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Introduction

Since the times of ancient civilizations, philosophers and scientists were trying
to understand the basic principles of the Universe around us. The understanding
of physics of the elementary forces and particles made huge leap in the previous
century. One of the tools which we use today to study the smallest elements of the
matter around us are collisions of particles done at the large particle colliders such as
Relativistic Heavy-Ion Collider (RHIC) located at Brookhaven National Laboratory
(BNL) and the Large Hadron Collider (LHC) at the European Organization for Nu-
clear Research (CERN from French Conseil Européen pour la Recherche Nucléaire).
These facilities can reach the center of mass energies of hundreds GeV or even TeV
per nucleon-nucleon collision. Colliders are used to study large variety of properties
- from the inner structure of the proton up to the hot and dense state of matter
called Quark-Gluon Plasma (QGP) which was present in the universe shortly aster
the Big Bang [1].

Hundreds of new particles can be created in the heavy-ion collisions. However
heavy particles containing the charm (or ¢) quark serve as a perfect probe of the
properties of the collisions. At RHIC energies charm quarks can only be created
in the early stages of a collision also called hard partonic scattering and thus are
created before the hot QGP is formed. Particles containing charm quarks are heavy
and short-lived and so their reconstruction is a challenging task. For this reason, very

precise devices have to be build to reach maximal understanding of the collisions.

One of these devices is the Solenoidal Tracker At RHIC (STAR).

The first chapter serves as an introduction to various basic concepts used in the

particle physics and variables used to describe the particle collisions.

The Solenoidal Tracker as RHIC is introduced in the second chapter with its
subdetectors. Future project which is about to be build in the Brookhaven National
Laboratory called Electron-Ion Collider (EIC) is also introduced.

The third chapter provides a short overview of so called Cold Nuclear Matter
(CNM) effects which are effects playing role in the collisions and are caused by a
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bare presence of the nucleus in the collision. For this reason the asymmetric collisions
(such as p+Au, p+Pb or d4+Au) are studied.

The next chapter summarizes various results from the measurement of charm
hadrons at different experiments (mainly STAR and ALICE) and in different colli-

sion systems and collision energies.

The last chapter provides an analysis of DY and D* mesons in p+Au collisions
measured by STAR detector at |/sxy — 200 GeV in 2015 and in p+p collisions
measured by STAR detector at /s = 510 GeV in 2017. Analysis of both datasets
follow the analysis of d+Au collisions done [2] and p+p collisions [3]. The goal of

the analysis in both datasets is to estimate pr D yield.



Chapter 1

Physics Introduction

1.1 History of Particle Physics

The desire to understand the fundamental laws of the matter and world around
us dates as far as the ancient civilizations such as Babylonia, India or Greece. In the
latter one, a philosopher named Democritus came with the idea that there has to
exist a fundamental component of matter which he named atom from Greek word

Atomos which means indivisible.

The idea of atom became largely accepted in the nineteenth century as a result
of chemistry experiments and discoveries such as Brownian motion in 1827. However
atom did not live up to its name when J. J. Thomson conducted series of experiments
with cathode rays and concluded that atoms are further divisible and discovered a

negatively charged particle which got name electron in 1897 [4].

Another groundbreaking discovery was made by Ernest Rutherford in 1911 in
his scattering experiments of helium nuclei on a gold foil [5]. He realized that a
positive charge is gathered in the centre of atom and this positive charge has a small
radius compared to the radius of whole atom. His results led to a discovery of a
positive nucleus of atoms and realization that nucleus consist of positive particles
which were named protons. In the following years multiple models of atom, general
relativity and quantum mechanics were introduced. However the model of atom was

still missing an important piece called neutron which was discovered in 1932 by
James Chadwick [6].

The three aforementioned particles were considered as elementary for another
three decades. During that time were discovered muons, neutrinos or pions followed
by many others. This was possible thanks to the discovery of a bubble chamber and

the development of particle accelerators. As more and more particles were being

3
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discovered, theoretical physicists realized that all these new particles cannot be

elementary and have to consist of something else.

1.2 The Standard Model

In 1964 Murray Gell-Mann and George Zweig independently of each other pro-
posed the idea of quarks (back then also called aces). It was not clear whether quarks
are real particles or just a theoretical concept. This led to the experimental hunt
for quarks. In 1968 were experimentally confirmed quarks u (up), d (down) and s
(strange) in deep inelastic experiments [7], [8]. In 1974 ¢ (charm) quark was discov-
ered on the Alternating-Gradient Synchrotron (AGS) at BNL [9] and experiment
SPEAR at Stanford Linear Accelerator Center (SLAC) at Stanford Linear Accel-
erator Laboratory [10]. In 1976 directors of both experiments received the Nobel
prize for physics [11], for the discovery. Quark b (bottom, beauty) was measured
in 1977 at the E288 experiment on the Bevalac accelerator at Fermilab when the
T was discovered [12] and the last one of the quark family ¢ (top, truth) was also
discovered at Fermilab at DO experiment in 1995 [13].

Soon after the discovery of the first quarks, physicist started to wonder why there
were not observed any free quarks or gluons. This led to development of theoretical
description of hadronic matter and its conditions, i. e. when the quarks are confined
in hadrons and under which conditions the quarks can deconfine and become free.
These calculations further formed the theory describing the strong interaction which
is called Quantum Chromodynamics (QCD).

In recent days the complex theory describing elementary particles and their
interactions through electromagnetic, weak and strong force is called The Standard
Model. Particles are sorted into two groups depending whether they follow the Pauli

exclusion principle or not.

Half-integer spin particles are known as fermions and follow the Pauli exclusion
principle. Fermions are classified by their interaction. Those interacting weakly and
if charged, electromagnetically, but not strongly are leptons (electron, muon, tauon,
their according neutrinos and antiparticles). Electrons were known from its discovery
by J. J. Thomson in 1897. Muons were discovered in cosmic ray showers in 1936 by C.
D. Anderson [14] and the same person previously discovered electron’s antiparticle
positron in 1932 [15]. Neutrinos were predicted in the early ’30s by Wolfgang Pauli
and then by Enrico Fermi in a theory of beta-decay and experimentally observed
in 1956 [16]. Last member of the lepton family tauon was discovered in the '70s

at SLAC [17]. Fermions interacting strongly (apart from weak and electromagnetic

4
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interaction) are quarks which are similarly as leptons divided into three generations
and carry color charge (R - red, G - green, B - blue) and also non-integer electric
charge (u,c and t +2/3; d, s, b -1/3).

Integer spin particles are called bosons. They mediate the interactions and are
force carriers. The massless and chargeless mediator of electromagnetic interaction
is called photon v and is described by Quantum Electrodynamics (QED). In 1968
Sheldon Lee Glashow, Steven Weinberg and Mohammad Abdus Salam predicted
that intermediate vector bosons W+, W~ and Z° are responsible for the weak inter-
action. These bosons were observed at UA1 and UA2 experiments at SPS! collider
at CERN in 1983 (W*, W~ [18], [19] and Z° [20],|21]). Together with quarks, the
gluons were predicted as mediators of the strong force. There are eight types of gauge
gluons. They were experimentally discovered at PETRA accelerator at DESY? in
1976 [22]. The last discovered elementary particle was the Higgs boson at experi-
ments ATLAS? [23] and CMS* [24] at CERN in 2012. Peter Higgs, Frangois Englert
and Robert Brout (together with their teams) predicted the existence of the Higgs
boson in 1964 [25], [26], [27] but had to wait almost 50 years for the confirmation of
his theory. Peter Higgs and Francois Englert received Nobel Prize for physics in 2013
"for the theoretical discovery of a mechanism that contributes to our understand-
ing of the origin of mass of subatomic particles, and which recently was confirmed
through the discovery of the predicted fundamental particle, by the ATLAS and
CMS experiments at CERN’s Large Hadron Collider" [11].

The summary of all the aforementioned particles can be seen in Fig. 1.1. The
values shown in Figure are not fully up to date as the figure is from 2018. This can
be shown on an example of neutrinos. In 2022 the KATRIN Collaboration measured
new maximal limit of neutrino mass to m, < 0.8 éV/c? [28]. The current values of

particle masses can be found in [29].

Even though the Standard model manages to describe large variety of properties
and phenomenons, it has its limitations. First of those is the neutrino mass. Stan-
dard model predicts that neutrinos are massless which was disproved at the Super-
KAMIOKANDE? experiment in Japan [30] and for this discovery was awarded Nobel
Prize for physics in 2015 [11]. Another challenge that the Standard model faces is
gravity. Theoretical calculations managed to incorporate only three elementary in-
teractions into the Standard model theory (strong, weak and electromagnetic). Nev-

ertheless currently gravity is not included in the Standard model. The theory also

ISuper Proton-antiproton Synchrotron

2German Electron Synchrotron from German Deutsches Elektronen-Synchrotron
3A Toroidal LHC ApparatuS (LHC)

4The Compact Muon Solenoid (LHC)

5Super-Kamioka Neutrino Detection Experiment
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Figure 1.1: Summary of elementary particles. Values are from 2018 and are not up
to date. Taken from Ref. [31].

fails to describe the disproportion between matter and antimatter in the Universe.
Current assumption is that the conditions in the early Universe should produce mat-
ter and antimatter in the same amounts however that is not what is observed. The
Standard model also is not able to describe so called Dark Matter and Dark Energy.
Our classical matter mass takes up only five percent of the Universe and the rest
should be Dark Matter and Dark Energy.

1.3 Quantum Chromodynamics

The strong interaction of particles with color charge is described by a gauge
theory called Quantum Chromodynamics. Gluons in this theory work similarly as
photons in Quantum Electrodynamics with the difference that gluons carry color
charge and thus can interact among themselves. This property has two implications.
Colored system is very strongly coupled at low energy densities and low temperatures
(equivalent to large distances ~ above tens of fermis) which is called confinement
(this is equivalent to hadronic matter at low temperatures) and weakly coupled at
high energy densities and high temperatures (equivalent to short distances) and this
property is called asymptotic freedom (equivalent to high temperatures such as those
in the Quark-Gluon Plasma).
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Figure 1.2: An illustration of QCD phase diagram. Taken from Ref. [32].

1.3.1 QCD Phase Diagram

Similarly as for example for the water a phase diagram can be drawn for the
QCD matter. Its completion is goal of multiple experiments including STAR at
RHIC and program Beam Energy Scan II. Example of a QCD phase diagram can
be seen in Fig. 1.2. It is drawn in terms of temperature 7" and baryon chemical
potential pp. This variable quantifies the difference between the number of baryons
and anti-baryons in the system. The situation ug = 0 is equivalent to the same
number of baryons and anti-baryons present in the system which is approximately
the situation observed in heavy-ion collisions at the LHC and RHIC.

At low pup and T the quarks and gluons are bound inside hadrons and this
phase is called hadronic gas. With rising temperature the system undergoes the
transition into QGP. For low pp a crossover phase transition is expected (dashed
line in Fig. 1.2) and this is consistent with the data measured both at RHIC and
LHC. At higher pup the calculations predict first order phase transition. The point
where the first order transition switches into cross-over transition is called critical
point. The first calculations and estimations were made in the 70’s after the first
phase diagram were suggested. Those calculations lead to estimate the critical point
to critical temperature of 7. ~ 170 MeV [1] and that the transition is not likely of

7



Chapter 1. Physics Introduction

the first order or second order. Its exact location is not known and finding it is one

of the goals of current high energy physics.

At the low temperature and high baryon chemical potential is the area of prop-
erties of neutron stars. At even higher up is expected exotic phase called color
superconductor which is expected to have analogous properties as classical super-

conductors.

Program Beam Energy Scan I at RHIC made several improvements in our un-
derstanding of properties of the QCD phase diagram. Currently second program
called BES 1II is in progress which aims to find the critical point or point of chiral

symmetry restoration [33].

1.3.2 Quark-Gluon Plasma

Only fraction of a second (~ 1079) [34] after the Big Bang quarks and gluons
weren’t bound in hadrons as they are today. They were in a hot and dense state of
matter which is called Quark-Gluon Plasma (QGP). As far as we know, QGP is not
present anywhere in the present Universe except maybe for the centres of neutron
stars and brief moments during collisions of heavy ions at the particle colliders where
is achieved sufficient temperature (~ 150 MeV) and energy density (~ 2 GeV /fm?)
[35].

In 1975 John Collins and Malcolm Perry came up with the idea that the super-
dense matter present in the neutron stars, exploding black holes or that was present
shortly after the Big Bang is composed of quarks and not of hadrons. In the same year
Giorgio Parisi and Nicola Cabbibo identified the limiting Hagedorn temperature of
the hadronic mass and sketched the first phase diagram of strongly interacting mat-
ter. This strongly interacting matter was named Quark-Gluon Plasma by Edward
Shuryak in 1978 from the analogy with classical plasma where ions and electrons

are disociated similarly as quarks and gluons in the QGP.

The first experimental confirmation of QGP was done in 2000 at Super Proton
Synchrotron in CERN. This result was later finally confirmed at RHIC.

Creation of the QGP is a consequence of properties of the strong force which
is described by a widespread QCD. Quarks possess the strong charge which can be
viewed similarly as an electric charge connected with the electromagnetic interaction.
But whereas electric charge can be only positive or negative, strong color charge can
be red, green or blue and corresponding anti-colors anti-red, anti-green, anti-blue.
Each quark carries one color charge and gluons carry a combination of two color

charges (one color and one anti-color). A particle that consists of quarks has to have

8
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Figure 1.3: Schematic view of a color confinement. Taken from Ref. [36].

neutral color. That means that hadron which consists of three quarks must contain
all three colors (antiqarks contain all three anti-colors) and meson consisting of
two quarks must contain a color and the respective anti-color. Another difference
between electromagnetic and strong force is that the carriers of the force gluons can

interact with each other but photons can not.

