the radius of the curvature in m. Since particles lose their energy and momenta as
they traverse the volume of the TPC, the measured momenta are corrected using expected
energy loss values which are a function of velocity. A good approximation of energy loss for
high momentum particles is obtained when the velocity is estimated using the muon mass. At
low momentum, the muon mass assumption has to be corrected using simulation [27].

Sectors

Outer Field Cage
& Support Tube
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Field
Cage
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Figure 3.4: The Time Projection Chamber [25].

The ionization energy loss of particle per unit of length dE/dx is proportional to the mea-
sured charge, respectively amount of electrons, collected by the TPC pads rows. In principle,
the ionization energy loss per unit of length can be expressed using the Bethe-Bloch formula

28]

dFE 9 992 1 |1 2mec? B2V Thnaz 9 0

_£:4WNA7"6 meCZZﬁ ilnI—Q_ﬁ _5 s

where 8 = v/c represents the velocity of the particle (v is the velocity, ¢ is the speed of
light), ~ is the Lorentz factor, N, is Avogadro’s number, z is the charge of incident particle, Z

(3.2)
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and A are atomic number and mass of absorber, 7, is classical electron radius, m, is electron
mass,] mean excitation energy, J is density correction and 7,4, is the maximum kinetic energy
which can be imparted to a free electron in a single collision. In practice, Bichsel functions, an
extension of Bethe-Bloch formula, are used to determine dE/dz.
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Total of 3,942 Pads Total of 1,750 Pads

Row 1 thru 8 on 48 mm Centers
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Figure 3.5: The anode pad plane of the read out system of the TPC [25].

Left panel of the Figure [3.6] shows the energy loss for charged particles in the TPC as a
function of the particle momentum.

By the TPC alone, pions can be identified in the range of transverse momentum to 0.8 GeV /¢
and then in the range 3 GeV/c < pr <10 GeV/c where the difference between energy loss of
pions and kaons is ca. 15% and between pions and (anti)protons is even larger.

The particle identification capabilities of the TPC are less effective in the regions where the
dFE/dx of different particles overlaps. To improve this capability of the TPC at low and high
momenta the detectors TOF and BEMC are used.

3.3.2 Time of Flight Detector

The Time of Flight (TOF) detector was installed to improve the particle identification
capability of the STAR detector. It covers the pseudorapidity |n| < 1 and full azimuthal angle.

The TOF forms outer cylindrical shell of the TPC, as can be seen in the Figure [3.2] and
consists of 120 trays. Each of the trays contains 32 Multi-gap Resistive Plate Chamber (MRPC)
modules and each of the modules has 6 pads [31]. The MRPC design and technology of the
similar modules is described in more detail in the section Muon Telescope Detector.

The TOF measures the time interval that particle spends traveling from one point to an-
other. The ”start time” tg is given by the two STAR Vertex Position Detectors (VPDs),
described in more detail in section 3.3.7, which detect forward moving charged fragments from
the collision. The ”stop time” ¢; is determined as the time when the signal of a charged particle
that passes through any of the pads of the TOF is detected. Then, the time-of-flight interval
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Figure 3.6: Left: The energy loss of the charged particles as a function of their momentum
in Au+Au collisions. The expected values for electrons e, pions 7, kaons K and protons P
obtained from the Bichsel functions are depicted with the black curve [29]. Right: 1/8 of
electrons, pions, kaons and protons as a function of their momentum [30)].

is given as At = t; — ty. Using the momentum, p, and length s of associated track from the
TPC, the average value of the inverse velocity can be determined according to the formula [31]
1 cAt

153 s

Then, the mass m of the particle can be calculated as [31]

m = Ig) (;)2 ~1. (3.4)

The TOF improves the particle identification capabilities of the TPC. The TOF detector is
effective to separate electrons from heavier hadrons at low momentum. Right panel of the
Figure shows 1/8 as a function of particle momentum for electrons, pions, kaons and
protons. The expected values are obtained using the particle masses from the Particle Data
Group (PDG)[32]. Together, the TOF and TPC can provide high quality identification of
low and intermediate momentum particles — pions and (anti)protons for momenta to ~7-
8 GeV/c, kaons to ~ 3 GeV/c and electrons from 0.15 GeV/c to 4 GeV/c [33]. To identify
high momentum particles other detectors, e.g. the BEMC are used.

(3.3)

3.3.3 Barrel Electromagnetic Calorimeter

The Barrel Electromagnetic Calorimeter (BEMC) allows energy measurements of high
transverse momentum particles such as electrons, photons or leptonic decaying hadrons. It
covers pseudorapidity |n| < 1 and full azimuthal angle.
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The BEMC has cylindrical shape with radius of ca. 2.2 m. It is situated parallel to the
beam axis between the TOF detector and the solenoidal magnet, as can be seen in the Figure
[3:3] The BEMC contains 120 calorimeter modules, each of which is divided into 40 towers. The
core of each module consists of a lead-scintillator stack and Barrel Shower Maximum Detectors
(BSMD)[34]. The schematic drawing of the BEMC module can be seen in the Figure
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Figure 3.7: Side view of a STAR BEMC module [34].

As charged particles pass through the lead plates, they produce an electromagnetic shower.
The scintillator plates convert the electrons from the shower into the light to determine the
energy of the shower. Since the BEMC has a total radiation length 20Xy, it is expected that
electrons deposit their whole energy in the calorimeter. The radiation length X is a distance
over which a high energy electron loses 1/e of its energy by radiation (Bremsstrahlung). For
high momentum electrons energy-to-momentum ratio is E/p ~ 1 (energy measured by the
BEMC, momentum measured by the TPC). Hadrons do not leave their whole energy in the
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BEMC, therefore the energy-to-momentum ratio for them is less than 1. Accordingly, high
momentum electrons can be distinguished from hadrons [29, [35].

While the BEMC towers provide energy measurements, the high spatial resolution of the
position and the shape of the shower is provided by the BSMD. Its schematic view is shown in
the Figure It is located at the depth of 5X( at which electrons should have produced fully
developed shower shape while hadrons not [29].

By measuring the energy loss of high momentum electrons and by detecting their showers
the BEMC enables to study rare high pr processes (jets, leading hadrons, direct photons,
heavy quarks) and therefore with its large acceptance it is an important tool in the study of
the vector meson production and suppression in heavy ion collisions at RHIC [34].
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Figure 3.8: Schematic illustration of the STAR BEMC BSMD module [34].

3.3.4 Inner tracking system

The inner tracking system of the STAR detector consists of the newly installed Heavy Flavor
Tracker (HFT) and Silicon Strip Detector (SSD) which is often considered to be an outer layer
of the HFT. With HFT, open heavy flavor hadrons are reconstructed via displaced decay
vertices. Therefore, the main capabilities of the inner tracking system are the improvement
of open heavy flavor yields, ve and R4 measurements and the ability to distinguish between
charm and bottom contributions.

3.3.5 Silicon Strip Detector

The Silicon Strip Detector (SSD) was developed to measure the 2D position of hits and
energy loss of charged particles to improve the tracking capabilities of the STAR detector. It
is located between the HFT and the TPC at a distance of 23 cm from the beam axis. It covers
the pseudorapidity |n| < 1.2 [36]. The position of the SSD can be seen in the Figure The
design of the SSD ladders is shown in the Figure It consists of two shells, each of which
supports 10 carbon fiber ladders. Each ladder supports 16 wafers which are equipped with 768
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strips per side [37]. For better r — 6 resolution strips of the SSD are crossed at an angle of 35

mrad [36].

Control Board

Clamshell Connection

Figure 3.9: The Silicon Strip Detector. Left: Two supporting half-barrels equipped with 3
ladders [37]. Right: A detailed sketch of the SSD ladder [37].

Heavy Flavor Tracker

The HFT is located around the collision point of the STAR detector, in the TPC. Its
position is schematically drown in the Figure[3.10] The HFT consists of two subsystems — the
silicon pixel detector (PIXEL, 2 layers) and Intermediate Silicon Tracker (IST, 1 layer).

SSD at r=23cm
: \ PIXEL at r=2.5cm and r=7c¢

Quter IST at r=17cm

Figure 3.10: The Heavy Flavor Tracker [36].

The PIXEL detector is located very close to the beam pipe inside the IST. It consists of 2
barrel layers of silicon pixel detectors with radii of 2.5 cm and 7 cm. In order to position the
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detector in the distance of 2.5 cm from the beam pipe, new, thinner beam pipe was installed

[36].

The IST sits between the PIXEL and the SSD. It is a strip detector consisting of two silicon
barrel layers with radii of 12 cm (IST1) and 17 cm (IST2). These layers provide space-points
in z and 7 — @ directions and reduce the number of candidate tracks connected with hits on
the outer layer of the PIXEL detector. The IST provides, together with the SSD, connection
of track between the TPC and the PIXEL detector [36].