One of the properties that strong interaction (and consequently quarks) has is so
called quark confinement. This can be illustrated on a pair of quark and antiquark.
Those are connected with an imaginary string. When the quarks were pulled apart,
the string would stretch. At some point the string would break and at each loose
end another quark would appear to reduce the tension. Illustration of this effect
can be seen in Fig. 1.3. Because of this effect single quarks can not be observed.
But in QGP quarks and gluons are instead of pulling apart pushed together and
have quasi-free behavior. Color confinement is caused due to the form of the strong

interaction coupling constant.

1.3.3 Time Evolution of Heavy-Ion Collisions

During the heavy-ion collision nucleons of both nuclei interact among themselves.
If the energy density is large enough new particles and antiparticles can be created
out of the vacuum. This early period of the collision is called the hard scattering and
all the heavy quarks (¢, b) originate in this stage. The system is not in equilibrium
during the hard scattering. If the temperature rises above a certain point called
the critical temperature T, quarks and gluons are no longer bound in nucleons and
QGP sets in. The medium of the participants is called a fireball. It lasts until the
thermal equilibrium is reached and the systems starts to cool down according to the

laws of hydrodynamics. This new stage is called hadronization and can be further

9



Chapter 1. Physics Introduction

Hadron gas QCD phase

transition

thermalization

QGP

parton cascade

"Z

®®/))

Figure 1.4: Illustration of the time evolution of the Quark-Gluon Plasma, where
t-axis represents evolution in time and z-axis represents evolution in one spacial
coordinate. Taken from Ref. [37].

split into two stages. During the first new particles can still be created (can interact
inelastically) until the threshold is reached and the chemical freeze-out occurs. In the
second stage particles can still kinetically interact (elastically) until the threshold
for the kinetic freeze-out is reached. The resulting hadronic gas is detected by the
detector. Stages of the creation and cooling down of the QGP are illustrated in Fig.
1.4.

1.4 Variables in High Energy Physics

Although collisions of heavy ions is a difficult concept for the understanding,
quite simple geometrical descriptions are being used. Assuming rectilinear motion
of all the nucleons in the nucleus, nucleons participating in the collision are called

participants and those not participating in a collision are called spectators.

Very important variable used for the description of heavy-ion collisions is a

multiplicity. It describes number of particles produced in a collision.

10
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Participants

\
before collision after collision

Figure 1.5: Schematic view of a collision of two heavy nuclei before and after the
collision. Taken from Ref. [38].

As is shown in Fig. 1.5 the two dimensional vector that connects centres of the
colliding nuclei is called impact vector and its length is impact parameter b. It can
not be measured directly but is closely connected with the number of spectators and
participants as the figure shows. To describe a collision, it is necessary to describe
the system with a coordinate system. Collider experiments nowadays usually use a
laboratory system where point (0,0,0) is the center of the detector, z axis is parallel
to the particle beam, x-axis is horizontal and perpendicular to z and y is the vertical

axis. So called reaction plane is given by the angle from the z-axis.

The impact parameter determines the centrality of a collision. Central colli-
sions are collisions where the impact parameter is small. Centrality classes can be
defined using the multiplicity. Central collisions are in the area 0-10 %, then follow
semi-central collisions and the class with lowest multiplicity (higher than 70 %) are

peripheral collisions. Centrality classes are shown in Fig. 1.6.

Another commonly used variable is the cross-section o. It is used to express
the probability of a interaction under given conditions. In the quantum mechanics

the cross-section is a probability of a transition of one quantum state into another.

For the description of heavy-ion collisions it is also used momentum p. How-

ever classical momentum is not Lorentz-invariant and so is defined the transverse

pr = /D% + P2, (1.1)

where p, and p, are first and second component of the momentum. Transverse

momentum pr. Its size is

momentum is Lorentz-invariant.

In a collision where the speed is almost equal to the speed of light it is useful
to use Lorentz invariant variables or Lorentz additive ones. Analogy of the classical

velocity is a rapidity y defined for the accelerator experiments as

11
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Figure 1.6: A cartoon showing the centrality definition at the LHC energies from
the final-state particle multiplicity and its correlation with the impact parameter b

and the number of participating nucleons (Np,,¢) in the collisions. Taken from Ref.

1].

1 E+p.c
S I i 1.2
y 2n(E_pZC), (12)

where F is particle energy, p, is longitudinal momentum and c¢ is the velocity of

light in a vacuum. Rapidity is additive under Lorentz transformation.

Rather than rapidity, it is simpler to measure variable n called pseudorapidity

1= (2)]. 0

where 6 is the angle of the original direction of the particle and the new direction,

which is defined as

also called scattering angle. With high enough energy pseudorapidity converges to

rapidity and can be derived form

n= Ly (M) : (1.4)

2 |p| — Dz

By the collision energy /s is understood total energy in the center of mass
frame. In the case of colliding nuclei, collision energy is usually expressed as a energy

per one nucleon-nucleon pair /syn.

12
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To compare particle productions in the collisions of nuclei (AA) and protons
(pp), resp. proton+nuclei or deuteron+nuclei (pA, resp. dA), the nuclear modifi-

cation factor Raa is used which is defined as

1 %MA

RapA = o av (1.5)

<N bin> dTT’pp
where (Npi,) is the mean number of individual binary collisions of nucleons calcu-
lated from the Glauber model, (‘;T]\;| aa and é%bp is a invariant yield pr spectrum
of particles of interest in a nucleus+nucleus collision and proton+proton collision,
respectively. To compare p-+p collisions to asymmetric collisions, the AA yield has

to be replaced by pA or dA yield.

In high energy physics natural units system is often used which means that three
elementary constants (speed of light ¢, Planck constant /, Boltzmann constant kp)

are equal to 1.

1.5 Signatures of the QGP

Quark-Gluon Plasma created in heavy-ion collision is studied via several prop-

erties. Some of the below mentioned processes were also proves of the bare existence
of QGP in the collisions.

1.5.1 Nuclear Modification Factor

Measurement of above mentioned variable R, is used as a signature of QGP.
If heavy-ion collisions were just superposition of binary p+p collisions scaled by the
number of binary collision in the heavy-ion event, the nuclear modification factor
would be Ryp = 1. Partons (quarks and gluons) loose energy in the medium and
other effects, such as cold nuclear matter effects, shadowing and others also con-
tribute to the modification of the particle yields measured in A+A collisions with

respect to the scaled yields measured in p+p collisions.

As can be seen in Fig. 1.7, the nuclear modification factor depends on both
collision energy and pr. Data from RHIC and LHC fall from unity in the whole
pr range which means that particle production is suppressed in central heavy-ion
collisions compared to p-+p collisions. High transverse momentum hadrons probably
originate from hadronization of partons in the hard scattering and their suppression
is probably caused by the energy loss in the QGP. The LHC data suggest that for
high-pr particles the medium is more transparent which can be seen in the slow rise
of Ran.

13
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Figure 1.7: Comparison of Raa of various particles measured by various experiments
at different collision energies. Shown results are for 7° from WA98 at SPS [39],[40]
and from PHENIX at RHIC [41], charged hadrons measured by STAR at RHIC [42]
and charged particles from ALICE [43] and CMS [44] at the LHC. The data are

T T T

T T TT Il T T

SPS 17.3 GeV (PbPb)

O n° WA98 (0-7%)
RHIC 200 GeV (AuAu)

O =° PHENIX (0-10%)

* h* STAR (0-5%)
LHC 2.76 TeV (PbPb)

® CMS (0-5%)

¢ ALICE (0-5%)

IIIIIII T T

GLV: dNy/dy = 400

GLV: dNy/dy = 1400

GLV: dNy/dy = 2000-4000
— YaJEM-D .
---- elastic, small P___ -

-.- elastic, large P___
-+=* YaJEM
— ASW

PQM: <G> = 30 - 80 GeV?/fm

100 200

compared to various theoretical models [45]-[50]. Taken from Ref. [44].

14



1.5. Signatures of the QGP

Qo I T T T T I T T T T I T T T T I T T T T I T T T T I
5.0 ALICE \s,,, = 5.02TeV 1
DE 1.2 B charged particles |7|<0.8 ]

Qo

5 [Norm. ]
o o o =
< 1 i
i ]
0.8F & .
0.6 —
04r | g 7
0.2r-8 = =e—= [ e | Pb-Pb,0-5% —
- LI o e~ Pb-Pb,70-80% T
i —4 1 p-PbNSD-0.3<7, <13 ]

0 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I
0 10 20 30 40 50

P, (GeVic)

Figure 1.8: Nuclear modification factors measured by ALICE in central (0-5 %) and
peripheral (70-80 %) Pb+Pb collisions and in p+Pb collisions at \/syy = 5.02 TeV.
Taken from Ref. [51].

Apart from nuclear modification factor Raa, the R,a or R4qa are also being

measured to separate the effects of the medium and the effects of the nuclear matter.

A measurement done by ALICES collaboration is shown in Fig. 1.8. The figure
shows the Rppp, factor compared to Raa measured in the 0-5 % and 70-80 % centrality
classes for Pb+Pb collisions at /sy = 5.02 GeV. The maximum of R,py, is at
intermediate pr range 2 < pp < 6 GeV/c and this behavior is known as the Cronin
effect. The R,py, is consistent with unity for pr > 8 GeV/c which demonstrates
that the strong suppression observed in the heavy-ion collisions is not related to the
initial state effects but rather to the formation of the QGP.

Another way of comparing the effects of the hot medium is to calculate the
central-to-peripheral modification factor Rcp, which compares yields in two different
centrality bins and is scaled by the corresponding mean number of binary collisions.
Such measurement done by STAR detector at various collision energies is shown in
Fig. 1.9. The Rcp was constructed as a function of pr with data from (0-5) % and
(60-80) % centralities. The R¢p is lowest at the highest collision energy and increases

with the energy up to the enhancement at the lowest energies. This enhancement

6A Large Ion Collider Experiment (LHC)

15



Chapter 1. Physics Introduction

L Au+Au
. \ISNN =7.7 GeV
= 11.5GeV

14.5 GeV
19.6 GeV
27 GeV
39 GeV
62.4 GeV

Rgp [(0-5%)/(60-80%)]

| Noan scaling $$
IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII

0 1 2 3 4 5 6 7 8 9 10
pT(GeV/c)

Figure 1.9: Rcp of charged hadrons as a function of pr measured by STAR at various
RHIC BES energies. Taken from Ref. [52].

may have contributions from Cronin-type interactions, radial flow or the relative
dominance of coalescence versus fragmentation for hadronization. The goal of the
Beam Energy Scan was to locate the critical point and identify at which energy the
QGP is formed. However the more sensitive observables are required and hopefully
will be provided by results from BES II.

1.5.2 Jet Quenching

Jets are collimated sprays of particles that originate from one highly energetic
quark or gluon which comes from the hard hard scattering appearing in the early

stage of a collision and usually has high transverse momentum.

In p+p collisions the highly energetic partons propagate through vacuum where

they radiate gluons and create even more partons.

Momentum and energy conservation laws require that jets are produced as dijets
in back to back directions. The case of dijets is the simplest one however there are
also processes where three or more jets are created. The most interesting dijets
are those created at the borders or close to the borders of the fireball. One of the
jets fly away just through the vacuum and is very similar to jets originating from
p+p collisions but the second jet has to go through the medium. It interacts in the
medium and looses some portion of its energy. This jet is suppressed or may be fully

quenched - no jet will be visible in this direction.

Measurement of this phenomena can be seen in Fig. 1.10 where are results
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Figure 1.10: Two particle azimuthal distribution of charged hadrons measured in
p+p and d+Au collisions and central Au+Au collisions measured by STAR detector.
Taken from Ref. [53].

for the measurement of angular correlations of charged hadrons done by STAR
collaboration. In the upper panel can be seen a comparison of minimum bias p+p
and d+Au collisions and d+Au collisions with centrality 0-20 %. Nyigger is number
of particles with transverse momenta 4 < pr <6 GeV/c. Particles with such high
transverse momentum are typical for jets. The near-side peak corresponds to two
particles coming from the same jet. d+Au collisions show same trend as the p+p
collisions which is expected because no QGP is present in these types of collisions.
In the lower panel is comparison of p+p and central Au+Au collisions and d+Au
collisions. All three measurements show same peak in the near-side area (A¢ = 0)
but in the away-side area (A¢ = 7) Au+Au peak is completely suppressed. This
suppression is caused by the interaction (both radiative and collision) in the volume
of the QGP. The distribution shows associated particles with pr > 2 GeV/c to a
trigger particle with pr > 4 GeV/c. The associated particles in the away-side jet
lost energy in the QGP and thus have pr < 2 GeV/c in the Au+Au collisions.

In recent days jets can be studied and reconstructed with many different tools
and algorithms. One of such tools is already mentioned nuclear modification factor

related to particles within a jet. Example of measurement of jet Raa measured by
ATLAS detector in Pb+Pb collisions at /syn = 5.02 TeV [54] can be seen in Fig.
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Figure 1.11: Both panels: Rys as a function of pr in different centrality classes for
jets with |y| < 2.8 measured by ATLAS detector in Pb+Pb collisions at /Sxy =
5.02 TeV. Taken from Ref. [54].
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Figure 1.12: Illustration of charm quarkonia used as a thermometer. Taken from Ref.

[1].

1.11. The nuclear modification factor is shown as a function of pr and centrality.
A clear suppression of jet production in central Pb-+Pb collisions relative to pp

collisions is observed.