3.3.6 Muon Telescope Detector

The importance of the Muon Telescope Detector (MTD) is in its capability to identify
muons — they do not participate in strong interactions and therefore are interesting probes
of the strongly-interacting quark-gluon plasma. The MTD enables detection of di-muon pairs
from QGP thermal radiation, quarkonia decays or light vector meson decays. It also allows
open heavy flavor measurements using semileptonic decays and electron-muon correlations.
Although some of these topics can be studied through electrons or photons, they have larger
backgrounds than muons. Another advantage of muons is that unlike the electrons, they are
not so affected by Bremsstrahlung radiation, i.e. they do not loose so much energy, and thus
can provide better mass resolution of vector mesons and quarkonia [38].

In terms of the topic of this thesis, the improvement of quarkonia measurements using
MTD is crucial. The fact that quarkonia signals in the di-muon decay channel are cleaner
than those in the di-electron decay channel plays an important role especially for different T
states measurements. Since quarkonia are important in the study of the quark-gluon plasma,
measurements provided by MTD in different collisional systems and energies allow to gain
better knowledge of nuclear matter effects and thus also of quark-gluon plasma.

The MTD is located behind the iron return bars of the STAR magnet in the distance of
ca. 400 cm from the beam pipe. The STAR magnet, used as an hadron absorber, provides
background shielding. The MTD covers 45% of the azimuth angle and the pseudorapidity of
In| < 0.5.

Figure 3.11: Left:The schematic figure of the MTD tray [38]. Right: 6 MTD trays mounted
on each of 4 BEMC PMT boxes [38].

27



The MTD system consists of 122 boxes called trays [39]. An exploded view of an MTD
tray and its setting on the STAR can be seen in the Figure [3.11] Each MTD tray consists
of aluminium body which is mounted on the support structure of the BEMC, own detecting
module, top aluminium plate with a hole in the center to allow the connection of detecting
technology with electronics, own electronics and thin aluminium covers which protect the
electronics mounted on the top plate [3§].

Inner glass: 0.7 mm PC board: 0.9 mm honeycomb: 10 mm
Outer glass: 1.1 mm
Mylar: 0.15 mm Strip: 0.035 mm

(LTALER LR VRV A LTAELEAY

Spacer: fishing line
Gas gap: 0.25 mm

LT TV COT Iy Fomhon

Interval: 6 mm Strip: 38 mm x 870 mm
Inner glass: 549 mm x 870 mm
Licron electrode: 549 mm x 880 mm
Outer glass: 559 mm x 890 mm
Honeycomb: 559 mm % 890 mm
Mylar layer: 564 mm x 8§95 mm
PC board: 580 mm x 915 mm

Figure 3.12: Multi-gap Resistive Plate Chamber of the MTD [40].

The MTD technology is based on the Multi-gap Resistive Plate Chambers (MRPC) tech-
nology which is similar to the MRPC technology used for the TOF detector. Unlike the TOF
MRPCs, the MTD MRPCs are larger and have double-ended read-out strips. The design of
MTD MRPCs is schematically shown in the Figure "Body” of the MRPC module con-
sists of 6 resistive glass plates resulting in a total of 5 gas gaps. High voltage is applied to
electrodes on the outer surfaces of the outer glass plates. A gas-tight aluminium box in which
is the MPRC module enclosed is filled with a mixture of 95% Freon and 5% Isobutane [41].

The MRPC technology was developed by the CERN ALICE group [42]. Later it was used
and adjusted for the TOF systems of STAR and PHENIX. The principle of the technology is
as follows (and is schematically shown in the Figure : when a charged particle traverses
the gas of the conventional wide gap resistive plate chamber,it ionizes the particles of the gas.
These can produce avalanches. Than, the avalanche electrons are detected. When there is only
one gas gap the avalanche is larger and the local resolution of the particle position is worse.
On the contrary, when the wide gap is divided into subgaps, the formed avalanches are smaller
and the final resolution is better [42].

Left panel of Figure shows projected Rq4 for simulations of different T states as a
function of number of participants using the MTD and compared with the values obtained by
di-electron channel. Right panel shows first data obtained this year from collisions p+p at
energy 500 GeV — signal of J/9 obtained from di-muon channel using MTD.
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Figure 3.13: Multi-gap Resistive Plate Chamber — principle of operation [42].
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Figure 3.14: Left: Projection of the Ra4 of different T states as a function of number of
participants and J/v signal obtained with the MTD [43]. Right: J/4 signal from p+p collisions
at 500 GeV [39].

3.3.7 Triggering System

The importance of triggering systems is in the fact that they enable to find small cross
section signals from a huge number of events, respectively to decide which collisions are suitable
to trigger on and record. Information about the cross sections from the fast detectors is used
to determine whether to begin amplification digitization acquisition for slower detectors.

The main detectors used for triggering at STAR are the BBC, VPD and ZDC. Excluding
them, the BEMC is used to trigger on events with large energy deposit in a single tower or
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Figure 3.15: Vertex Position Detector. Left: Schematic view of one VPD subdetector [44].
Right: Schematic front view of one VPD [44].

tower cluster (production of high-pr particles or jets) and the TOF is used to trigger on central
heavy ion collisions (by requiring a high occupancy of hits).

Vertex Position Detector

The two Vertex Position Detectors (VPDs) are located very close to the beam pipe ca. 5.6
m from the intersection point. Each VPD consist of 19 subdetectors. Schematic view of VPD
and its detector is shown in the Figure VPDs detect fragments from the collisions which
do not participate in interaction. The time difference between the signals ¢.,s: of the East and
twest of the West VPD determines the primary vertex position of the collision zy, [44]

C(teast - twest)
2 )
where c is the speed of light. VPD can measure the primary vertex position with resolution ~

2.5 cm in p+p collisions, ~ 1 cm in Au4Au collisions, respectively. VPDs are important parts
of the TOF system. The event "start time” needed for TOF (and also for MTD) is given as

4]

(3.5)

Zutr =

teast + twest L

_ = 3.6
t foent _ 2, (36)

where L is the distance from East/West VPD to the center of STAR. VPD can measure the

"start time” with resolution in the range from ~ 20-30 ps in full-energy Au+Au collisions (for

comparison, TOF/MTD measures the ”stop time” with resolution ~ 80/100 ps) to ~ 80 ps in

p+p collisions [44].

tstart =

Beam Beam Counter

The two Beam Beam Counters (BBCs) are located ca. 3.5 m from the intersection point
of the STAR detector around the beam pipe. The schematic drawing of the BBC is shown in
the Figure [3:16] The BBCs consist of two layers of hexagonal blocks. The inner layer contains
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Figure 3.16: The Beam Beam Counter [45].

smaller blocks, the larger blocks form the outer layer. The main capability of the BBCs is to
determine the collisional vertex position and collision centrality [29].

Zero Degree Calorimeter

The two ZDCs are located at |z| =18.25 m from the intersection point along the beam axis
and outside of the RHIC dipole magnets. Right before each ZDC there are dipole magnets
which bend incoming and outgoing beams for collision [27]. Each ZDC is split into 3 modules,
each of which consists of tungsten layers and scintillator wavelength shifting fibers which direct
Cerenkov radiation to photo-multiplier tube. The ZDCs measure the number of spectator
neutrons from collisions, they are used for triggering and beam monitoring [46].
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Chapter 4

Heavy Flavor Physics

This chapter provides basic information about physics of heavy quarks in heavy ion col-
lisions. First of all, it explains the importance of heavy quarks in terms of the study of the
quark-gluon plasma. Than, general information about heavy flavor production is presented.
Several results of measurements of open flavor are shown. In terms of topic of this thesis heavy
quarkonia are dedicated separate chapter in which they are discussed in more detail.

4.1 Motivation for heavy quarks

The term heavy quarks, as it is understood in heavy ion collisions, refers to ¢ and b quark
(or antiquarks ¢, b). Since the mass of the heavy quarks is significantly larger than the critical
temperature T, they cannot be produced in the collisions of thermalized partons. Hence,
they are produced almost exclusively in the initial parton-parton interactions in high energy
collisions. Therefore, their production can be calculated using tools of perturbative QCD.
Moreover, the thermalization time of heavy quarks is delayed in comparison with light quarks
and comparable with the lifetime of the QGP. Accordingly, in the heavy-ion collisions, created
pairs of heavy quarks QQ could ”fly through the quark-gluon plasma” in which they are
expected to thermalize not or only to some extent [47]. The different character of interaction
of heavy quarks with the medium in comparison with light quarks makes them unique tools of
the QCD matter. Among others, they could also help to understand the mechanism of parton
energy loss.

4.1.1 Heavy Quark Energy Loss

In general, there are two ways of energy loss of heavy quarks in the medium : collisional
and radiative.

Collisional energy loss of heavy quarks @ is caused by elastic collisions of heavy quarks @
with light partons (i.e. light quarks ¢ and gluons g). This process can be schematically written
as Qq — Qq or Qg — Qg. The collisional energy loss of heavy quarks depends logarithmically
on the extreme values of heavy quark momentum —dE/dx x In(¢maz/qmin)- It has been
proved that the energy loss value depends not only on the energy of the quark but also on the
temperature [48]. Braaten and Thoma [49] obtained —dE/dx =~ 0.3 GeV /fm for a 20 GeV/c
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charm quark and —dFE/dz =~ 0.15 GeV/fm for a 20 GeV/c bottom quark at the temperature
250 MeV.

The radiative energy loss denotes the energy loss of heavy quark through single scattering
or the emission of gluon, e.g. Q¢ — Qqg or Qg — Qgg. The first model of radiative loss of
heavy quarks [50] showed the dependence —dE/dx o In?(gmax/qmin), Which is greater than
the collisional energy loss. According to this model the radiative energy loss was calculated:
—dE/dz ~ 12 GeV /fm for a 20 GeV/c charm quark and —dE/dz ~ 10 GeV/ fm for a 20 GeV/c
bottom quark at the temperature 500 MeV. Figure compares theoretical calculations of
collisional energy loss and radiative energy loss given by models [49] and [50].
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Figure 4.1: The energy loss of ¢ quarks (left) and b quarks (right) as a function of quark energy
at the temperature 7' = 500 MeV. [50].

An interesting idea about radiative energy loss of heavy quarks was presented by Dokshitzer
and Kharzeev [5I]. They showed that the gluon radiation of heavy quarks is suppressed at the
angles smaller than 6y = M/E where M is the mass of the heavy quark and F is its energy.
Than the distribution of soft gluons radiated by heavy quarks differs from that radiated by
light quarks by the factor

D= (1+62/6%) " (4.1)

This effect is called dead cone effect. Accordingly, the heavy quark mass suppresses the gluon
radiation and therefore the radiative energy loss of heavy quarks is smaller than for light quarks.
On the other side, later it was shown [52] that the medium induced gluon radiation could
fill the dead-cone, so the radiative energy loss of heavy quarks would not be negligible. It was
also shown that the radiative energy loss would be smaller for massive quarks than for massless
quarks.
Later, the suppression factor of soft gluon emission was modified into [53]

-2
M2
D= (1 + 92> , (4.2)
stan (5)
where s is the square power of the center of mass energy. This improved suppression factor is
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valid for the whole range of angles —m < 6 < m and for the full range of masses M. In the
case when M < +/s and € < 1 this improved suppression factor D modifies into expression
obtained by Dokshitzer and Kharzeev [51].

Generally, the issue of heavy quark energy loss is not settled yet and it is one of the main
current research topics.

4.2 Heavy Flavor Production

As has been already indicated, heavy quarks are produced in the initial parton-parton
interactions of the high energy nucleus-nucleus collisions.

Dominant but not the only one process to ¢ or bb pair production is a gluon fusion gg —
QQ. Another possible process is quark-antiquark annihilation gg — QQ. These processes are
processes of the lowest order in perturbative QCD (leading order — LO). Three diagrams of
the QQ production through gloun fusion and quark-antiquark annihilation are schematically
shown in the Figure Moreover, there are also Next-to-leading Order (NLO) corrections
on heavy quark production. They include e.g. flavor excitation processes gg — Q@ and gluon
splitting, a process which can be factorized into gg — gg or gq — gq scattering with one off-
shell gluon (i.e. which does not satisfy classical equations of motion) in the final state followed
by the evolution of that gluon into a QQ pair [54]. Higher order processes, e.g. Next-to-next
leading order (NNLO), are often small and not taken into account.

= >

01
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ic

Figure 4.2: The lowest order diagram for ¢¢ production through gluon fusion (a,b) and quark-
antiquark annihilation (¢) [55].

The produced cc or bb pair is expected to form a heavy quarkonium (a bound state of heavy
quark and its antiquark, e.g. J/1, 1') or an open heavy flavor hadron (a bound state of heavy
quark/antiquark and light antiquark/quark, e.g. B or D meson). Although total heavy quark
cross section is calculable using tools of perturbative QCD, heavy quarkonia formation process
is still not well understood. Several models of quarkonia production are described in section
5.2. Open heavy flavor mesons are produced from the "not-bound” QQ pairs that combine
with light quarks in hadronization phase of the evolution of the high energy collision.
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4.2.1 Total heavy quark cross section

In principle, we can calculate the total heavy quark cross section — as mentioned in pre-
vious section, it can be obtained theoretically using calculations based on perturbative QCD
(at FONNL level, NLO/NNLO calculations). On the other side, experimentally, we measure
spectra of produced particles.

”Experimental approach” takes into account the fact that heavy flavor mesons (open heavy
flavor specifically) are often observed through their semileptonic decays or hadronic decays.
Than, by measuring the decaying products the total heavy quark cross section can be recon-
structed. It is a complicated process. In principle, in the case of observed electrons from
semileptonic decays of heavy flavor mesons, the electron differential cross section can be ex-
pressed as convolution [56]

Ed’c ()  Eqd®s(Q)
dp>  dpg?

where Eqgd?o (Q)/dpg? is pr and y distribution of heavy quarks, D (Q — Hg) describes the
fragmentation of heavy quarks into heavy hadrons and f(Hg — e) denotes the fraction of
heavy hadrons decaying into electrons. This formula is modified if heavy flavor hadrons (e.g.
D mesons) are reconstructed through hadronic decays and does not include the last convolution.

To gain the total ¢Z cross section (per nucleon-nucleon pair) by measuring D mesons from
their hadronic decays is not a trivial task. First, the number of measured D mesons in a
particular decay channel is divided by corresponding branching ratio. Result of this operation
gives the total number of produced D mesons. To gain the cross section, the number of D
mesons has to be divided by luminosity and extrapolated to the full phase space from the finite
detector acceptance. Than, it has to be divided by 2 to get the pair cross section and scaled by
number of binary collisions. Finally, the result has to be corrected to account for unmeasured
charm hadrons [50].

Figure |4.3| shows the review of measured heavy flavor production cross sections at different
experiments in comparison with theoretical predictions. As can be seen from the figures, data
are consistent with theoretical predictions within uncertainties.

®@D(Q — Hq)® f(Hq —e), (4.3)

4.2.2 Heavy flavor measurements

As it was already noted, heavy flavor can be studied through quarkonia or open heavy flavor
measurements. Recent heavy quarkonia production measurements are presented in section 5.4.
At RHIC, open heavy flavor production can be measured in two ways - by study D meson
production or through measuring non-photonic electrons (NPE) from semileptonic decays of
heavy flavor hadrons.

D mesons

Direct reconstruction of open charm mesons via hadronic decays (e.g. D° — K~ + 71 ) is
a direct access to heavy quark kinematics. Thanks to this method separation of ¢ and b quark
contribution is easier. On the other hand, the most significant disadvantages of this method
are huge combinatorial background and small branching ratio.

Left panel of Figure shows new STAR results of D° mesons invariant pr spectra in U+U
collisions at \/syn = 193 GeV (full symbols), Au+Au at \/syn = 200 GeV (open symbols)
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Figure 4.3: Heavy flavor production cross sections. Left: The total c¢ cross section as a func-
tion of center of mass energy in collisions p+p (STAR, ALICE,ATLAS) and Au+Au (STAR)
compared to NLO predictions [57]. Right: The differential bb cross section per rapidity unit
as a function of center of mass energy in p+p collisions (PHENIX, ALICE) and p+p collisions
(UA1, CDF) compared to FONLL calculations [58].

and D° 4+ D* pp spectra in p+p, d+Au and Au+Au collisions at 200 GeV. The differential cé
cross section per unit of rapidity as a function of binary collisions calculated from p+p collisions
at 200 GeV can be seen in the right panel of Figure [{:4] Data are compared to FONNL and
NLO calculations. In general, we can consider the p+p, d+Au and Au+Au data as consistent
and also consistent with given calculations within uncertainties. Since we understand the cé
production, we can study modification of production.

Left panel of Figure shows D° R 44 as a function of pr for different centrality ranges in
collisions U+U at /syny = 193 GeV (full symbols) and Aut-Au at \/syn = 200 GeV (open
symbols) at mid-rapidity. Ra4 has similar trend in Au+Au and U+4U collisions. At mid-pr
an enhancement is observed and towards higher pr the suppression increases. It also increases
towards the most central events. The DY suppression for the 0-10% most central collisions at
high p is similar to that measured for light hadrons — pions. This result is interesting because
for light quarks a larger energy loss in the medium is expected and from this point of view, 7®
would be suppressed more than D°. Right panel of Figure presents ALICE result of R4
for D (D°, D%, D**) mesons as a function of py in Pb+Pb collisions at /syn = 2.76 TeV.
It shows similar suppression of D mesons and charged particles (pions) towards higher pr.
Therefore, challenging results obtained by STAR and ALICE require further study of nuclear
matter produced in high energy collisions.
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collisions at /syy = 2.76 TeV at ALICE [57].
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Non-photonic electrons

The advantage of reconstruction from the semileptonic decays (e.g. D® — K+ + e~ 4 17,)
is that in comparison with the previous method the branching ratio is higher and also small
signal from heavy flavor can be easily separated from the background. The disadvantage is,
e.g., that contributions of ¢ and b hadron decays can not be separated.