1.5.3 Quarkonia Suppression

Quarkonia are heavy-flavor mesons consisting of a heavy quark and respective
antiquark, J/{ (c¢) and T (bb). Quarkonia consist of heavy quarks which are pro-
duced in the hard partonic scattering, before creation of the QGP, and thus can
serve as a useful outside probe. Its binding energy is large (0.6 GeV for J/1 and
1.2 GeV for T) compared to typical hadronic scale ~ 0.2 GeV. Quarkonia thus have
small radius (0.1 and 0.2 fm) which allows some of them to survive above the crit-
ical temperature T; in the QGP [1]. The higher the quarkonium state, the easier it
is for them to dissolve since their relative binding energy is lower (they are more
tightly bound however have larger radii). Phenomenon causing melting of the bond
in quarkonium is called Debye screening. The Debye radius describes the distance
at which the quark can still "feel" the presence of the other one. In the QGP, free
color charges are present which cause the decrease of the Debye radius under the
actual radius of the quarkonium causing it to dissolve. Different types of quarkonia
have different value of Debye radius which means that quarkonia can be used to de-
termine the temperature of the medium. The radius of J/{(1S) is about 2 fm, that
of x.(1P) is about 0.3 fm and that of 1’(2S) is 0.4 fm. This situation is illustrated
in Fig. 1.12.

Clear experimental example of this phenomenon can be seen in Fig. 1.13 where
measurement of dimuon invariant mass measured by CMS collaboration [55] in p-+p
(left) and Pb+Pb (right) at /s = 2.76 TeV and /sxn = 2.76 TeV, respectively
is shown. The three peaks correspond to three states of Y. In p+p collisions all
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Figure 1.13: Dimuon invariant mass distributions in p+p (left) and Pb+Pb (right)
collisions at /s = 2.76 TeV and /sy = 2.76 TeV, respectively, measured by the
CMS collaboration. The requirement for individual muons was pr > 4 GeV /c. Taken
from Ref. [55].

three peaks are clearly visible whereas in Pb+Pb collision the two higher states are
highly suppressed. T(2S) and Y(3S) have less energetic bound between quarks so
the dissolve earlier than Y (1S) [1]. State of dissolution of the quarkonia serves as a

thermometer.

However the situation with quarkonia is much more difficult. Larger or same
suppression would be expected at LHC compared to RHIC collision as the energy
density is much larger at LHC. Fig. 1.14 shows a comparison of a J/1{ nuclear
modification factor Raa as a function of centrality measured by ALICE collaboration
in Au+Au collisions at /sy = 2.76 TeV [56] and (/syy = 5.02 TeV [57] and
PHENIX collaboration at /sy = 200 GeV [58]. The suppression is much lower
for the ALICE results compared to PHENIX results. Effect called recombination
is responsible for this phenomena. When the quarkonia are dissolved in the QGP
there is a probability for the ¢ quark to recombine with its antiquark and form a
quarkonium again. At LHC about 10 times more quarkonia is created than at RHIC
a so the larger suppression is counter-weighted. The stronger suppression in the
PHENIX data clearly shows that recombination does not play an important role at

lower energies.

1.5.4 Baryon to Meson Ratios

Another tool which can be used to study properties of the QGP is measuring

of baryon/meson yield ration. These measurements can also be done in the small
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Figure 1.14: Inclusive J/{ Ras measured by ALICE collaboration in Au+Au colli-
sions at \/syn = 2.76 TeV [56] and /syn = 5.02 TeV [57] and PHENIX collaboration
at \/snn = 200 GeV [58]. Taken from Ref. [59].

systems and provide information about hadronization process in the collisions.

Example of such measurement can be seen in Fig. 1.15 where the ratios of
p/7t and 7~ measured by STAR experiment can be seen. The ratio is enhanced in
the central Au+Au collisions compared to peripheral Au+Au collisions and d+Au
collisions for 1 < pr < 4 GeV/c.

The dominant hadronization process in the peripheral heavy-ion collisions and
in the small systems is the fragmentation. The particles (hadrons such as pions
or protons) originate from the hard scattering processes. This mechanism is also
present in the central heavy-ion collisions but as can be seen in Fig. 1.15 there is
an additional process which is explained by the presence of the QGP. This process
is usually called a coalescence hadronization. The partons from the hard scattering
and those present in the medium can hadronize with each other provided that they
are closed with each other in space and have similar momenta. The abundance of
partons with low momenta is larger than those with higher transverse momenta
because the spectra of partons in the QGP are steeply falling with the growing
pr. This means that there is a larger probability of creating a baryon than meson
with the same pr in the coalescence hadronization and this explains the shown

baryon/meson enhancement in the central heavy-ion collisions compared to small
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Figure 1.15: The p/mt* (a) and p/7t~ (b) yield ratios measured by STAR in Au+Au
and d+Au collisions at /syy = 200 GeV [60], [61]. The data are compared to
(p+D)/ (" +m) yield ratio measured by DELPHI Collaboration in e™+e~ collisions
at /s = 91.2 GeV [62] and theoretical calculations [63] and [64]. Taken from Ref.
165].

systems or peripheral collisions.

1.5.5 Hydrodynamic Flow

If the collision of the nuclei is not central the overlap area has a shape of an
almond. This situation is visualized in Fig. 1.16. The plane connecting the centers of
the nuclei is the reaction plane. Under these conditions the distribution of pressure
and participants is not uniform and the system is anisotropic - some properties de-
pend on the direction. The mentioned pressure gradient leads to a collective motion
of the particles inside the medium. The observed overlap of the particles has ap-
proximately shape of an ellipsoid and the observed symmetry is thus called elliptic

flow.

This property is being described by the laws of hydrodynamics. To observe this
asymmetry in azimuthal distribution of particles is being used. This asymmetry
is described using so called flow coefficients v, which are present in the Fourier

expansion of the particle momentum distribution function

AN 4N
dyd®pr  2mprdydpr

1+ Z 2v,, cos(n(¢, — Ugrp)) | , (1.6)

22



1.5. Signatures of the QGP
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Figure 1.16: Schematic view of a collision of two nuclei with impact parameter b.
Taken from Ref. [66].

where Ugp is the angle of reaction plane and the direction of a particle and 1, is the
azimuthal angle of the transverse momenta of the particle. Coefficients v,, describe
the momentum anisotropy and rapidity and transverse momentum dependent v,, =
vn(y, pr). The first Fourier coefficient v; is directed flow, vy elliptic flow and wvs

triangular flow.

However the situation is not usually that straightforward as described in Fig.
1.16. The nuclei are not perfectly spherical and consist of protons and neutrons
which have their own distribution in the volume. In reality the reaction plane can
be "tilted". Even further the shape of the overlap is not usually in the shape of
perfect ellipsoid and so coefficients v,, for n larger than 2 are non-zero. For these

reasons the measurement of anisotropic flow is a challenging task.

The directed flow mainly originates from the rotation of the QGP in the reaction
plane. The elliptic flow has been used as a proof of a QGP formation. It arises from
the initial anisotropy. The triangular flow also originates from the initial anisotropy

but its origin is fluctuation of shape of the overlap of colliding nuclei.

An example of a measurement of the elliptic flow done by ALICE experiment
in Pb+Pb collisions at /syy = 5.02 TeV is in Fig. 1.17. For low pr can be seen
clear mass ordering which comes from the collective expansion of the medium and
incorporates the effects of radial flow. At intermediate pr is visible clear baryon-
meson grouping which shows that partons are those who flow and are grouped

together at freeze-out.

Even though it was assumed that hydrodynamic flow is produced purely by

the volume of the QGP in the ultra-relativistic heavy-ion collisions, quite recently

23



Chapter 1. Physics Introduction

'5\1/\“ 0.3~ ALICE Pb-Pb \s,, = 5.02 TeV ° ni
= - Y] < 0.5, 10-20% s K
< [ #p+P
o | 10
0.2 Y bl BN K3
L =8P 545 o0 o o A+K
- oﬁ?'*ﬂf"f{ %.¢
AT %
0.1 -=° = ) s
: °°°_':‘+°$ °
O
0 2 4 6 8 10
p_ (GeV/c)

Figure 1.17: The pr dependent vy of various hadrons measured in Pb+Pb collisions
at /sny = 5.02 TeV by ALICE detector. Taken from Ref. [67].

the hydrodynamic flow was also measured in the small systems (p+Pb or p+p) at
sufficiently large energies (such as at the LHC) as well. Such measurement done by
CMS [68] can be seen in Fig. 1.18. In the top panel is elliptic flow vy and in the

bottom triangular vs as a function of collision multiplicity N2iime in Pb-+Pb collisions

at /snn = 2.76 TeV, p+Pb collisions at /sxy = 5.02 TeV and p+p collisions at
various energies. A clear ordering of collision systems is visible for the elliptic flow.
The vy is largest for the heavy-ion collisions, for the asymmetric collisions is lower
and the lowest is for the collisions of protons. The triangular flow is similar for all
the systems which might be caused by initial shape fluctuations to which the vs is
sensitive (in A+A collisions). Also different method has to be used to obtain the
flow, because the event plane method does not work in the small systems as there

is no well defined geometrical overlap.

Discovery of the collective flow in the small systems requires new model which
describes flow in all the collision systems. One that is successful in describing the
experimental data is the superSONIC model [69] which uses viscous hydrodynamics
to describe vo, v3 and v4. The viscosity in this model is very low compared to common
liquids like water or liquid helium. According to this model the QGP would behave
as almost perfect fluid and flow in small systems could be described with the same

set of parameters.
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collision multiplicity NV omine measured by CMS in Pb+Pb collisions at /syn = 2.76
TeV, p+Pb collisions at /syx = 5.02 TeV and p+p collisions at various energies.
Taken from Ref. [68].
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Chapter 2

STAR Experiment at RHIC

In the present universe it is possible to observe QGP only for a fraction of second
at large particle colliders such as LHC and RHIC in the collisions of heavy ions. These
collisions produce hundreds of particles and antiparticles in each collision so really
precise complex detectors with large acceptance are needed to detect particles, trace
them back to their parent particles and measure desired properties of QGP. Such
detector is STAR at RHIC accelerator in the Brookhaven National Laboratory.

2.1 Brookhaven National Laboratory

BNL was founded in 1947 from a former military facility U. S. Army’s Camp
Upton where American soldiers were trained in both World War 1 and World War
2. It is located on the eastern part of Long Island in Upton in New York state. The
original goal was to search for nonmilitary use of nuclear energy but these days the

scientific spectrum is much wider.

The first nuclear reactor build after the war was Brookhaven Graphite Research
Reactor which operated until 1969. High Flux Beam Reactor was being used between
years 1965 and 1999. Simultaneously operated the first nuclear reactor for medical
research in the United States called Brookhaven Medical Research Reactor which
was in use from 1959 to 2000 [70].

The first particle accelerator Cosmotron was opened in 1952 and was used up to
1966 when it was replaced by the Alternating Gradient Synchrotron (AGS). Research
on AGS led to the obtaining of three Nobel prizes. Nowadays AGS serves as an
preaccelerator for RHIC.

Seven Nobel prizes were awarded to scientists participating in BNL out of which
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five were in the field of physics

e 1957 — Chen Ning Yang a Tsung-Dao (T.D.) Lee — for their penetrating in-
vestigation of the so-called parity laws which has led to important discoveries

regarding the elementary particles [11],

e 1976 — Samuel Chao Chung Ting — for their pioneering work in the discovery

of a heavy elementary particle of a new kind [11],

e 1980 — James Watson Cronin a Val Logsdon Fitch — for the discovery of vio-
lations of fundamental symmetry principles in the decay of neutral K-mesons
[11],

e 1988 — Leon M. Lederman, Melvin Schwartz a Jack Steinberger — for the neu-
trino beam method and the demonstration of the doublet structure of the leptons

through the discovery of the muon neutrino |11],

e 2002 — Raymond Davis Jr. — for pioneering contributions to astrophysics, in

particular for the detection of cosmic neutrinos [11].
and two in the field of chemistry

e 2003 — Roderick MacKinnon — for structural and mechanistic studies of ion
channels |11],

e 2009 — Venkatraman Ramakrishnan a Thomas A. Steitz — for studies of the

structure and function of the ribosome |11].

From 1982 to 2014 operated the National Synchotron Light Source which used
to accelerate electrons the speed close to the speed of light and thus produced
synchotron radiation of various wavelengths. This radiation was being used to study

materials in the nanoscale. NSLS was replaced by National Synchotron Light Source
II.

Construction of the Relativistic Heavy Ion Collider began in 1991 in the tunnel
which was originally dug for the ISABELLE project which was never finished and
cancelled in 1983. RHIC was put into service in 2000.

Other facilities in the BNL are Brookhaven Linac Isotope Producer which is
high energy particle accelerator used for the production of radioisotopes which are
used to diagnose and cure cancer; Center of Functional Nanomaterials which stud-
ies and develops nanoelectric components, nanophotonics or medical devices; and
Space Radiation Laboratory which falls under the National Aeronautic and Space

Administration and studies effects of space radiation on the cells and tissues.
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Figure 2.1: Schematic view of RHIC. Taken from Ref. [71].

2.2 The Relativistic Heavy Ion Collider

RHIC is the second largest collider in the world (following Large Hadron Col-
lider in Switzerland) and is capable of colliding various atomic nuclei, ranging from
protons up to uranium. It is the first and only device that is capable of colliding
polarized protons. This is essential for the understanding the structure of spin of
a proton. RHIC is capable of colliding multiple different nuclei at various energies
which allows to study QCD phase diagram. Cartoon of RHIC and a cascade of its
preaccelerators can be seen in a Fig. 2.1. The circumference of RHIC is 3 834 meters
(2.4 mile) [72]. For a comparison the circumference of LHC is 26 659 meters [73].

RHIC was launched in 2000 and aimed to study the Quark-Gluon Plasma via the
collisions of heavy nuclei (mainly gold nuclei). These ions are collided at energy of
V/snn = 200 GeV. Apart from gold protons, proton+gold or deuteron+gold are also
collided but much more nuclei were used in the past, such as uranium, aluminium

or helium.