Measurements of NPE R4 and vy are important in the study of different energy loss
mechanisms and thermalization of the medium produced in high energy collisions.

Figure left shows NPE R4 in Au+Au collisions at \/syn =200 GeV for 0-10% most
central collisions. The suppression increases towards higher pr. Results are compared to
several theoretical calculations. Gluon radiative scenario alone (dashed green line) cannot
describe large NPE suppression at higher pr, by adding collisional energy loss to gluon radiative
scenario(green line) model describes data better [60].

Figure right shows NPE elliptic flow in Au+Au collisions at \/syny = 200 GeV at mid-
rapidity and centrality 0-60% and compared to model calculations. For vo{2} an electron is
correlated with a single hadron and gives an upper limit on the elliptic flow, while for vy{4}
one electron is correlated with 3 hadrons and gives a lower limit [6I]. From both methods,
data are consistent with each other. At low pr finite vy indicates charm-medium interaction
while significant increase of vy towards higher pr could be caused by jet-like correlations or by
path length dependence of heavy quark energy loss [60].

Generally, different models describing non-photonic electron suppression and elliptic flow
are not always in good agreement with measured NPE R4 and wvy. Therefore, it is a big
challenge to describe both NPE R4 and vy simultaneously [43].
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Figure 4.6: Left: NPE R44 in 200 GeV Au+Au collisions at mid-rapidity as a function of pp
for 0-10% most central collisions and compared with different model predictions [60]. Right:
NPE v, in Au+Au collisions at \/syny = 200 GeV at mid-rapidity and centrality 0-60% and
compared to different model calculations [60].
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Chapter 5

Heavy Quarkonia

This chapter provides basic information about bound states of heavy quarks called quarko-
nia. First of all, the overview of different states of quarkonia is given. Than, several quarkonia
production models are presented. Particular sections inform about the effect of the quark-gluon
plasma on the quarkonia production and about the most significant recent measurements in
this field of research.

5.1 Quarkonia Families

The term heavy quarkonia refers to the bound states of heavy quark and its antiquark. In
the case of ¢ quark and its antiquark, the corresponding quarkonia are called charmonia, in the
case of b quark and its antiquark they are called bottomonia. Figures 5.1 and 5.2 show the so
called charmonium family and bottomonium family. In both cases, the ”family members” have
different properties, such as mass or quantum numbers. For example, the lightest charmonium
meson which can be detected via dilepton decay is J/4, its excited states include x. and '
The lightest bottomonium detectable via dilepton decay is T and its excited states are xy ,
T’ x;, and Y”. Transition lines depicted in the Figures and represent the decay modes
of selected states — the thick transition lines indicate hadronic feed-down decays while the
thinner lines indicate radiative decays. Unconfirmed states are shown as dashed lines. The
masses, binding energies and radii of selected states of quarkonia are shown in the Table

[ State [l xe [ ¢ ¥ [ xo [ ¥ [ x4 [ X ]
mass (GeV) || 3.10 || 3.53 || 3.68 || 946 ]| 9.99 || 10.02 || 10.36 || 10.36
A (GeV) || 0.64 || 0.20 || 0.05 | 1.10 || 0.67 || 054 | 0.31 || 0.20
radius (fm) || 0.25 || 0.36 || 0.45 || 0.14 || 0.22 || 0.28 || 0.34 || 0.39

Table 5.1: Basic properties of quarkonia — mass, binding energy and radius [55].
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Figure 5.2: The bottomonium family [I5].
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5.2 Models of Heavy Quarkonia (J/v) Production

Although total heavy quark production can be calculated, the production mechanism of
heavy quarkonia is, unfortunately, still not well understood. Quarkonia have to be colorless but
during their formation they can be in color-singlet or color-octet state. The color neutralization
process, when the QQ pair forms a resonance (e.g. J/1, T) can be described only using models.
Several of them, Color Singlet, Color Octet and Color Evaporation Model, are briefly presented
in following sections [55].

5.2.1 Color Singlet Model

In the Color Singlet Model (CSM) the produced QQ pair is created only in a color singlet
state, it has the same color, spin and angular-momentum quantum numbers as the quarkonium
which is to be produced [62]. The lowest order diagram for the J/t¢ production from the gluon
fusion is schematically shown in the Figure The CSM can predict the J/1 polarization but
the value is sensitive to the order of calculation [29]. The leading order(and higher order) CSM
calculations were successful in predicting quarkonium production cross section at relatively
low energies. Problem of CSM calculation is that they under-estimate quarkonia production
at higher energies, e.g. J/¢ in p+p collisions at RHIC [63].

g

Figure 5.3: The lowest order diagram for the J/1 production through gluon fusion in CSM.

5.2.2 Color Octet Model and NRQCD

The Color Octet Model (COM) was developed in the non-relativistic QCD (NRQCD) frame-
work [64]. In this approach, the quarkonium can be formed, in addition to a color singlet state
in a color octet state which reaches color singlet state through emission of some soft gluons.
The COM calculations do not include contributions of feed-down effects and B meson decays
on J/¢ production [29]. The lowest order diagram for the J/v¢ production in the COM is
illustrated in the Figure

Generally, NRQCD with color octet contributions successfully describes J/¢ production
cross section at experiments at different energies. NRQCD calculations predict transverse
polarization of J/¢ and growth of polarization parameter towards higher pr which does not
correspond with experimental data [65].
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Figure 5.4: The lowest order diagram for the J/1 production through gluon fusion in COM.

5.2.3 Color Evaporation Model

In Color Evaporation Model(CEM), the total quarkonium cross section is calculated as a
fraction of all heavy quark-antiquark (QQ) pairs with the mass less than twice the mass of
the lightest corresponding open heavy flavor meson [62]. The hadronization process (QQ to
quarkonium states) is accompanied by the emission of the soft gluons. The color neutralization
process is provided than through the interaction of the QQ pair with the collision-induced
color field — therefore ”color evaporation” model. Figure [5.5( shows the lowest order diagram
for the J/v production through the gluon fusion in the Color Evaporation Model [I5]. The
CEM does not take into account color, angular momentum or spin of the QQ pair. It does not
predict J/4 polarization and does not include feed-down from B meson decays [48]. Among
other models, it describes the total quarkonium cross section best.

For example, the CEM model was successful to describe cross section for inclusive J/¢
production in p+p collisions for entire range of transverse momentum and is also able to
describe measured T cross sections in p+p collisions well across a wide range of collision

energy as can be seen in Figure [63].

Figure 5.5: The lowest order diagram for the J/v production in CEM.
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Figure 5.6: Left: The J/v¢ invariant cross section as a function of pr in p+p collisions at
STAR compared to other measurements and to theoretical predictions [63]. Right: The T
cross section as a function of collision energy /s measured at different experiments (symbols)
and compared to CEM prediction [63].

5.2.4 J /4 polarization

Production models (COM, CSM, CEM) can describe the J/1 production cross sections.
To distinguish between production models, other observables are needed. One of them is
J /v polarization (spin alignment). The models of quarkonia production assume different pr-
dependence of the polarization, especially at high pr. Therefore, J/i polarization measure-
ments can prove the suitability of the models. The polarization of spin-1 quarkonia (like J/%)
is studied via the angular distribution of their dilepton decay products (ete™). It is often
described in the helicity frame, where polar axis (z) corresponds to the flight direction of the
J/ in the center-of-mass frame of the colliding hadrons [66]. The angular distribution of the
decay lepton pair can be expressed as [67]

d*N
d(cos)do

where 6 is the polar angle, ¢ is the azimuthal angle and Ag, Ay are the angular decay coeflicients.
The polar angle 6 is the angle between the positive lepton (e1) momentum vector in the J/v
rest frame and the J/¢ momentum vector in the laboratory frame [67].

In hadron-hadron collisions, polarization measurements are often constrained to measure-
ments of the distribution as a function of polar angle §. Integrating over the azimuthal angle,
from the above formula the distribution can be written as

oc 1+ Ngcos?0 + \ysin?0cos(2¢) + Aoy sin(26)cost, (5.1)

dN
— x 1+ A 29 2
d(cosb) x L+ Agcos™t, (52)
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Figure 5.7: The polarization parameter Ay as a function of J/¢ pr [67].

where the parameter A\g denotes the polarization Ay = 1 represents the full transverse polar-
ization and Ag = —1 the full longitudinal polarization [67].