The accelerator consists of two rings in which the particles circulate in the
opposite directions. The first one is blue (clockwise) and the second one is yellow

(counterclockwise). These rings intercept at six points which are called interaction
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points. They are called by the numbers on the clock. In these points are placed the

experiments.

As a source of ions for RHIC serves the Electron Beam Ion Source (EBIS)
with Laser ion source (LION) which consists of high-energy pulse laser with a fixed
target. Following the EBIS lies Radio Frequency Quadrupole (RFQ) and a short
linear accelerator Linac. In the past was being used Hollow Cathode Ion Source and
two Van de Graaf generators as a source. Compared to them LION and EBIS can
switch between different kinds of ions very quickly and EBIS is placed much closer

to the following accelerator stages so the intensity of ions is higher.

Ions are produced in LION and have a positive charge +1. Gold ions are pro-
duced by a laser pulse which hits a golden foil and then continue to EBIS where
their charge is multiplied by an electron beam and leave with energy of 16.24 keV /u.
In RFQ is energy raised up to 314.72 keV /u. Another part of the process continues
in the Linac where the ions get the energy of 2 MeV /u. This energy is sufficient for
the Booster which is a circular accelerator with a circumference of 201.78 m [74].
Particles obtain energy of 70 MeV /u and their speed is 0.37 of speed of light. Leaving
Booster ions loose electrons and get charge +77 (in a case of Au). This process is
done by stripping foils. Ions continue their journey to AGS which has circumference
of 807.12 m and get energy of 10 MeV /u. When leaving AGS ions have speed equal
to 0.997 of the speed of light. The next step is RHIC. Before the ions enter the col-
lider, another two electrons are stripped by another stripping foil. The final charge
is then +79 and final energy is 100 GeV /u. Usually 112 bunches are filled into each

of two RHIC rings. Schematic view of the whole process is in Fig. 2.2.

Accelerating of protons is the same process with the difference that protons

begin their journey in optically pumped H™ ion source OPPIS instead of EBIS.

Four superconducting radiofreqency cavities are used for the acceleration and ten
storage cavities are installed to maintain the beam at the maximum energy. Super-
conductive dipole magnets curve the track of a beam. Superconductive quadrupole

magnets are used to focus the beam with the goal to achieve maximum luminosity.

The beams circulate for multiple hours colliding again and again in the interac-
tion points (nowadays only at 6 o’clock where STAR is located). The quality of a
beam decreases with time so one the beam reaches a threshold quality, it is dumped
by a kicker magnet and RHIC has to be filled again.

Four experiments were operated at RHIC - PHOBOS, BRAHMS, PHENIX and
STAR, out of which STAR is the only one currently running. Broad Range Hadron
Magnetic Spectrometer (BRAHMS) aimed to measure charged hadrons to study

highly exited matter created in the collisions of heavy ions and ended its operations
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Figure 2.2: Cartoon of the process of the accelerating of ions at RHIC. Taken from

Ref. [75].
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in 2005. PHOBOS aimed to measure new physics and was studying QGP as well and
ended in 2006. Pioneering High Energy Nuclear Interaction Experiment (PHENIX)
was operated to measure direct probes in the collisions of heavy ions such as elec-
trons, muons or photons. PHENIX ended in 2016 and these days is being upgraded
to sSPHENIX which was being implemented in 2022 and data taking should begin
in the first half of 2023. Aim of this experiment will be study of jets and heavy

quarkonia.

RHIC is expected to end its program in 2025. After that should begin the trans-
formation to the Electron-lon Collider. It is expected that two detectors will be
constructed at EIC, but for the first runs there will be only one. Proposals for three
detectors have been made ATHENA, ECCE and CORE. In 2022 ECCE was selected
to be the core design for the first detectors but ATHENA and ECCE projects are
supposed to be merged into one detector called EPIC (Electron/Proton-Ion Collider

Experiment).

2.3 The Solenoidal Tracker at RHIC

STAR (Solenoidal Tracker at RHIC) is a multipurpose detector with full az-
imuthal coverage. Its aim is to study polarized p-+p collisions and ultra-relativistic
heavy-ion collisions. STAR is located at the 6 o’clock interaction point and was
named after the solenoid magnet operated at a room temperature. The barrel magnet
surrounds almost all STAR sub-detectors. At full strength the magnet has magnetic
field 0.5 T. STAR consists of multiple sub-detectors as shown in Fig. 2.3 and thus
serves as a multipurpose detector. The subsystems used for particle identification
are Time Projection Chamber (TPC), Time of Flight Detector (TOF), Heavy Flavor
Tracker (HFT), Barrel Electromagnetic Calorimeter (BEMC) and Muon Telescope
Detector (MTD), and trigger systems are Vertex Position Detector (VPD), Beam-
beam Counter (BBC) and Zero Degree Calorimeter (ZDC). After 2016 HFT was
removed and in the following years the Forward Upgrade was installed. The weight
of whole STAR is approximately 1200 tons [76].

2.3.1 Time Projection Chamber

Time Projection Chamber is the most important detector present at STAR. Aim
of this cylindrical gaseous detector is to measure tracks of charged particles passing
through the detector. With the measured track curvature in the magnetic field and

energy loss in the TPC gas, it is possible to determine charger particle’s momentum
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EEMC Magnet

Figure 2.3: STAR detector and its sub-detectors. Taken from Ref. [77].

and determine species of the particle.

Schematic cartoon of the Time Projection Chamber can be seen in Fig. 2.4. TPC
is a 4.2 meter long cylinder with inner radius 0.5 m and outer radius 2 m filled with
a mixture of argon (90 %) and methane (10 %). It covers whole azimuthal angle of
0 < ¢ < 27 and pseudorapidity |n| < 1,5. The pressure of the gas is 2 mbar above
the atmospheric pressure. Minimum of the measured transverse momentum pr is

150 MeV /c.

In the middle of the TPC is a cathode operated at -28 kV and this provides
electric field of 140 V-cm~!. The uniformity of the electric field ensures the field

cage surrounding the whole surface of the detector.

Particles created in the collision drift through TPC and ionize molecules of the
gas and thus loose portion of their energy. Secondary electrons originating from
the ionization drift to the endcap parts which are grounded multi-wire proportional
chambers (MWPC). Total number of these read-out modules is 24 at each side. lons
drift to the cathode. The drift time of electrons in TPC is approximately 40 us. If
the event is evaluated as good by the trigger system, the gated grid lets pass the
electrons from the main volume into MWPCs. The electrons are accelerated during
their drift to the anode wires and they produce avalanches of more electrons. The
signal is afterwards readout. Signal read out by the modules is proportional to the

number of electrons which entered the readout electronics. MWDPCs are divided into
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Figure 2.4: Schematic view of the STAR Time Projection Chamber. Taken from Ref.
[78].

12 sectors out of which every has 45 pad rows. This means that every measured

particle can have maximum of 45 hits in TPC.

From the sectors is obtained position in x and y. Sectors are organized into
45 rows and have 5962 readout pads. Position in z is determined from the drift
time, so the TPC provides precise information about all 3 dimensions of the tracks.
The nominal drift velocity is 5.45 cm/us but the currently measured drift velocity
is being used. This velocity is measured by TPC laser system. This is important
for the reconstruction of both primary and secondary vertices of the particles that
originated in the collision. Energy loss per unit length dF/dz is obtained from the
number of ionized electrons. Particle identification is done using Bichsel formula
which were developed for STAR TPC. The resolution normalized energy loss dE/dx

is defined as

L ({5
noy = —In L : (2.1)
R <(%>X
where <(<11_f>n is the measured ionization energy loss, (i—f) is the mean value of

ionization loss in TPC given by the Bischel function, X is species of a calculated

particle, in further text pion or kaon, R is corresponding resolution (~ 8 %).

Furthermore, multiplicity measured by TPC serves to determine centrality in

the heavy-ion collisions.
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Figure 2.5: dE/dx of TPC (left) and 1/8 of TOF (right) from Au+Au collisions.
Taken from Ref. [79].

In 2018 the TPC was upgraded into so called iTPC or inner TPC. Even though
TPC had very good performance for the high energy measurements, the planned
Beam Energy Scan program required to improve resolution at lower energies as well.
After this upgrade particles can have up to 60 hits in the TPC and the pseudorapidity

acceptance was extended from |n| < 1 to |n| < 1.5.

2.3.2 Time-Of-Flight detector

TOF was installed to improve the particle identification at STAR done by TPC.
At pr < 1 GeV/c it has better resolution than TPC as can be seen in Fig. 2.5. TOF
covers whole azimuthal angle 27, pseudorapidity |n| < 1 and measures time of flight
of the particles. Start time is determined by the moment of the collision measured
by VPD and TOF barrel determines the stop time. The velocity of a particle is
determined from the path length and the time it takes the particle to reach TOF
modules placed just outside of the TPC.

TOF consist of 120 trays where each contains 32 Multi-gap Resistive Plate
Chambers (MRPC) modules. Those are made of 7 glass plates and the gaps between
them are filled with gas. This construction is placed between two graphite electrodes

which provide the high-voltage electric field. Information is read by readout pads.

The charged particles leave trays in the gas gaps and thus are detected by
MRPCs. Similarly as in the TPC the ionization electrons are accelerated cause
avalanches in the strong electric field. Readout pads then read clouds of electrons.
This whole process is very fast and TOF has time resolution of ~ 100 ps. TOF
works well in the low momentum region but for pyr > 1.5 GeV/c? it is difficult to
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Figure 2.6: Illustration of the endcap-Time-Of-Flight detector. Taken from Ref. [80].

distinguish between particles since all particle species become relativistic and their

relative momentum is close to one for all of them.

Particle identification is done by comparing measured value of inverse velocity

1/Bror with an expected theoretical value 1/,

1 1

Al—
5th BTOF

, (2.2)

where (i, is calculated using the particle momentum p measured by TPC and ex-
pected rest mass m from the formula Sy, = p/+\/p? + m2.

In 2019 the TOF coverage was improved by a new upgrade which is called
the endcap-Time-Of-Flight (eTOF). This detector was developed together with the
Compressed Baryonic Matter (CBM) experiment and this detector is tested at
STAR. eTOF is mounted to the endcap of the TOF. It consists of trays similar
design as TOF. Illustration of eTOF can be seen in Fig. 2.6.

2.3.3 Heavy Flavor Tracker

Heavy Flavor Tracker was installed on STAR from 2014 to 2016. It was placed

closest to the beam axis. HFT was a high-resolution silicon detector consisting of
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Figure 2.7: Cartoon of the subdetectors of the Heavy Flavor Tracker. Taken from
Ref. [81].

three parts - Silicon Strip Detector, Intermediate Silicon Tracker and 2 Pixel Detec-
tor layers. Aim of HFT was to measure and reconstruct secondary vertices of heavy
flavor particles which decay very quickly due to their large masses. HF'T surrounded
whole beam axis and thus covered whole azimuthal angle 27 and pseudorapidity
In| < 1. A render of the HFT can be seen in Fig. 2.7.

Position close to beam pipe had a consequence of a need to have high radiation
resistance. The first layer of PXL was 2.8 cm away from the beam axis and the second
one was in distance of 8 cm and the Pixel detector was the most important part
of the HFT. It was composed of 40 ladders of which each contained 10 monolithic
CMOS (Complementary Metal-Oxide Semiconductor) chips and together it added
up to 400 MAPS (Monolithic Active Pixel Sesnsor). The pixel sensors are very thin
which is useful because it does not produce unnecessary background as would other
commonly used sensors do. IST was placed 14 cm from the axis and was made of
silicon pad sensors. It aimed to support the tracking done by TPC and PXL. SSD
was positioned 22 cm from the center of STAR and helped to improve momentum

resolution and tracking efficiency of TPC.

HFT allowed to precisely measure topological variables and thus to massively
improve pointing resolution (about 46 um for 750 MeV /¢ kaon) and signal to back-
ground ratio of the heavy flavor particles compared to STAR without HFT. The

HFT pointing resolutions for pions, kaons and protons is shown in Fig. 2.8.
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Figure 2.8: The HFT pointing resolution in the transverse plane o,, as a function

of momentum for pions, kaons and protons. Taken from Ref. [82].

2.3.4 Barrel Electromagnetic Calorimeter

STAR has two main calorimetric systems Endcap Electromagnetic Calorimeter
(EEMC) and Barrel Electromagnetic Calorimeter (BEMC). Since the detector is a
barrel, it covers full azimuthal angle and pseudorapidity |n| < 1. The inner radius
of the BEMC is 223.5 cm and outer radius is 263 cm. Totally 120 modules make
up BEMC each segmented into 40 towers. BEMC is a sampling calorimeter which
means it consist of two materials. Those are 20 layers of thick lead absorber plates
sandwiched with 21 scintilator plates. Position of BEMC can be seen in Fig. 2.9.

2.3.5 Trigger systems
Vertex Position Detector

VPD is also a part of TOF and consists of two identical parts, east and west
VPD, each placed in distance 5.7 m from the interaction point, on both sides of the
STAR detector. Each of the parts has 19 sub-detectors which consist of of a lead
converter, followed by a fast plastic scintilator which is readout by a photomultiplier
tube. The pseudorapidity coverage is 4,24 < |n| < 5,1. This detector is a very fast

trigger detector and the aim of it is to localize the primary vertex and provide start
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Figure 2.9: A cartoon of subdetectors on STAR. Taken from Ref. [76].

time for TOF using photons.

The start time used by other detectors is calculated as
TO - (Twest + Teast)/2 - L/C, (23)

where Tyest and Ty, are times from each of the VPD parts and L is a distance
from the center of STAR. The resolution of start time is in the order of 0.1 ps. The

position of a primary vertex with a resolution of 1 cm can be calculated as

Zpv = c(,Twest + Teast)/z- (24)

Zero Degree Calorimeter

Similarly as VPD, ZDC also consist of two parts, one at each side of STAR
located 18 m from the center. ZDC is used primarily for the heavy-ion collisions and
apart from that it also helps with monitoring RHIC luminosity during data-taking.
Each ZDC module consists of three individual towers, and each of them contains
a sandwich of tungsten plates and plastic optical fibres. In each tower there is one

photomultiplier which reads out signal from all the connected fibres.