Figure 5.7 refers to J/1) polarization measurement at the STAR experiment in p+p collisions
at /s =200 GeV. It shows the polarization parameter Ay as a function of J/¢ pr. The result
includes direct J/¢ production as well as feed-down from heavier charmonium states (¢’ x¢)
and from B meson decays. Results from the STAR at |y| < 1 and 2 GeV/c < pr <6 GeV/c
are compared with the PHENIX data at mid-rapidity |y| < 0.35 and with the predictions of
the models — LO COM model for direct J/1 production (gray area) and NLOT CSM model
(green dashed lines show the range of Ay for the direct J/1, the hatched blue band is the
extrapolation of Ay for the prompt J/v). The data from STAR and PHENIX are consistent
with each other. They show Ay as the decreasing function of py — as the pp increases the
trend towards the longitudinal J/1 polarization is observed. This result is not consistent with
predictions of the COM for direct J/v production which expects increase of Ay towards higher
pr. On the other hand, data are consistent with the NLOT CSM model within uncertainties
[67].

5.3 Quarkonia in Heavy Ion Collisions

The heavy quarkonia suppression in heavy ion collisions has been predicted as a signature
of the quark-gluon plasma [68]. It was expected, that the suppression was caused by the color
screening in the quark-gluon plasma.

However, not all the observed suppression of quarkonia production in nucleus-nucleus col-
lisions compared to the scaled proton-proton collisions has to be the signature of the quark-
gluon plasma. The heavy quarkonia suppression was observed also in p+A collisions, where the
QGP formation is not expected. Moreover, similar quarkonia suppression observed in various
experiments operating at different energies and different energy densities lead to the idea that
suppression mechanisms could be supplemented by secondary quarkonia production mecha-
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nisms. Therefore, it is necessary to take into account various effects of the medium produced
in collisions that could modify the quarkonia production.

Following sections provide overview of nuclear matter effects on quarkonia production. It is
a difficult task to categorize them, therefore they are divided into effects generally considered
as a sign of quark-gluon plasma and other effect which can occur not only in A+A but also
those present in p+A or p+p collisions.

5.3.1 Quarkonia as a signal of QGP

This section focuses on the most frequently considered effects on quarkonia production —
quarkonia melting and recombination.

Quarkonia melting

At the temperature T = 0 as is in p+p or p+A collisions, the potential describing the
quarkonium bound state can be written as in the formula (1.1). Than, by using the potential
(1.1) in solving the Schroedinger equation [69)

g — oV ()] 04(r) = Mo (). (5.3)

where mg is the mass of the charm or bottom quark and M; is the mass of the particular
quarkonium state, the quarkonium state masses or average sizes (radii) can be calculated.

Increasing the temperature T, the potential (1.1) is modified due to color screening and
takes the form [I5]

V(r,T) =orp(T) (1 —exp[—r/rp (T)]) - 4;&6%27 [=r/rp(T)], (5-4)

where 7p is the Debye screening radius. The color screening has the similar meaning as
the Debye screening of an electric field — when a charged particle is placed into the plasma
or electrolyte it polarizes the surrounding medium and, therefore, the charge of the particle
is screened. If the quarkonium is placed in the quark-gluon plasma of sufficient temperature,
the deconfined quarks and gluons weaken the interaction between the heavy quarks, the string
tension between them vanishes and the QQ can no longer form a bound state.

The color screening is determined by the Debye screening radius or the screening mass
w(T) ~ 1/rp. The Debye screening radius sets the distance in which the color effect of the
heavy quark persist and outside of which the color charge of the heavy quark is screened. It
can be calculated according to formula [13]

rp (T) = ! (5.5)

)
N, N
(T + ?f) 921

where N, is the number of colors, Ny is the number of flavors and g*> = 4ma,. As can be
seen from the formula, rp decreases with increasing the temperature. The temperature at
which rp reaches the radius r of the quarkonium, is the dissociation temperature, Tp. When
r > rp(T) at T > T, the quarkonium can no longer form a bound state. Since the radii of
different quarkonia states vary they break up at different temperatures — the excited states
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of J/1¢ and T have larger radii and smaller binding energy at T = 0 than J/¢ and T so it is
expected that they melt at lower temperature. Therefore, the presence of particular states in
the quark-gluon plasma provides a ”thermometer” of the medium [I5].

The above described model of quarkonia melting is simplified. There are different models
which calculate quarkonia dissociaton temperatures. Overview of these models can be seen
in the Figure [5.8 which shows temperature T relative to the critical temperature 7T, at which
different quarkonium states are dissociated in the quark-gluon plasma.
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Figure 5.8: The dissociation temperature range for different quarkonium states, calculated
using different techniques (Lattice QCD, QCD sum rules, Ads/QCD, potential models). The
shaded band represents the hydrodynamic estimation for the peak temperature reached in
Au+Au collisions. Estimations were performed using different T, values. Each horizontal bar
represents one estimation, the temperature extension of estimation denotes the range where
the quarkonium state undergoes modifications until it completely melts [70].

Recombination

It could be expected that at some sufficiently high temperatures selected quarkonia states in
quark-gluon plasma will melt and their production will be suppressed. However, the production
of J/v in nucleus-nucleus collisions can be enhanced through the recombination (statistical
regeneration) of single thermalized ¢ and ¢ quarks. These charm and anti-charm quarks flow
through the quark-gluon plasma and at T' = T, they undergo the hadronization process.

The number of J/i¢ created in the recombination process is approximately proportional
to N2 /Ny, where N, is the number of created ¢ quarks and N}, is the number of produced
hadrons. N, scales with the number of inelastic nucleon-nucleon collisions and increases with
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V/s. On the other side, N, scales with the number of the participant nucleons. In more
central collisions, the number of nucleon-nucleon collisions is larger than the number of the
participant nucleons. Accordingly, the recombination of J/4 is expected to be more significant
in more central collisions and at higher energies of collisions [71]. Hence, at sufficiently high
energy the recombination mechanism leads to J/¢ production enhancement. This prediction
is illustrated in the Figure which shows the probability of J/¢ production as the function
of energy density. At high energy experiments the enhancement through recombination cannot
be negligible. This effect on J/v production is expected to be smaller at STAR than at ALICE
experiment which operates at higher energies and where the total ¢¢ production cross section
is significantly larger, see Figure On the other hand, at STAR and also at ALICE, the
total bb production cross section is smaller than cé. Therefore, the effect of recombination on
T is less significant.

statistical recombination

J/¥ Production Probability

thermal dissociation

Energy Density

Figure 5.9: J/v¢ enhancement through statistical regeneration: J/v production probability as
the function of energy density [69].

5.3.2 Other effects on quarkonia production

In the process of quarkonia formation during the collision different nuclear matter effects
can influence resulting quarkonia yield.

Nuclear shadowing, Cronin effect and nuclear absorption are commonly called ”cold nuclear
matter effects”. Nuclear shadowing and Cronin effect influence the production of QQ pair in
the initial state of the collision. Nuclear absorption occurs in the ”pre-quarkonium” phase
when the QQ pair already exists but before resonance like J/v is formed [72].

In A+A collisions, due the presence of QGP in the evolution, the quarkonia are suppressed
because of so called "melting” and ”leakage” but their production could also be enhanced
through recombination. Effect, which can influence quarkonia production in both, A+A and
p+A collisions, in the final stage of the collision is co-mover absorption.

Following sections present selected nuclear matter effects in the order they are expected
to be present in the evolution of the system. They do not include effects of melting and
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recombination described in the previous section. Also, feed-down effects are included, since
they have significant influence on quarkonia production.

Different models try to describe quarkonia production suppression and enhancement in
different collisional systems considering that above mentioned effects are not negligible. Figure
shows comparison of two commonly used theoretical models (of Zhao and Rapp [72] and
Liu et al. [73]) for J/1 production that also include additional effects on J/1 production.
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Figure 5.10: J/1 Raa as a function of pr. Left: Data measured in Cu+Cu (STAR) and
Au+Au (PHENIX) collisions in central rapidity region compared to model of J/1 production,
only initial production(dot-dashed), only regeneration (dotted) and both contributions (solid
line) [73]. Right: Model calculations compared with measured data in \/syy = 200 GeV central
Au+Au collisions at |y| < 0.35. Different calculations include just primordial production, B-
meson feed down(Bfd) contribution, formation time effects (fte), nuclear absorption effects
and all mentioned effects on J/v¢ production. Upper panel is for strong- and lower panel is for
weak-binding scenario [72].

Here we look at these two models to demonstrate the different behavior of contributions on

J/v production. Ra4 for J/v is given as a function of pr. Left panel [73] shows comparison
of measured data and models in Cu+Cu (STAR) and Au+Au (PHENIX) collisions in central
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rapidity region. Different contributions to calculations take into account only initial production
(dot-dashed), only regeneration (dotted) and both contributions (solid line) on J/v produc-
tion. Right panel [72] shows comparison of model with measured data in \/syy = 200 GeV
central Au+Au collisions at |y| < 0.35. Different parts of calculations include just primordial
production, B-meson feed down contribution, formation time effects, nuclear absorption effects
and all mentioned effects on J/v¢ production. Upper panel is for strong-binding (primordial
production is dominant and anomalous suppression originates from dissociation of ¢, x.) and
lower panel is for weak-binding (regeneration yield become comparable to primordial produc-
tion) scenario. The detailed description of these two models of J/v binding is well beyond the
scope of this thesis but we can note that general behavior of the different contributions to J/¢
contribution is very similar.

Nuclear shadowing

Partonic content of hadrons can be described by parton distribution functions (PDF) — the
momentum fraction distribution functions of the partons within a hadron. As experimental
results suggest that nucleus cannot be treated as a superposition of nucleons, its nuclear parton
distribution functions (nPDF) have to be modified relative to PDFs in a proton [72]. The
effect of this modification is called nuclear shadowing. The first parametrization of the parton
distribution functions modification was done by EKS98 group [74] and is also commonly used
in the present.
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Figure 5.11: Different parametrizations of gluon nPDF modifications. The modification is
given as the ratio of lead nPDF and proton PDF f,” b/ f4¥ as a function of nucleus momentum
fraction carried by parton x [75].

Since c¢ or bb pairs are produced dominantly via gluon fusion, their production is sensitive
to the modification of the gluon nPDFs. Although nuclear modifications of quark or antiquark
densities can be relatively well measured, the gluon density modifications are not measured
directly. Current parametrizations of nPDFs modify nuclear gluon density variously, from no
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effect to very significant shadowing for low fraction & ~ 10~ of the nucleus momentum carried
by gluon and strong antishadowing for z ~ 0.1 as can be seen from the Figure [5.11

Cronin effect

The Cronin effect was discovered in p+A collisions as a hardening of the pr spectra relative
to p+p collisions for pr higher than 1-2 GeV and corresponding depletion seen at low pr [76].
The effect was interpreted as arising from the multiple scatterings of partons from the proton off
partons from the nucleus in the initial state of the collision [77]. Due to the multiple scattering
partons suffer energy loss, often called initial state energy loss in the nuclear medium. In elastic
collisions, partons with no initial transverse momentum transform part of their longitudinal
momentum into transverse direction — they acquire a transverse momentum kick [78]. Hence,
this effect leads to higher pr of produced Q@ pairs (and then quarkonia) in A+A or p+A
collisions relative to p+p collisions [79] [15].

Nuclear absorption

Nuclear absorption denotes the dissociation of pre-quarkonium states QQ by passing-by-
nucleons [72]. In p+A or A+A collisions, the pre-quarkonium QQ pair is produced at some
point of the nucleus and scatters with nucleons on its path with some absorption cross section.
This causes the dependence of quarkonia production on the number of nucleons A [80]. Since
collision time in high energy A+A collisions at RHIC (~ 0.1 fm/c) is smaller than the starting
time of medium evolution (~ 0.5 fm/c) and smaller than quarkonia formation time (~ 0.5
fm/c) the effect of nuclear absorption can be neglected [73].

”Leakage” effect

In terms of the heavy ion collisions, the so called ”leakage” effect is associated with quarko-
nia which are not present in the medium during its evolution for the whole time and for this
reason are not subject to dissociation. This effect is dominant for higher pr quarkonia, low
pr quarkonia stay longer in the collisional system and are more suppressed. So, in comparison
with suppression caused by color screening which is dominant at lower pr, the leakage effect
increases quarkonia R44 mainly at higher pr [81] 82].

Co-mover interactions

In the final state of the evolution of the collision, as quarkonia traverse the medium they can
interact with co-moving constituents of matter (hadrons) formed in the collision and dissociate.
The survival rate of quarkonia moving through the produced medium can be approximately
expressed as [69]

S; = exp[—o;nmoln (n/nyg)], (5.6)

where o; is the dissociation cross section, n the initial density of the medium after formation
time 79 and ny ”freeze-out” density. Since densities of hadronic matter are small (< 0.5 fm~3)
and cross sections for collisions (quarkonium-hadron) also small, the effect of quarkonium
suppression through co-mover interactions is often neglected [80].
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Feed-down Effects

In addition to J/v which are produced directly, there are other observed sources of J/
mesons. These are feed-down from higher excited states or from decays B — J/v¢. About
30% of J/1s observed in elementary collisions come from the radiative decays of x., about
10% come from 1)’ hadronic decays. These states are expected to melt easier than the strongly
bound J/v. Hence, their contribution to J/¢ in the QGP of the temperature greater than
their dissociation temperature will cease.

By analogy, in the case of T in elementary collisions, 50% of them come from direct pro-
duction, 30% from x;(1P) states, 10% from direct Y’ states and 10% from x;(2P) states
[83].

Accordingly, the quarkonia production measured in heavy ion collisions could be suppressed
even if the system has not reached the sufficient energy density to break-up lowest energy states
[55].

5.4 Selected results of quarkonia measurements

This section provides information about selected recent results of quarkonia Ra4 and wvg
measurements at the STAR experiment and compares them with results obtained at other
experiments (ALICE, PHENIX, CMS).

5.4.1 Production modification of J/v

In general, there are various medium effects (as described in previous section) that can
modify the measured J/v production. Different R 44 measurements as a function of transverse
momentum, centrality or rapidity and also vy measurements are (among other reasons) crucial
to study the medium created in the heavy ion collisions.

J/v¥ Raa as a function of transverse momentum

Figure shows J/1¢ pr spectra in Au+Au collisions at \/syny =200 GeV at STAR.
Measured data are presented in four centrality ranges (0-60%, 0-20%, 20-40%, 40-60%) and
compared to theoretical models. As can be seen from the figure, the measured spectra can be
well described by the model which includes contribution from suppression of initial production
and from c¢ recombination. It can also be seen that the regeneration as a production mechanism
grows with the centrality. This trend is important when we look at J/1 suppression as a
function of centrality.

To quantify J/v suppression, nuclear modification factor R4 4 was measured as a function
of transverse momentum pr. Result can be seen in the Figure [5.13] Ra4 as a function of
pr is shown for centralities 0-60%, 0-20%, 20-40% and 40-60% . STAR data obtained for low
pr (pr < 5 GeV/e) at |y| < 1 (closed black circles) are compared with high pr results (5
GeV/e < pr < 10 GeV/c) (open blue circles). The results are also compared to the PHENIX
data (open black squares) in |y| <0.35. Data are consistent with theoretical models (Zhao
and Rapp [72], Liu et al. [73]) described in section 5.3.1 which include .J/v suppression due to
color screening and enhancement due to statistical regeneration. Model by Zhao and Rapp also
includes contribution from B feed-down and formation time effects on J/v production [84].
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Figure 5.12: J/v yield as a function of pr in Au+Au collisions at \/syy = 200 GeV at STAR
for centralities 0-60%, 0-20%, 20-40% and 40-60% at |y| < 1 for low pr (red circles) and for
high pr (5 GeV/c < pr < 10 GeV/c¢, blue squares). Compared to theoretical models [84].

Results show that the suppression of J/v increases towards lower pr and towards central
collisions. Even though that in the lower pr region significant contribution of recombination on
J /1 production is expected, we observe clear suppression due to the melting. It is of interest
also to look at higher pr region where the effect of recombination is expected to vanish, as
shown in Figure[5.10] As can be seen, at higher pr the suppression vanishes for more peripheral
events, however there is still some suppression present in the most central collisions. This high
pr region is hence of interest because it carries cleaner signal about the melting. It is then
interesting to compare suppression between high and low pr region separately as a function of
centrality. This is shown in the left panel of Figure[5.14] As can be seen, the suppression in high
pr region is always smaller than in low pr region. One can see that data are consistent with
no suppression in peripheral collisions but they show significant suppression towards central
collisions.

Right panel of Figure shows R4 as a function of centrality for high pr regions — for
pr > 5 GeV/cat \/syy = 200 GeV in Au+Au collisions at STAR and for 6.5 GeV/c < pr <
30 GeV/cat \/syn =2.76 TeV in Pb+Pb collisions at CMS. The CMS data clearly show higher
suppression than STAR data. This result could be explained as a consequence of much higher
energy density at CMS than at STAR and, therefore, more significant melting. In this case
the resulting Ra4 should not be influenced by recombination since we look at high pr data
and, as was already mentioned, for high pr the effect of recombination on J/v production is
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Figure 5.13: J/1 Raa as a function of pr in Au+Au collisions at \/syy = 200 GeV at STAR
for centralities 0-20%, 20-40%, 40-60% and 0-60% at |y| < 1 for low pr (closed black circles)
and for high pr (5 GeV/c < pr < 10 GeV /¢, open blue circles). Compared to data measured
by PHENIX at |y| < 0.35 (open black squares) and to theoretical models [84].

expected to vanish.

J/v¥ Raa as a function of centrality

To understand effects on J/19 production better, R44 was measured as a function of Npgre
for different energies of collision per nucleon-nucleon pair (\/syn = 200 GeV, 62.4 GeV and 39
GeV) in Au+Au collisions at STAR. It could be expected that at lower energes, and therefore,
lower energy densities of collisions the relationship between directly produced and regenerated
J/¢ would differ from that observed at higher energies. Nevertheless, left panel of Figure
shows similar suppression for all three energies.