The ZDC detects neutrons which are spectators in the heavy-ion collision. Those

convert in the tungsten plates and produce sprays of charged particles. These par-
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ticles cross the speed of light in the fibres and thus produce Cherenkov radiation
which is detected by the photomultipliers.

Beam Beam Counter

Since the ZDC is designed for the heavy-ion collisions, it is not very efficient for
the proton+proton collisions. For this reason BBC was installed at STAR. Beam
Beam Counter again consists of two parts one at each side of STAR 3.75 m from the
center. Apart from triggering p-+p collisions, BBC also helps to measure polarization

in the polarized p+p collisions

2.3.6 Other STAR Detectors

STAR is also equipped with other detectors which are not important for the

following text but are important for different physics goals in different analyses.

One of those detectors is the Event Plane Detector (EPD) which was installed
on STAR in 2018. As its name indicates, this detectors aims to determine the event
plane in the heavy-ion collisions and is also part of the trigger system. In consist of

the parts which are located approximately in the position of former BBC detectors.

The Endcap Electromagnetic Calorimeter (EEMC) serves as an extension of
BEMC in the pseudorapidity region of 1.086 < n < 2.00.

The Muon Telescope Detector (MTD) is mainly designed to identify muons,

which are further used to reconstruct quarkonia in dimuon events.

2.3.7 Forward Upgrade

Between 2018 and 2020 so called Forward Rapidity Upgrade was being installed
at STAR. The new detectors are placed in the forward rapidity region (2.5< n <4).
This upgrade allows novel measurements in all the collision systems and will be
installed until the expected end of the RHIC program. This extension in kinematic
reach allows to measure new detailed studies of cold QCD physic sat both very high
and very low partonic momentum fraction. The detectors are capable of measuring
neutral pions, hadrons, photons, electrons, jets and add charged-particle tracking,
electromagnetic and hadronic calorimetry to STAR capabilities at high pseudora-
pidity. A render of STAR Forward Upgrade can be seen in Fig. 2.10.
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Figure 2.10: A render of STAR detector, including the forward tracking system and
the forward calorimeter. The silicon mini-strip detectors are shown closest to the
center of STAR, followed by pentagonal sTGC detector. The event plane detector
(grey disk) is used as a preshower detector for the forward calorimeter system (purple
and blue). Taken from Ref. [83].

Forward Tracking System

The F'TS combines two technologies - three stations of silicon mini-strip detectors
and four stations small-strip thin gap chambers (STGCs). The silicon detectors are
140 to 200 c¢m from the interaction point whereas the sTGCs are placed 300 to 360
cm. The silicon sensors are still in the homogenous 0.5 T magnetic field, but the

sTGCs are in the region where the field is changing gradually.

For the silicon mini-strip detectors was used the knowledge obtained from the
use of intermediate silicon tracker (part of HF'T). Each silicon disk is made up of 12
modules and each is segmented into 128 strips. The DAQ and cooling systems also

use the ones previously used for IST.

Four quadrants made of two double sized chambers each make up every of the
sTGC detectors. Each detector includes X, Y and one layer of diagonal strips to
measure hit location. The mixture in the detector is 55 % n-pentane and 45 % CO,.
The readout electronics follows the ATLAS design since similar detectors were used
in the ATLAS small wheel upgrade.
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Forward Calorimeter System

The FCS is located 7 m from the center of STAR. For the electromagnetic
calorimeter (ECAL) was used lead-scintilator (PbSc) from PHENIX equipped with
new readout electronics. Each PbSc tower consists of sampling cells of 1.5 mm lead,
4 mm scintilator and wavelength shifting fibres. In total ECAL has 1496 readout
channels. The hadronic calorimeter (HCAL) is also sampling detector (FeSc). Each
of the sandwiches consists of 20 mm iron plates and 3 mm scintilators. The HCAL
uses the same readout SiPM electronics as ECAL, but total number is 520. The
Event Plane detector (EPD) is used as preshower system for the calorimeters. The

FCS provides triggering capability for the entire forward system of detectors.

2.4 Electron-Ion Collider

On January 9 2020 Department of Energy of the USA announced BNL as a
place for the construction of Electron-Ion collider (EIC). It is expected that the EIC

could begin its mission shortly after 2030. Cartoon of this future collider can be
found in Fig. 2.11.

EIC aims to understand the inner structure of protons and nuclei. Electrons
passing through the bigger particle can interact with the inner structure of it and

thus provide valuable information from the inside of a nuclei.

Present experiment suggest that gluons play an important role in determining
key properties of a nuclear matter and protons. EIC should be able to take "pictures"
at different energies and thus show gluons and quarks originating from gluon-gluon

interaction.

EIC is going to be the first accelerator where both protons and electrons are
going to have their spin oriented. This will allow to measure how quarks and gluons
and their interactions contribute to the inner angular momentum or the spin of
a proton. There are hints that gluons might contribute even more than quarks.
Another of the goals will be to measure gluon saturation, strength of the gluon field
which will hint more about interactions of gluons and how gluons contribute to the

matter around us.

It has been discovered that distribution of quarks is different in a nuclei and
in a proton. This effect is called a nuclear shadowing. It is not known whether
gluons undergo similar process. Electron-ion collisions will also be a good tool for

the measurement of energy loss of light and heavy quarks in nuclear matter.
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Figure 2.11: A cartoon of Electron-Ton Collider. Taken from Ref. [70].
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Highly energetic electron beams are able to kick out the quarks and gluons from
their original particle. This free partons quickly acquire color charge from the vacuum
so they became colorless. Observing of this effect might contribute to understanding

of a quantum vacuum and mechanism of confinement.

The Electron-Ion collider has many possibilities where to move frontiers of our
current knowledge. More about its goals can be found in the white papers [84] or
[85].
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Cold Nuclear Matter Effects

There are many competing processes that occur in a relativistic heavy-ion col-
lision. To study the QGP it is necessary to separate effects originating from the
interactions with the medium. Collisions of the protons serve as a baseline for the
collisions of heavy ions. Apart from these properties it is needed to estimate ef-
fects caused by simple presence of the nuclei. This can be done by colliding protons
(deuterons) with a nuclei. Effects contributing in this initial state are called Cold
Nuclear Matter (CNM) Effects. In QGP are present all the aforementioned effects
and so we need to study all systems (p+p, p+A, A+A).

CNM effects are studied via p+PDb collisions at the LHC and p+Au, d-+Au colli-
sions at RHIC. It is often assumed that no Quark-Gluon Plasma is being created in
these collisions. However it is necessary to explain collective flow which was recently
discovered in the small systems. Nuclear modification factor in p+A collisions (R )
serves as an indicator of the CNM effects. As was already mentioned, QGP is studied
via collisions of heavy nuclei. If the R,5 would be approximately one, it could be

expected that no effects are present.

3.1 Cold Nuclear Matter Effects

Production of both hidden and open charm heavy flavor particles is a very sensi-
tive probe for studying QGP because their origin is in the pre-medium phase during
the hard processes. Heavy flavor particles are influenced by the QGP medium, how-
ever multiple Cold Nuclear Matter effects or initial state effects might also influence
production of both hidden and open heavy flavor. Separating initial/CNM effects
and effects of the hot and dense medium is a challenging task, nevertheless it is

necessary to understand increment from all the sources to fully understand both
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Figure 3.1: Visualization of the shadowing factor R#* depending on the Bjorken z.
Taken from Ref. [86].

QGP and collisions of small systems.

3.1.1 Parton Distribution Function Modification

Parton distribution function (PDF) f(x,@?) is dependent on a Bjorken z and
scale of the process Q* (transferred squared four-momentum) and describes the
probability of finding the parton with a momentum fraction x at a scale Q? and
effectively describes the distribution of partons inside a nucleon. Partons described
by PDF can be gluons, quarks or antiquarks. Parton distribution function that was
modified by a nuclei is denoted nPDF.

Modification of PDF in the colliding nuclei with respect to colliding protons
is caused mainly by different behavior of partons in a free proton and that bound
in a nuclei. Different parton density is responsible for this effect. To quantify the
modification the shadowing factor R can be used

A 2 fi(z, Q%)

Ri (37, Q ) - finucleon(l‘7Q2)’ (3‘1)
where f# is the PDF of a bound nucleon (nPDF) of flavor i and fucleen is the PDF
of free nucleon. Values of R# for different x are in Fig. 3.1 where multiple regimes
can be seen depending on the values of x: a shadowing (R; < 1) which is related to
phase-space saturation at z < 1072, anti-shadowing (R; > 1) at 1072 < x < 107},
and the EMC effect at large x > 1071
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Figure 3.2: The nuclear modification factor R,py, for J/1 (left) and T (right) cal-
culated using the EPS09 [86] modification in p+Pb collisions at /syn = 5.02 TeV.
Taken from Ref. [87].

A result of rapidity dependence of nPDF effects on J/1{ and T production are
shown in Fig. 3.2 at \/sxy = 5.02 TeV (LHC energy). Other CNM effects are ne-
glected. Color evaporation model (CEM) [88] had been used to obtain these results at
next-to-leading order in the total cross-section. In Figure LO results exhibit larger
shadowing effect than NLO calculations. The calculations were taken from [89),
where a comparison with experimental data from ALICE and LHCb! can be found
as well. The right panel shows the same calculations for T and the difference between
LO and NLO results is reduced because the mass scale and thus the factorization

scale is larger.

3.1.2 Parton Saturation

The QCD description of hadrons in terms of quarks and gluons consists of several
components depending on their transverse momentum Akt and longitudinal momen-
tum fraction x. The partons behave differently which reflects the different regimes
of hadronic/nuclear wave function. At very low x the QCD evolution is non-linear
because of the growth of parton densities. At some point arises the saturation and
the gluons recombine instead of creating more partons (gg — g, gg — q) In this
non-linear regime QCD stays weakly coupled.

For larger momentum kt the x needs to be lower in order to reach the saturation
regime. This is illustrated in Fig. 3.3. The separation between the dilute and dense

regimes is characterized by a momentum scale Qs(z) also called saturation scale

Large Hadron Collider beauty (LHC)
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Figure 3.3: Hadron structure in 1/z and Q? plane. Each circle is a parton with a
fraction of momentum x. The saturation line separates the dilute (DGLAP) regime

from the saturation regime. Different evolution regimes and saturation area are
shown. Taken from Ref. [90].

which increases as x decreases. The non-linearity is also responsible for different
regimes of particle scattering. Dilute partons scatter incoherently but for large par-
tons densities partons scatter collectively and the particle production also becomes

non-linear.

Saturation can be well described in a theory of color glass condensate (CGC)
[91], [92] both in terms of practical applicability and phenomenological success. It
is unlike of nPDF approach (based on DGLAP evolution) described by Balitsky-
Kovchegov or JIMWLK non-linear evolution equations. The CGC approach has its
limitations depending on the level of accuracy of the calculations (LO vs. NLO) and
on the amount of non-perturbative inputs (initial conditions to the small-z evolution,
impact parameter dependence) [90]. These uncertainties could be reduced by results

from electron-ion collisions.

One of the important observables used to investigate saturation is the rapidity
dependence of nuclear modification factor and CGC based models. Extrapolation of
RHIC data to LHC energies can be seen in Fig. 3.4.
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1.2 . . . . - . .

Figure 3.4: Nuclear modification factor R,a(y) for D and J /1 in the CGC [91], [92]
approach in p+Pb collisions at /syn = 5.02 TeV. Taken from Ref. [87].

3.1.3 Multiple Parton Scattering

Multiple parton scattering can arise in a nuclei before or after the hard scattering
or in the both cases. Multiple scattering means that partons of the colliding objects
(for example proton and nucleus) exchange gluons among those objects. This leads to
the loss of the parton energy (both radiation and collision) and broadening of the pr
spectrum. This effect which is an consequence of multiple parton scattering is called
Cronin effect or Cronin-like enhancement. In most approaches it is characterized by

a transport coefficient of the cold nuclear matter ¢.

Various approaches of multiple parton scattering can be used, describing various
effects such as ¢g propagation and attenuation in nuclei [93], [94], initial and final

state energy loss [95], [96] and coherent energy loss [97]-[101].

When the scattering from the medium is largely incoherent the parton modifi-
cation is dominated by a broadening of the transverse momentum. At few GeV /c we
can talk about Cronin-like enhancement. When the longitudinal momentum transfer
is small, the scattering becomes coherent and we can talk about shadowing. Multiple

scattering also leads to radiative energy loss.

Theoretical predictions [102]| for T Rga, and J/1 Rpypy, (quarkonium modifica-
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Figure 3.5: Theoretical calculations [102] for R,py, of J/1p and T as a function of pr
in minimum bias collisions with a small (red curve) and large (blue curve) energy

loss effect at RHIC (left) and LHC (right). Taken from Ref. [87].

tion) incorporating the above mentioned processes are shown as bands in Fig. 3.5
for STAR (left panel) and LHC (right panel).

3.1.4 Quarkonia Absorption

When the created quarkonium travel through the nucleus, it can interact inelasti-
cally and thus be absorbed. In the yield suppression of production is then observed.
Important parameter is the absorption cross-section (inelastic cross-section of an

interaction of heavy quarkonia with a nucleus.)

The J/1{ absorption cross section was assumed to be independent of the pro-
duction kinematics however dependencies of the nuclear effects on pr and Feynman
variable xp were measured. J/1 production is further sensitive to the gluon distri-
bution in the nucleus. Nuclear absorption effects are negligible at the LHC energy
since the quarkonium production time is larger than the nucleus size, however at

lower energies this effect might be more significant.