Right panel of Figure shows J/1 Raa as a function of Npe in Aut+Au collisions at
V3nn =200 GeV at STAR at high pr, low pr and compares these data with results from SPS.
The centrality dependence of STAR high and low py data was already described. The interest-
ing thing about the results shown in the right panel of the Figure [5.15]is that the suppression
of STAR low pr data is very similar to suppression obtained by fixed target experiments NA38
(S+U collisions at beam energy of 200 GeV) NA50 (Pb+Pb collisions at beam energy of 158
GeV) and NA60 (In+In collisions at beam energy of 158 GeV) of SPS, although the collisional
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Figure 5.14: Left: J/¢) Raa as a function of Npq in Au+Au collisions at \/syn = 200 GeV
(closed black circles), for pr >5 GeV/c (open red circles) at STAR and compared to data from
PHENIX [85]. Right: J/1 Raa as a function of Npq.¢ in Au+Au collisions at /sy = 200 GeV
at STAR (closed red circles) for pr >5 GeV/c and in Pb+Pb collisions at /syy = 2.76 TeV
at CMS (open blue squares) for 6.5 GeV/c < pr < 30 GeV/c [86].

« 2r | T . r . . . . .
< u 1
x 1.8 = 200 GeV — 200 GeV theoretical curve ] 1.2F S=STMAEAu(<)
- u B34 GY ——— 62.4 GeV theoretical curve] ® STAR (p, >5 GeVic)
1.6 - - — 39 GeV theoretical curve ]
g . 3 Gey A | -3 l O NA38/50/60
1.4 [ p+p uncertainty 62.4 GeV x ! |
r p+p uncertainty 39 GeV ] NA38/50/60 syst 11%
1.2 [0 p+p 200 GeVistatistics) ] | |
O ———— E @
0.8 - o6k i
0.6} H 0 @ D% 5 H
0.4 L 04T AsA = JiyeX o o @_
0.2~ E VS = 200 GeV
- ] 0.2t 1 I 1 ! I L T
ob— N T - 5 5 5
0 100 200 300 400 0 50 00 150 200 250 300 350
Npart part

Figure 5.15: Left: Low pr J/¢ Raa as a function of Ny, in Au+Au collisions at \/syy =
200 GeV, 62.4 GeV and 39 GeV at STAR compared to theoretical models [43]. Right: J/v
R4 as a function of Npep¢ in Au+Au collisions at /syy = 200 GeV at STAR at high pr
(blue circles), low pr (red circles) and compared to data from SPS — NA38/50/60 (squares)
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systems at SPS and RHIC differ and we could expect different interplay of the melting and
recombination on resulting R4 4. However, data indicate that possible different contributions
counterbalance with each other. This comparison is even more interesting as we have available
results from LHC experiments.

Since ¢ production cross section (see Figure and energy density of the medium at
LHC is larger than at RHIC, it was expected that J/¢¥ Raa as a function of number of
participants Npq.¢ could follow different trends at LHC and RHIC. Unlike at RHIC where
strong suppression towards higher N,,,+ was expected, at LHC the suppression of J/v could
be more ”compensated” by the enhancement through recombination.
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Figure 5.16: J/1 Raa as a function of dN,p,/dn in Pb+Pb collisions at /syny = 2.76 TeV by
ALICE compared to data measured by PHENIX in Au+Au collisions at /syny = 0.2 TeV at
mid-rapidity (left panel) and at forward rapidity (right panel) [8g].

Comparison of results measured at RHIC and LHC in the Figure shows J/1¥ Raa as a
function of number of charged particles per pseudorapidity unit dN.p,/dn (which proportional
to energy density and therefore, also centrality).

Left panel shows the R4 4 at midrapidity and right panel at forward rapidity. In general, one
can see a striking difference in R4 between LHC and RHIC data, especially when compared
with Figure where almost no difference between SPS and RHIC data is observed. As can
be seen the R44 of J/¢ at LHC is much higher than at RHIC.

Let us remind that we have already discussed in the right panel of Figure [5.14] comparison
between LHC and RHIC results only for high pr region (where recombination is negligible)
and the relationship between LHC and RHIC was completely opposite, i.e. the R44 at CMS
was much smaller than at STAR.

These comparisons of RHIC and LHC high and low pr results support the idea of strong
effect of recombination at LHC on J/ production in low pr regions.
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J/v¥ Raa as a function of rapidity

We can also see from the Figure that Ra4 is higher at midrapidity than at forward
rapidity. The higher suppression at forward rapidity at RHIC can be clearly seen also from the
Figure which shows J/1) R4 as a function of rapidity y in Au+Au collisions at /syy =
200 GeV at PHENIX. The y-dependence of Ra4 is given for two centrality ranges — 0-20%
(left) and 20-40% (right).
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Figure 5.17: J/1 Raa as a function of rapidity y in Au+Au collisions at /syy = 200 GeV at
PHENIX for centrality 0-20% (left) and 20-40% (right) [89].

It is also interesting task to study Raa pr dependence at different rapidities. Figure [5.18
shows J/¢¥ Raa as a function of pr in Au+Au collisions at STAR (for centrality 0-60%), at
PHENIX (centrality 0-40%) and in Pb+Pb collisions at ALICE (0-40%) at midrapidity (left
panel) and at forward rapidity (right panel) for 0-20% of the most central collisions.

From these figures we observe that at both experiments, LHC and RHIC, there is stronger
suppression at forward rapidity than at midrapidity. If one considers only the melting effects
on quarkonia in QGP one would naturally expect opposite behavior since the effects of QGP
should be present at midrapidity. The increase of suppression towards forward rapidity could
be explained as an effect of vanishing recombination. However, there are also possible CNM
effects, as described in section 5.3.2, and they can play different role at forward rapidity and
midrapidity. In order to correctly interpret the results we need to be able to disentangle these
effects.
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Figure 5.18: J/¢ Raa as a function of pp in Pb+Pb collisions at \/syy = 2.76 TeV by ALICE
compared to data measured by PHENIX in Au+Au collisions at \/syy = 0.2 TeV and STAR
in Au+Au collisions at \/syy = 0.2 TeV at mid-rapidity (left panel) and at forward rapidity
(right panel) [88].

5.4.2 Quarkonia suppression in d+Au collisions

As it was shown, "non-QGP” CNM effects may influence the production of quarkonia.
Hence, these effects need to be understood for conclusive interpretation of measured data.
We need to study CNM effects as a function of collision energy, centrality and rapidity. We
can study these effects in collision system in which is nuclear matter present but QGP is not
created. At RHIC we utilize for these studies collisions of d+Au.

Left panel of Figure shows Rja, for J/1 measured in d4+Au collisions at /syy =
200 GeV as a function of pr. Data from STAR and PHENIX are compared to theoretical
predictions for cold nuclear matter effects. The CNM effects under consideration are nuclear
shadowing due to modification of nPDFs (using EPS09 parametrization) and the nuclear ab-
sorption. As can be seen from the figure, the CNM effects are not very strong. The data
show that nuclear shadowing together with nuclear absorption are needed for the description
of results.

STAR has also measured the modification of T production in d+Au collisions. The rapidity
dependence of nuclear modification factor for T (1S+2S+3S) in d+Au collisions at /sSyy =
200 GeV is shown in the right panel of Figure

The STAR Rga results (pink stars) were supplemented by results of PHENIX (green di-
amonds) and compared to theoretical predictions. Shaded region denotes prediction of CEM
calculations with EPS09 nPDF parametrization which includes nuclear shadowing but does
not include nuclear absorption. Data were also compared to models which include initial state
parton energy loss (dashed line) and combination of energy loss and shadowing (dashed-dotted
line). Models are in agreement with data within uncertainties except the y ~ 0 region [00]
supporting again the idea that nuclear shadowing is needed for description of CNM effects.
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Figure 5.19: Left: J/¢ Rgay as a function of pr in d4+Au collisions at \/syy = 200 GeV
at STAR (closed red circles) for |y| <1 and PHENIX (open white circles) for |y| < 0.35 and
compared to EPS09 calculation nuclear for shadowing [63]. Right: Rga. as a function of
rapidity y for YT(1S4+2S+3S) in d+Au collisions at \/syy = 200 GeV at STAR (pink stars)
and PHENIX (green diamonds) compared to models of energy loss and shadowing [90].

5.4.3 J/4 elliptic flow

In principle, observed prompt J/v mesons (excluding those coming from B decays) in heavy
ion collisions can have two origins — either they are produced in the initial hard scatterings —
primordial J/1 or they are produced through recombination (regeneration) from thermalized
charm quarks — regenerated J/.

The primordial J/¢ are heavy, strongly bound ¢¢ pairs which are not expected to gain
significant vy in the interaction with the medium. On the other hand, regenerated J/v¢ can
acquire significant vo anisotrophy from the thermalized ¢ and ¢ quarks which created them.