3.2 D' in p+Pb collisions

This section is based on he article [103] which refers to the measurement of pp-
differential production cross sections and nuclear modification factors of various D
mesons in p+Pb collisions at /syy = 5.02 TeV measured by ALICE in 2016 with
the integrated luminosity L = 292 & 11 pub~!.

The results for the measurement of the nuclear modification factor of various D
mesons are shown in Fig. 3.6. The R,py, is compatible with unity in the whole range

of pr within two standard deviations. Because of the size of uncertainties it is not
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Figure 3.6: Nuclear modification factor R,p1, of prompt D mesons in p+Pb collisions
at \/syn = 5.02 TeV measured by ALICE. Left: results for DY, D™ and D**. Right:
Average of non strange D mesons in 1 < pp < 36 GeV/c, D’ in 0 < pp < 1 GeV/c
and strange D meson in 2 < pr < 24 GeV/c. Taken from Ref. [103].

possible to discuss possible mass dependence that would originate from the collective
expansion. This would modify the spectrum of strange D meson with respect to non
strange ones. The average of non strange D mesons was calculated using the inverse

of the relative statistical uncertainties as weights.

Comparison of the measured data with various models can be seen in Fig. 3.7.
In the left panel four models that include only cold nuclear matter effects are shown.
A model based on the Color Glass Condensate [104] describes the data within two
standard deviations but the model underestimates the data at low pr. FONLL [105]
calculation which is based on perturbative calculations at next-to-leading order de-
scribes the data within uncertainties. A model from Vitev et al. [106] based on a
LO pQCD calculations with intristic k7 broadening, nuclear shadowing and quark
charms energy loss in CNM also describes the data. A model from Kang et al. [107]
shows different trend and does not describe the data at low pr. In the right panel
is a comparison to models which assume creation of QGP in p+Pb collisions. The
Duke model [108] includes both collision and radiative energy losses, whereas the
POWLANG [109] takes into account only collision processes. Neither of these mod-

els describes the data, but both show a similar trend as the data with a peak at low
pr.

The centrality dependence of the nuclear modification factor of prompt D mesons
and charged particles is shown in Fig. 3.8. The data show a hint of suppression at pr

< 2 GeV /¢ which is strongest in the most central collisions. A hint of enhancement

can also be seen at 2 < pr < 6 GeV/c which is also strongest for the most central
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Figure 3.7: Nuclear modification factor R,p1, of prompt D mesons in p+Pb collisions
at y/sxn = 5.02 TeV measured by ALICE. Left: Comparison with models that in-
clude only CNM effects: CGC [104], FONLL [124] with EPPS16 nPDFs [105], LO
pQCD calculation (Vitev et al.) [106] and a calculation based on incoherent multi-
ple scatterings (Kang et al.) [107]. Right: Comparison with transport models: Duke
[108] and POWLANG [109]. Taken from Ref. [103].

collisions. The charged particles show similar trend as prompt D mesons in each

centrality bin.

Measured pr differential cross sections of various D mesons are shown in Fig. 3.9.
These results significantly differ from the measurements done by LEP so more precise
measurements of charm-particle cross sections have to be made for an accurate
calculations. The total cross section of D meson per unit rapidity in -0.96 < Yems
< 0.04 was calculated by integrating the pr differential cross section from top left

panel. The value is
doPemr D o /dy = 88.5 £ 2.7(stat.) "2 (syst.) + 3.3(lumi.) + 0.9(BR) mb. (3.2)

The measurements of other D mesons are compatible with the 2013 measure-

ments and are compared with p+p reference [103].
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Figure 3.8: Nuclear modification factor of prompt D mesons in p+Pb collisions at
VsSnn = 5.02 TeV measured by ALICE in different centrality classes compared with

charged particles. Taken from Ref. [103].
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Figure 3.9: pr-differential cross sections for various D meson kinds with -0.96 < e
< 0.04 in p+Pb collisions at /syny = 5.02 TeV measured by ALICE compared with
the p+p cross sections scaled by Pb mass number. Taken from Ref. [103].
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3.3 Asymmetric Collisions at PHENIX

PHENIX detector was operating at RHIC until 2017 and it has published several
results for the asymmetric collisions (p+Au, d+Au...) as well. First of these results
is the nuclear modification factor Rga, of prompt D mesons as a function of pr in
Fig. 3.10 in 0-20 % and 60-88 % centrality classes in d+Au collisions at /sxy = 200
GeV. The data show a mild dependence with the multiplicity at mid-rapidity. The
results at forward and backward rapidities are similar for peripheral collisions, but
evidence a strong deviation for the most central events. Data at forward rapidities
are described by both theoretical calculation whereas the data at backward rapidity
cannot be described using only the nPDFs. This means that other mechanisms not

included in the models also play role.

A measurement of vy and wvs of charged particles in three collisions systems
p+Au, d+Au and *He+Au measured by PHENIX detector at /syy = 200 GeV
[110] are shown in Fig. 3.11. These results were published in Nature Physics and
later were largely discussed. The data show non-zero flow coefficients described by
models which include hydrodynamic flow (SONIC [111], iEBE-VISHNU [112]) in
all three small systems which indicates that hydrodynamic flow is also present in
collisions that are not ultra-relativistic heavy-ion. This contradicts the assumption
that flow is purely caused by the bulk of the QGP. Authors suggested that there
might be droplets of QGP in the small systems but this idea was not largely accepted
and is a bit abbreviated. Both above-mentioned models have similar core structure.
The initial conditions are evolved using viscous hydrodynamics, the fluid hadronizes,
hadron scattering occurs and the flow coefficients are determined using the two-
particle correlation method. The model calculations are consistent with the data in
all three systems. Both models describe the difference between vy and w3, collision
system dependence and general pt dependence. However for larger pr models tend
to diverge from the data which might be caused by by the hadronic rescattering.
Other experiments also measured non-zero flow in the small systems which leads to

idea that hydrodynamic flow is not fully understood.
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Figure 3.10: The nuclear modification factor Rqa, as a function of transverse mo-
mentum pr in 0-20 % and 60-88 % centrality classes in d-+Au collisions at /snn
= 200 GeV measured by PHENIX. Data are compared to a PYTHIA calculation
considering EPS09 LO and a calculation by Vitev et al. considering nPDFs, kr
broadening and CNM energy loss. Taken from Ref. [87].

a b C

IIIlIIIIIIIIIIIlII|IIIIIIlllll'lIIIIIIIIIIIII|IIIIIIIII|IIII|:IIIIIIllllIIIIIIIll|l|II|IIIl|
pHAu sy =200 GeV 0-5% d+Au sy, =200 GeV 0-5% I *HetAuysy, =200 GeV 0-5% ]
-e- v, Data PHENIX :
-4 v; Data : r
= v, SONIC ey +

0.14 ‘ -
o1 | ==V, EBEVISHNU :
= 010 E
0.08 £
0.06 - X

== pall = + [
05 10 15 20 25 30 05 10 15 20 25 30 05 10 15 20 25 30

pr(GeV ¢t pr(GeV ¢} pr(GeV ¢}
Figure 3.11: Flow coefficients v,, of charged particles as a function of pr in three
collisions systems p+Au, d+Au and *He+Au measured by PHENIX detector at
VSnn = 200 GeV. The data are compared to SONIC [111], iEBE-VISHNU [112]
and MSTV [113], [114] theoretical calculations. Taken from Ref. [110].

26



Chapter 4

Open Charm Hadrons Production

4.1 Properties of Charm Hadrons

Apart from carrying electromagnetic charge or isospin, charmed quarks carry
another quantum number which is called charm C' = 1 (similarly beauty quarks
carry beauty B = -1 or strange quarks strangeness S = -1). The corresponding
antiquarks carry quantum number with the opposite sign. Hadrons which have non-
zero charm are called open-charm hadrons. On the other hand are hadrons with zero

charm and are called hidden charm or quarkonia (or any other heavy-flavor).

In this thesis we focus on the D mesons which are open charm mesons. A sum-
mary of elementary properties of various charm particles mentioned in this thesis are
in Tab. 4.1. If we compared charmed hadrons to strange particles, charmed particles
are heavier and have shorter lifetime. Those properties make the reconstruction of

charm hadrons challenging.

Hadron Quark composition — m [MeV/c?] cr |pm]
D° cu 1864.84 + 0.05 1229 £ 0.5
D+ cd 1869.66 + 0.05 311.8 £ 2.1
D** cu 2010.26 £ 0.05 —

DY cs 1968.35 £ 0.07 151.2 £ 1.2
AF cud 2286.46 £ 0.14 60.7 = 0.9

Table 4.1: Elementary properties of the open-charm hadrons. Shown properties are
quark composition, rest mass m and the mean lifetime c7. Values taken from Ref.
[29].

Charm quarks were theoretically predicted in the '60s when the three quark

model was not sufficient to describe all the experimental phenomena. First mea-
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surement of charm particles was done simultaneously by two experimental groups
in 1974 at BNL and SLAC. The new particle which is a bound state of charm quark

and charm antiquark with mass around 3.1 GeV/c? was named J /4.

The first open-charm hadron was discovered at SLAC-LBL and it was the D
meson in the two decay channels D — K*nrF and D — K*nFmtnt [115]. The D*

meson was firstly observed at the same facility in the D* — KTt nt™ decay channel
[116].

D mesons are the lightest particles containing a charm quark. It has a conse-
quence that they have to change flavor during their process of decaying and so the
weak force is responsible for the decay. This is due to fact that only during the weak

interaction can change quark flavor.

Measurement of open-heavy flavor hadrons can provide access to multiple prop-
erties of both Quark-Gluon Plasma and high energy collisions in general. The nuclear
modification factor Raxa can be used to study the energy loss in the hot and dense
QCD medium. Production of light-flavor hadrons is suppressed in the central heavy-
ion collisions compared to the vacuum collisions of protons. Therefore it is important
to measure nuclear modification factor of open-charm hadron for the understanding
of particle modification in heavy-ion collisions. The advantage of measuring Raa
of open-charm hadrons compared to that of light hadrons is that the heavy quarks
contained in the heavy hadrons are produced from the hadronization processes of
those quarks whereas light quarks can originate from different processes as well (can
be induced from QGP, fragmentation of jets...). The thermal energy of the system
(at RHIC energies) is too low to create the heavy quarks after the hard partonic

scattering and as a result they originate only from these processes.

The advantage of the origin of heavy quarks mentioned in the previous paragraph
can be also used during the measurement of hydrodynamic flow. Since heavy quarks
are created in the collision before the QGP, they do not have any original geometry
dependence and the only non zero flow contribution can be caused by an interaction

with the medium.

Open charm mesons can be also used to test the initial conditions of heavy-ion
collisions. This can be accessed by the measurement of the directed flow v;. Charm
quarks are expected to have every flow coefficient equal to zero in the moment of
their creation and two effects can afterwards contribute to their non-zero v;. First
one is the tilt of the QGP in the reaction plane which would lead to negative slope
of v; for both D° and D as a function of rapidity. The second contributing effect
might be the electromagnetic field induced by spectator nucleons in the collisions

which would lead to negative slope for D and positive for D, Probable is that both
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Figure 4.1: The ratios of the splitting-angle probability distributions R(#) for D°-
meson tagged jets to inclusive jets measured in p+p collisions at /s = 13 TeV, are
shown for 5 < Eragiator < 10 GeV (left panel), 10 < Eradiator < 20 GeV (middle panel)
and 20 < Egragiator < 35 GeV (right panel). The data are compared to PYTHIA v.8
[117] and SHERPA [118] simulations including the no dead-cone limit given by the
ratio of the angular distributions for light-quark jets (LQ) to inclusive jets. The pink
shaded areas correspond to the angles within which emissions are suppressed by the

dead-cone effect, assuming a charm-quark mass of 1.275 GeV/c?. Taken from Ref.
[119].

effects contribute to the final v;.

Partons originating from the hard scattering usually have large transverse mo-
mentum and can thus produce jets. Heavy-flavor induced jets can be used to study
the flavor dependence of quark interaction with the QGP. Nuclear modification fac-

tor of jets can be measured to study flavor dependence.

Another attribute of heavy quarks is so called dead-cone effect. Apart from
collision losses, partons also loose energy by radiating gluons. However from QCD
there is an angle below which the gluon radiation is suppressed. This angle depends
on the mass of the quark and with higher mass the angle is larger. This means that
heavy quarks have larger radiation angle, radiate less gluons than lighter quarks and
the observer energy-loss should be lower. First direct observation of this phenomenon
was done by ALICE Collaboration in p+p collisions at /s = 13 TeV [119] and was
possible thanks to the development of reconstruction of cascading quarks and gluons.
The jets from D? mesons were reconstructed using the Cambridge-Aachen (C/A)
algorithm [120]. For the measurement of the dead-cone splitting a new variable called
the ratio of the splitting angle R(#) was introduced. More details are available in

[119]. Results for the measurement of this variable are in Fig. 4.1 compared to
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PYTHIA v.8 [117] and SHERPA [118] simulations including the no dead-cone limit
given by the ratio of the angular distributions for light-quark jets (LQ) to inclusive
jets. As can be seen the models including the dead-cone limit describe the data. As
a next step it is necessary to study dead-cone effect in heavy-ion collisions in which
the partons interact strongly in the QGP medium and undergo medium-induced

energy losses.

Open-charm hadrons can provide access to various properties of hadronization
mechanisms, conditions in the hard scattering or those of Quark-Gluon Plasma.

Their reconstruction is challenging due to their short lifetime.

4.2 Open-charm Hadrons in p+p Collisions

One of the main motivations for the measurement of open-charm hadrons in the
heavy-ion collisions is that their production and properties in the p+p collisions is
quite well understood. Another reason is of course that charm quarks are too heavy
to originate from the hot and dense medium and come from the hard scattering
processes in the early phases of a collision. This means that they have to pass

through the QGP medium and are affected by it (loose energy and momentum).

An example of measured production cross section of prompt D°, Dt and D**
done by ALICE at /s = 7 TeV [121] can be seen in Fig. 4.2. The data are compared
to FONLL [122], [123], [124] and GM-VFNS [125], [126] theoretical models. The
data are reproduced within uncertainties by both models. The data however tend
to be higher than the central value of the FONLL predictions.

Another example of measurement of the production cross-section measured by
ATLAS at /s = 7 TeV [127] can be seen in Fig. 4.2. The data are compared to var-
ious models which describe the measurement within uncertainties. The GM-VFSN
[128], [125], [129] predictions agree with the data in both shape and normalisation,
however the FONLL [122], [130], [131], [124], MC@NLO [132], [133] and POWHEG
[134], [135] prediction central values lie beneath the measurement even though the

prediction reproduce the shapes.

STAR collaboration also measured charm quark production cross-section as can
be seen in Fig. 4.4. This measurement was done in p+p collisions at /s = 200 GeV
[136]. The data are compared to FONLL calculation [137] which describes the data
and to various PYTHIA tunes where only the tune used in [136] describes the data

even for low pr.

An interesting result has been published by ALICE collaboration and can be
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sured by ALICE experiment in p+p collisions at y/s = 7 TeV. The data are compared
to FONLL [122], [123], [124] and GM-VFNS [125], [126] theoretical calculations.
Taken from Ref. [121].

61



Chapter 4. Open Charm Hadrons Production

S
™ T !

8 ATLAS Vs=7TeV,280nb"
S 102 ®  Data, [n(D*)[<2.1
5 ms=— FONLL
= 10 = B%w _ GM-VFNS
b ............ POWHEG+PYTHIA
a — — POWHEG+HERWIG
o el
B 107
©

1072

1073

e g
©
+ 1.8
8 16
E 1.4
5 1.2
£y
F 06

0.4

0.2 *

3.5 10 10°

p, (D) [GeV]

— . .
ATLAS Vs=7TeV, 280 nb"

10% e.. ® Data, [n(D)<2.1
s FONLL
------ GM-VFNS
---------------- POWHEG+PYTHIA
—— — POWHEG+HERWIG

T
-

------ MC@NLO

do/dp (D) [ub/GeV]
>

102
N,
104
218
S 16
S 14
s '3
£ 08
|_
0.6
0.4
0.2 .
3.5 10 N 10?
p (D) [GeV]

Figure 4.3: Production pr differential cross section of D¥ and D** measured by
ATLAS experiment in p+p collisions at /s = 7 TeV. The data are compared to
NLO QCD calculations of FONLL [122], [130], [131], [124], POWHEG-+PYTHIA
[134], POWHEG-+HERWIG [135], MC@QNLO [132], [133] and GM-VFNS [128], [125],
[129]. Taken from Ref. [127].
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Figure 4.4: c¢¢ production cross section inferred from D° and D* production in
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Figure 4.5: Ratios of printegrated yields of AJ and D® hadrons measured by ALICE
in p+p collisions at /s = 13 TeV. Results from p+p and p+PDb collisions at /s =
5.02 TeV [138| are also shown together with the corresponding PYTHIA predictions
[139], [140|. Taken from Ref. [141].
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seen in Fig. 4.5 where the ratios of pr integrated yields of A} and D° are shown.
This measurement shows clear enhancement of baryon-meson ratio in p-+p collisions
compared to theoretical predictions from PYTHIA. This would suggest that charm
hadronization in p+p is not fully understood. The fragmentation ratios are usually
taken from electron+positron collisions which is a clean environment however the

behavior might be different than in the collisions of protons

4.3 Open-charm Hadrons in Heavy-Ion Collisions

4.3.1 Open-charm Hadrons Measured by STAR

The best qualitative measurements of heavy-flavor particles were done at STAR
between 2014 and 2016. It is due to the Heavy Flavor Tracker which was installed
at STAR in those years. The shown results from heavy-ion collisions are from 2014
and 2016 runs at /sy = 200 GeV.

One of the first measurements with the HFT was the Ry of D° mesons [79)].
The pr dependence of Rap in central collisions (0-10 %) can be seen in Fig. 4.6. It is
clear that DY mesons are significantly suppressed in the heavy-ion collisions and the
suppression is larger for larger pr. This is caused by the energy loss of charm quarks
in the volume of the QGP. The figure shows similar suppression for D mesons and
charged charged measured by ALICE in Pb-+Pb collisions at /syy = 2.76 TeV [143],
[144] and also for T* mesons measured by STAR [142]. The suppression is similar
for open-charm mesons and light quarks in the measurement of both experiments.
The data are reasonably well described by theoretical calculations which contain

hydrodynamic flow and energy loss of charm quarks in the QGP.

The centrality dependence of D® Ry are in Fig. 4.7. The shown data are from
the measurement with the HFT (2014) [79] and without it (2010/11) [145], [146].
The suppression for low pr < GeV/c is independent of centrality of the collision.
However the situation is different for large pr > 3 GeV/c where the suppression
decreases going from central to peripheral collision. This supports the ideas of it

being caused by energy loss in the QGP.

Another, yet unpublished result, of nuclear modification factor from STAR is
shown in Fig. 4.8. It shows Raa as a function of pr of mesons D* [147] measured
by STAR in Au-+Au collisions at /sy = 200 GeV in 0-10 %, 10-40 % and 40-80
% centrality classes compared to D? mesons [79] measured in the same system and
to ALICE measurement of D¥ mesons in Pb+Pb collisions at \/synx = 5.02 TeV

[148]. All the shown data are in good agreement and indicate same suppression of D
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Figure 4.6: The pr dependence of DY Ry in 0-10 % central Au+Au collisions mea-
sured by STAR at /syy = 200 GeV. The data are compared to measurement of
charged pions by STAR at the same collision energy [142] and to ALICE experiment
results for D mesons and charged hadrons in Pb+Pb collisions at \/syy = 2.76 TeV
[143], [144]. Taken from Ref. [79].
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Figure 4.7: The centrality dependence of D® Rya in Au+Au collisions measured by
STAR at \/sxy = 200 GeV with the HFT from 2014 and without in from 2010/11
[145], [146]. Taken from Ref. [79].
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mesons. The centrality dependence of D¥ is also consistent with the one previously
measured for D° mesons. The suppression is largest at high transverse momenta
in the most central collisions and gets weaker going to mid-central and peripheral

collisions.

This result allowed to compute the total open charm hadron production cross
section per nucleon pair in 0-40 % central Au+Au collisions at /sy = 200 GeV in
the pr interval 0 < pr < 8 GeV/ec. The result for total cross section and also for
individual open charm hadrons is shown in Tab. 4.2. The invariant spectra D° [79],
D* [147] and DF [149] mesons and AE [150] baryons measured in Au+Au collisions
at \/snv = 200 GeV have been used. Also the p+p reference is shown and was
calculated using the c¢ cross section from [136]. The cross sections in Au+Au and
p+p collisions are consistent within uncertainties. This result suggests that charm
quark production cross section per nucleon pair follows the scaling of total number
of binary collisions. However the cross sections of individual hadrons are largely
modified due to the interaction within the medium (coalescence hadronization) and

this leads to redistribution of charm quarks among the open-charm species.

Collision system  Hadron do/dy [ub]
DY 39.0 £+ 0.6 (stat) £ 1.1 (syst)
Au+Au at 200 GeV D 19.2 £+ 0.9 (stat) + 3.1 (syst)
Centrality: 10-40 % Dy 15.4 + 1.7 (stat) &+ 3.6 (syst)
Ac 39.7 £ 5.8 (stat) £ 26.7 (syst)
Total:  113.3 £ 6.2 (stat) + 27.2 (syst)
p+p at 200 GeV Total: 130 + 30 (stat) + 26 (syst)

Table 4.2: Total open charm hadron production cross section per binary collision
as measured in 10-40 % central Au+Au collisions at /sy = 200 GeV and p+p
collisions at /s = 200 GeV. The invariant spectra of D° [79], D* [147] and DZ [149]
mesons and AF [150] baryons measured in Au+tAu collisions at \/syy = 200 GeV
have been used. The p+p reference was calculated using c¢ cross section [136]. Taken
from [147].

The elliptic flow vy of open-charm mesons was measured [82] to either confirm
or disprove whether the quarks flow similarly as the light quarks. The results can
be seen in Fig. 4.9 where the v, is shown as a function of pr. In the upper panel
there is a hint of mass ordering for pr < 2 GeV/c. For pr > GeV/c the vy of D°
mesons is comparable to that of light flavor hadrons [151]. In the lower panel is the
vq scaled by the number of constituent quarks n, (2 for mesons and 3 for baryons)
plotted as a function of (mt —my)/ng where mr is the transverse mass and mq rest

mass of given hadron. All the shown hadrons, including D°, follow the scaling with
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Figure 4.8: Raa as a function of py of D° [79] and D* [147] mesons measured by
STAR in Au+Au collisions at /sy = 200 GeV in 0-10 %, 10-40 % and 40-80
% centrality classes. Data are compared to ALICE measurement of D¥ mesons in
Pb+Pb collisions at /syy = 5.02 TeV [148]. Taken from Ref. [147].
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Figure 4.9: (a) vo as a function of pr and (b) vo/n, as a function of (mgy — mg/ny)
where n, is the number of constituent quarks for D° in the 10-40 % centrality class
in Au+Au collisions and comparison with K, A and =~ [151] measured by STAR.
Taken from Ref. [82].

the number of constituent quarks. These results indicate that charm quarks get very

close to thermal equilibrium within the QGP.

Baryon to meson ratio of open-charm mesons measured by STAR [150] is in Fig.
4.10. The A./D° ratio is comparable in magnitude to the light quark ratios p/7 and
A/JK? |65], [65] and shows similar pr dependence as the ratios of light quarks. In
the lower panel the data are compared to various theoretical calculations. A signif-
icant enhancement with comparison to the calculation from PYTHIA (MONASH
tune[139] without CR [152]) can be seen. This suggests significant modification of
DZ mesons in Au+Au collisions compared to p+p collisions. The modification with

CR [152] enhances the baryon production with the comparison to mesons and gives
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Figure 4.10: A./D° ratio as a function of pr at midrapidity for Au+Au collisions at
VSN = 200 GeV in 10-80 % centrality compared to light quarks (top) [65], [153]
and theoretical calculations [154]-[159] (bottom). Taken from Ref. [150].

a A./DP ratio consistent with those measured in p+p and p+Pb collisions measured
at the LHC [160], [161]. PYTHIA fails to describe the Au+Au data completely.
Several models predict coalescence hadronization [154]-[159] however none of them

is able to describe the data in full pt range.

The measurement of the D? directed flow v; as a function of rapidity y in 10-80
% central Au+Au collisions measured by STAR at \/sxn = 200 GeV [162] can be
seen in Fig. 4.11. The comparison with the measurement of charged kaons indicates
that the slope of v is negative and larger that v, of kaons [163] which is in agreement
with both theoretical predictions [164],[165],[166|. However the precision of this mea-
surement is not sufficient to claim that the slope is caused by the electromagnetic

field produced by spectators in the Au+Au collision and further measurements need
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Figure 4.11: Directed flow of D® and D° mesons as a function of rapidity y in 10-80 %
central Au+Au collisions at /sy = 200 GeV measured by STAR. Panel (a) shows
the average of DY and D° vy and panel (b) shows the difference between v; of D°
and D°. The data are compared to multiple theoretical calculations [164],[165],[166]

and to the measurement of charged kaons at the same energy in the same system
[163]. Taken from Ref. [162].

71



Chapter 4. Open Charm Hadrons Production

§2_27 ALl(\DE T T T T T TT ‘ T T LB §2_2J TTT ‘ TTTT ‘ TTTT ‘ TTTT ‘ TTTT ‘ TTTT TTTT TTTT TTTT TTTT]
E B £ ALICE Pb-Pb0-10% =
x 2: 0-10% Pb-Pb, \/SiNN =5.02 TeV 7 x 2: 7
1.8 = 1.8F ¢ (5 =5.02Tev e
i 7: i L] \{STVN =2.76 TeV, JHEP 03 (2016) 081 7:
1 '6: oA 0 Nt At ] 1 '6: Djordjevic 1
1 4; verage D, D*, D', |y|<0.5 E 1 4; . ‘{57=5.02 Tev B
“TE 4 D°CMS, Jy|<1, PLB 782 (2018) 474-496 ] e FN”Q 76 Tev ]
1.2 - 1.2 e =
1?|—H — .€ 1; """""" Filled markers: pp rescaled reference F;
0. 8}|_|| ﬁ { 0. 8: Open markers: pp pT—extrapoIated reference {
0.6 5 H ﬂ _H__ =4 06 3
0.4 @B iay 104 e .—mﬂm—:
0.2 = 0.2 =
o- | L | T Y I EUUE P I OTTT T

| 10 102 5 10 15 20 25 30 35 40 45 50
P, (GeV/c) P, (GeV/c)

Figure 4.12: Raa of averaged D mesons (DY, DT and D**) measured by ALICE and
DY mesons measured by CMS [167] in 0-10 % Pb+Pb collisions at /syy = 5.02 TeV.
ALICE results from Pb-+Pb collisions at /syny = 2.76 TeV are also shown. The data
are compared to Djordjevic [168] model predictions. Taken from Ref. [148].

to be conducted.

4.3.2 Open-charm Hadrons Measured by ALICE

From the four large experiments at the LHC, ALICE focuses on the heavy-ion
program the most. Similarly as STAR with the HFT, ALICE is capable of great

reconstruction of open-charm hadronic decays.