Figure shows the results of STAR measurements of J/v elliptic flow in Au+Au col-
lisions at \/syn = 200 GeV. J/4 elliptic flow is presented as a function of pr for centrality
0-80% and compared with charged hadrons (dominated by pions) and ¢ mesons (upper panel)
and with theoretical calculations (lower panel). To understand the interpretation of these re-
sults we need to look at the previously presented results on NPE vy shown in the Figure [£.6]
which suggest that the charm quarks flow with the system. Therefore, the regenerated J/1
are also expected to flow. Contrary to this, for pp > 2 GeV J/¢ vy is consistent with zero.
This result is then in disagreement with models which predict that J/1 with py > 2 GeV are
produced by recombination of thermalized c¢¢ pairs [91].

In comparison with results from the STAR experiment, Figure shows J/4 elliptic flow
measured in Pb+Pb collisions from the ALICE experiment. As already discussed in previous
section, effect of recombination at LHC is much more significant than at RHIC, therefore, it
could lead to increase of J/1) vy. Measured v, is shown as a function of pr at centrality 20-60%
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Figure 5.20: J/1¢ vy as a function of pr in 0-80% central events in Au+Au collisions at /Sy
= 200 GeV compared to charged hadrons and ¢ mesons (upper panel) and theoretical models
(lower panel) [91].
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Figure 5.21: J/v vy as a function of pr in 20-60% central events in Pb+Pb collisions at \/sSyn
= 2.76 TeV compared to theoretical models [92].
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and rapidity 2.5< y <4 and compared to theoretical calculations. A non-zero J/v vs is indeed
observed in the intermediate py range which is in agreement with prediction that a significant
fraction of observed at J/i¢ LHC are produced in the QGP phase through the recombination
[92].

5.4.4 Y suppression

In the study of quark-gluon plasma, measurements of bottomonia (1) suppression in heavy
ion collisions at RHIC and LHC have several advantages compared to charmonia (/1)) mea-
surements. First, due to much smaller production cross section of bb than cé [56, 93, ©4], T
production is less affected by the statistical recombination, even at LHC energies. Secondly,
charmonia can be suppressed due to hadronic co-mover interactions. On the other hand, in
case of bottomonia the cross section for inelastic hadronic collisions is small and bottomonia
suppression originating from such collisions is expected to be minimal [95]. Hence, the cold
nuclear matter effects for T are expected to be smaller than for J/4.
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Figure 5.22: Left: Raa (Rqa) as a function of Npg, for T(1S4+2S+3S) at |y| < 1 (up) and
ly| < 0.5 (down),compared to models [90]. Right: Raa (Rqa) as a function of Nyq.¢ for T(1S)
at |y| < 1, compared to models [90].
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T(1S+25+38) suppression was measured in d+Au and AutAu collisions at /syn =
200 GeV at STAR [90]. Figure shows nucelar modification factor Raa (Rgau) as a
function of number of participants Npq-; for T(1S+2S+3S) at |y| < 1 and |y| < 0.5 and for
T(1S) at |y| < 1. In general, data confirm that bottomonia Y (1S42S+3S) are suppressed in
Au+Au collisions. Centrality dependence of results is consistent with models based on lattice
QCD calculations. Therefore, suppression seen in Au+Au collisions could demonstrate the
presence of quark-gluon plasma in heavy ion collisions.

In case of the most strongly bound state Y(1S), see right panel of Figure Raga is
consistent with 1 except for the most central collisions. In this region, the observed suppression
could be due to melting of higher states and their lower contribution to Y(1S) state [90].

Suppression of T (15+2S+38S) production was also measured in U+U collisions at /syn
= 193 GeV. Figure shows Raa for T(1S42S5+3S) as a function of Nyq. for centrality
ranges 0-10%,10-30% and 0-60% and compared to data presented above from Au+Au collisions
and models. The U+U data show similar trend as Au+Au data accompanied by significant
suppression at central collisions.
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Figure 5.23: Raa for Y(1S+2S+3S) in U+U collisions at /syy = 193 GeV as a function
of Npqr¢ for centrality ranges 0-10%, 10-30% and 0-60%, compared with data from Au+Au
collisions and models [87].

At the CMS experiment, all three T states can be separated and measurements of centrality

dependence of their yields can be provided. Figure shows results on R44 for T(1S) and
T(2S) in Pb+Pb collisions at \/syny = 2.76 TeV by the CMS experiment at the LHC. Both T
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Figure 5.24: R4 for T(1S) and Y(2S) in Pb+Pb collisions at /syy = 2.76 TeV as a function
of Npare [96].

states are significantly suppressed, Y(1S) by factor of 2, T(2S) by factor of 8. The suppression
increases towards central collisions. Measurements were performed also for T(3S) state (not
illustrated in the Figure which is most suppressed by factor larger than 10. These results
support the hypothesis of increased sequential suppression of less strongly bound states —
higher states are almost fully dissociated and regeneration component is small [96].

5.4.5 Quarkonia suppression as a function of binding energy

Sequential suppression of different quarkonium states is not only the evidence of deconfined
phase of matter produced in heavy ion collisions. Moreover, it gives the information about
the temperature of the matter produced in collisions, since, as has been already mentioned,
different quarkonium states melt at different temperatures.

Figure [5.25| gives comparison of suppression of different quarkonium states, i.e. Ra4 as a
function of binding energy. Right panel of the figure shows STAR data and left panel CMS data.
In general, quarkonia are suppressed at both experiments, furthermore, higher excited states
are suppressed more than ground states and bottomonia are less suppressed than charmonia.
These results are in agreement with prediction by Debye screening, since higher excited states
and also charmonia compared to bottomonia have smaller binding energy and therefore, there
is higher probability for them to dissociate in QGP.
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The shown STAR results are by far not definitive. Further more precise analysis of mea-
surements of sequential suppression of different quarkonium states will be performed using the
MTD detector thanks to which different YT states will be distinguishable.
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Figure 5.25: R4 4 for for different quarkonium states as a function of binding energy at /syy =
200 GeV in Au+Au collisions at STAR (right panel) [90] and at \/syn = 2.76 TeV in Pb+Pb

collisions at CMS (left panel) [97].
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Summary

This thesis serves as an introduction to heavy ion physics and newly discovered state of
partonic matter called quark-gluon plasma (QGP). Normally, quarks and gluons, the basic
building blocks of matter, are bound within hadrons. However, the theory of strong interaction,
Quantum Chromodynamics (QCD), predicts that under conditions of high energy density and
high temperature the nuclear matter may undergo a phase transition into quark-gluon plasma
phase. It is expected that quark-gluon plasma was present in the first moments of the evolution
of the universe. We think that it is possible to recreate this state of matter also in the laboratory
by colliding high energy heavy ion nuclei.

In this thesis QCD and its two main characteristic — color confinement and asymptotic
freedom are briefly presented as a theoretical background of QGP formation.

Also, basic kinematic and dynamic variables, geometry and space-time evolution of the
nucleus-nucleus collisions are described. Since quark-gluon plasma, as possible phase of the
heavy ion collision, exists only for a short time it cannot be studied directly. Several observables
and probes, which could confirm the presence of quark-gluon plasma are presented.

To study the quark-gluon plasma, an experiment which could explore the medium created
in heavy ion collisions is needed. A foremost experiment designed to investigate the behavior of
strongly interacting matter is the STAR experiment at RHIC in Brookhaven National Labora-
tory. In this thesis, different subdetectors of this experiment are described in more detail. The
emphasis is placed on the Muon Telescope Detector (MTD) which is newly installed subsystem
at STAR experiment and is expected to significantly enhance the STAR’s capabilities in study
of heavy quarks in a near future.

It is the physics of heavy quarks (¢ and b) and namely quarkonia to which the main part
of this thesis is dedicated. Due to their large mass heavy quarks are exclusively produced in
early stages of the collisions. In this thesis it is explained how they due to their large masses
are expected to interact differently with the surrounding medium and how they can be used as
unique probes of the quark-gluon plasma phase. Basic information about heavy quark energy
loss, production cross section and several recent open heavy flavor measurements are discussed.

One of the most prominent subtopics in the heavy flavor physics is the production and
modification of production of quarkonia — bound states of quarks and antiquarks. Heavy
quarkonia are important probe of the matter created in heavy ion collisions. The suppression
of their production in heavy ion collisions has been considered as a signature of the QGP. The
thesis gives an overview of the most important topics in this field. It describes models of heavy
quarkonia production and also discusses different effects, not only ”QGP effects” but also ” cold
nuclear matter effects”, which modify the quarkonia production. The last part of this thesis
gives an overview of measurements of the STAR experiment on the heavy quarkonia production
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and compares them with selected results from experiments at colliders SPS and LHC. In
general, given results show that quarkonia are suppressed in heavy ion collisions. Nevertheless,
the interplay of various nuclear matter effects can end in striking results. Therefore, correct
interpretation and further experimental measurements are needed.

As shown in the thesis, the STAR experiment is rich on heavy quark physics measurements.
Thanks to newly installed MTD more precise data and more good results are expected to be
obtained very soon.
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