Measurement of Ras of D mesons (D°, DT and D** average) measured by ALICE
at /sy = 5.02 TeV [148] can be seen in Fig. 4.12. The left panel shows comparison
with the CMS measurement at the same collision energy [167|. The data from both
experiments are in a good agreement. Both show highest suppression for pr around
10 GeV/c. The right panel compares the measurement to the older one conducted by
ALICE at /sxy = 2.76 TeV and to the Djordevic model [168]. The data from both
collision energies show similar suppression and are consistent within uncertainties.

The model calculations are also in a good agreement with the data.

Fig. 4.13 shows a comparison of the Raa in three centrality classes measured by
ALICE at /syn = 5.02 TeV [148]. The suppression is decreasing when coming from
the central to peripheral collisions. The Raa of charmed mesons is lower than that
of the charged particles [51]. The nuclear modification factors differ by more than
3 o in all the centrality classes for pr < 8 GeV /c. Explanation of this phenomenon

is not straightforward because multiple contributions might be responsible for the
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Figure 4.13: Average Raa of prompt D mesons (D° D' and D*') mesons in the
0-10 % (left), 30 — 50 % (middle) and 60-80 % (right) centrality classes measured
by ALICE at /sxy = 5.02 TeV compared to the Raa of charged particles [51] in
the same centrality classes. The ratios of the Raa are shown in the bottom panels.
Taken from Ref. [148].

difference such as the yield of light hadrons should have contribution from soft
processes at low pr, or the effects of radial flow and hadronization via recombination.
These results show that charm quarks loose a significant portion of their energy also
at the LHC energies.

A comparison of the D meson average to various models [169]-[174] can be seen in
Fig. 4.14 in the left panel. The requirement is that the models should describe both
elliptic flow and the nuclear modification factor. A significant v can be observed
in the right panel for 2 < pr < 10 GeV/c in 30-50 % central collisions. The vy is

compared to the same theoretical models as the Rax.

ALICE has also measured baryon to meson ratio of D° meson [175] and the
result can be seen in Fig. 4.15. The left panel shows the A /DY ratio as a function
of transverse momentum measured in 0-80 % central Pb+Pb collisions at V5NN =
5.02 TeV compared to p+Pb collisions at /sy = 5.02 TeV and p-+p collisions at
V/snn = 7 TeV. The Pb+Pb data are clearly enhanced compared to small system
collisions. This shows Al modification similar to that measured at STAR which is
caused by coalescence hadronization of charm quarks. In the right panel is compar-
ison to various theoretical models [156], [176], [177]. However there is a difference
between STAR and ALICE results. The STAR results were compatible with the
Catania model calculation [156] which incorporates both coalescence and fragmen-

tation whereas the ALICE result is consistent with Catania model with coalescence
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Figure 4.14: Average Raa of prompt D mesons (DY, D* and D**) mesons in the 0-10
% (left) and their average elliptic flow vy in the 30-50 % centrality class [178] (right)
measured by ALICE at \/syy = 5.02 TeV. Data are compared to models [169]-[174]
that have predictions for both observables at low pr. Taken from Ref. [148].

only. This implies that hadronization mechanisms of charm quarks are different at

LHC and RHIC energies.

However as has been previously shown in Fig. 4.5, A7 production at LHC ener-

gies is not trivial and fully understood, because enhancement of yield has also been

observed in p+p collisions where QGP is not present.
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= 5.02 TeV and p+p collisions at /syy = 7 TeV (left). The right panel shows
comparison to various model predictions [156], [176], [177]|. Taken from Ref. [175].
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Chapter 5

Analysis of Experimental Data

The aim of this thesis was preview of the future analysis in order to determine

potential problems and to give an outlook for future work on this topic.

This chapter gives details of the analysis of D meson in the decay channel
DY — K™m™ (branching ratio (3.89 + 0.04) % [29]) and D* meson in the decay
channel D* — K-t wwtt. A cartoon of charm quark fragmentatiaon is in Fig. 5.1.

Typical analysis of full data sample lasts several years and requires very careful
quality assurance (QA) of data and detailed study of analysis steps is needed. This

was not possible in the scope of this Master’s thesis.

At STAR the collision data are saved into DAQ files. After the offline recon-
struction the data are saved into MuDst files which contain full information about
collisions. Unfortunately these files are quite large, so they are further reduced into
PicoDst which were used as an entry for this analysis. PicoDst contain informa-
tion about events, tracks, triggers or particle identification (PID) information from

detectors.

The first code working on the same principle as [2| was developed and con-
stantly improved. This code applied event cuts, PID cuts and selected candidates
for D mesons. Output was a .root file containing branches for signal and background
candidates. These branches were further analyzed by another macro which could im-

plement additional cuts and create histograms of results.

The data were analyzed on RCF (RHIC Computing Facility) which is computing
farm used also by STAR users. The full statistics of p+Au analysis usually was about
5000 jobs and the p+p analysis over 20 000 jobs.

The process of analyzing the dataset with given cuts took several days, usually
5-6 if there was not any problem with the RCF.
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Figure 5.1: Cartoon of decay of the charm quark ¢ and subsequently D°. Taken from
Ref. [3].

5.1 Analysis of p+Au Collisions

5.1.1 Dataset and Event Selection

Data for this analysis were taken in the p+Au collisions in year 2015 by STAR
detector at energy /sy = 200 GeV. Total number of collisions was 9-108.

The main challenge of this analysis is that in 2015 the HFT was not working
properly and so the information measured by this detector are unusable for fur-
ther analysis. This has a consequence that this analysis cannot rely on topological
variables that were used for example in the measurement of D° meson in Au+Au
collisions in Ref. [79] from 2014 and 2016 when the HFT performance was brilliant.

The used trigger was the minimum bias trigger. The total of 3.5-10% of events

passed this trigger.

Another event selection cut is |V.jyvpp) — Viirpo)| where V. ypp) is the z-position
of the vertex calculated using Eq. (2.4) from the VPD detector and V.irpq) is the
z-position measured by TPC. This cut is derived from the VPD resolution and value
of this cut used in this analysis is 6 cm. This was used in order to reduce pile-up

events.

If event is to be accepted for further analysis, it has to pass the following criteria

e pass the minimum bias trigger
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Figure 5.2: Number of events that passed individual event selection criteria.

e [V.vpp] — Vireg| < 6 cm
o |V.irpe)| < 30 cm
Histogram of the event statistics is shown in Fig. 5.2. In Figure can be seen

that the biggest cut is the trigger which causes significant decrease of the number

of accepted events.

5.1.2 Particle Identification

Several track quality cuts were used to improve track selection for the further

analysis, which are listed below:

e number of TPC hits > 20

number of TPC hits
maximal possible number of TPC hits > 0.52

pr > 0.15 GeV/c

global DCA < 2 cm

Inl <1

where number of TPC hits denotes the number of spatial hit points used for the re-

number of TPC hits

’ maximal possible number of TPC hits is used to prevent tracks which

construction of a track
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split into two tracks, global DCA is the distance of the closest approach of a track
to primary vertex, the minimum transverse momentum pr and pseudorapidity n are
set for the track to be able to reach TOF.

So called hybrid TOF particle identification was used in this analysis. This
means that TOF matching was not strictly required for the accepting of the track.
If the track was matched in TOF, cuts for 1/5 were applied. If the track was not
TOF matched, it could still be accepted if it passed TPC PID cuts. When the TOF
matching was strictly required the resulting statistics of the tracks was too low for

a reasonable analysis.

The next step was to optimize the pion and kaon selection for the reconstruction
of meson D°. In the first iteration, the same cuts as in Ref. [79] were used for the
no and 1/ cuts. The TPC no cut was no < 3 for pions and nok < 2 for kaons and
the TOF |1/8 — 1/Bror| < 0.03 for both pions and kaons.

The 1/6 resolution for the lower momentum (approximately < 0.4 GeV/c) is
not so precise which is caused by multiple rescattering in the TPC volume. The
aforementioned cuts do not work precisely in this low pr range. This can be solved
by using momentum dependent PID cuts as was done in [3]. 1/ distribution was
split into fifty slices and each slice from the Fig. 5.3 was fitted with a gaussian

function. Means and sigmas were plotted and fitted by a power-law function

pl

b+ 2 5-1)

f=p0+
where p is the momentum of a kaon candidate. Fits can be seen in Fig. 5.4 and Fig.
5.5. These points were obtained from a configuration with a requirement for a strict
TOF matching for both kaons and pions. The values of parameters for the functions

for sigmas and means, respectively are

0.77954 0.04937
—0.05384 + (5.2)

res — 0.92910 - foos = .
4 - (p — 0.11363)1:62916 To (p — 0.06512)227704

The candidates which were supposed to pass this stage of analysis had to fall
within the band ranged by functions

Al/p

(3 : fres + fpos) > 0.012

> (_2 ' fres + fpos) (53)

These cuts can be seen in Fig. 5.3.
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Figure 5.3: Difference of measured and theoretical value of 1/ of kaon candidates as
a function of momentum p. The blue lines represent the cuts for which the following
results are shown and the black lines represents simple rectangular cuts used in the
first iteration.
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Figure 5.6: Difference of measured and theoretical value of 1/ of pion candidates as

a function of momentum p. The blue lines represent the cuts for which the following

results are shown and the black lines represents simple rectangular cuts used in the

first iteration.

Results using these cuts were not improving the signal obtained from the data

so the similar cuts were used for the 1/ of pions. In the momentum p < 1.5 GeV /¢

were used functions

and for p > 1.5 GeV /c was used

2
” 0.012

AY/B

9. (5.5)

All of these cuts can be seen in Fig 5.6. Many choices of cuts for these cuts were

used for both particles however none of those attempts was successful to obtain any

visible signal in the next steps.

A summary of all the cuts used for the reconstruction is in Tab. 5.1.
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p+Au /san = 200 GeV | p+p /s = 510 GeV
\V.vep] — Vg < 6 cm < 100 cm
\V.req| < 30 cm < 30 cm
number of TPC hits > 20 > 20
rasimal bossible amamber of TPC Tits > 0.52 > 0.52
pr > 0.15 GeV/c > 0.15 GeV/c
global DCA < 2 cm < 2cm
| <1 <1
hybrid TOF yes yes
Ino&F/97| <2 <2
Inoa /| <3 <3
Al/ Pk eq. 5.3 eq. 5.8
Al/By eq. 5.4 and 5.5 eq. 5.9 and 5.10
strict TOF pion matching no yes

Table 5.1: Comparison of cuts used in the shown results for the p+Au at /syy =
200 GeV and p+p /s = 510 GeV datasets

5.1.3 DY Invariant Mass Spectra

D® and D° were analyzed together to enhance the observed signal. Multiple
methods of description of the background were used in order to obtain clear signal

in he distributions of invariant mass. All errors for the shown results are statistical.

The invariant mass M,,, is calculated as

My = \/(Z E)2 + (Zp)2 (5.6)

where Y F and > p are summed energies, resp. momenta of the daughter par-

ticles.

Like-Sign Method

Since the DY is studied in the two body decay in this analysis, simple combina-
torics can be used to estimate yield from the invariant mass of K7t pairs. Each kaon
candidate was combined with each pion candidate of opposite charge. The invariant
mass distribution of these pairs is then calculated and further called the Unlike-sign.
In the distribution the D® and D° signal (peak) should be visible around mass of
these mesons (around 1.865 GeV /c?), however other peak is visible which is K*°(892)

and the rest in the distribution is the combinatorial background.
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Figure 5.7: Invariant mass distribution of opposite charge kaon and pion pairs (Km)
with the combinatorial background estimated by like-sign method and the difference

of unlike-sign and like-sign distributions for all pr bins in the p+Au collisions at

\/SNN — 200 GeV.

The combinatorial background was estimated using the Like-sign invariant mass
spectrum. In this case each kaon candidate was paired with each pion candidate of

the same charge.

Distributions of both Unlike-sign and Like-sign spectra together with the sub-
traction of US-LS in the wide invariant mass range in different pair pr bins can be
seen in Figs. 5.7-5.11.

At a first sight there is not visible any peak around the expected D? in any
of the pr bins. Only peak that is clear in all the bins is the K*°(892). Another
dependence can be seen from the previous figures - with increasing momentum of
the D° candidate the description of background at lower invariant mass spectra end
is worsening. In the Figs. 5.12-5.16 are zooms into the narrow windows where the

expected peaks should be for the same pr bins as the previous figures.

Unfortunately there is not visible any sign of peak in any of the pr bins. Many
choices of the above-mentioned cuts were used (TPC hits, 1/, no...), however none
of them improved the signal so it could be translated as significant and the showed

results are results of these iteration attempts.
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Figure 5.8: Invariant mass distribution of opposite charge kaon and pion pairs (K)
with the combinatorial background estimated by like-sign method and the difference
of unlike-sign and like-sign distributions for 1 < pr < 2 GeV/c bin in the p+Au

collisions at /syn = 200 GeV.
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Figure 5.9: Invariant mass distribution of opposite charge kaon and pion pairs (K)
with the combinatorial background estimated by like-sign method and the difference
of unlike-sign and like-sign distributions for 2 < pr < 3 GeV/c bin in the p+Au

collisions at /syn = 200 GeV.
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Figure 5.10: Invariant mass distribution of opposite charge kaon and pion pairs
(K7mt) with the combinatorial background estimated by like-sign method and the
difference of unlike-sign and like-sign distributions for 3 < pr < 4 GeV/c¢ bin in the

p+Au collisions at /syn = 200 GeV.
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Figure 5.11: Invariant mass distribution of opposite charge kaon and pion pairs (Kr)
with the combinatorial background estimated by like-sign method and the difference
of unlike-sign and like-sign distributions for pt > 4 GeV /¢ bin in the p+Au collisions

at A/SNN — 200 GeV.
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Figure 5.12: Invariant mass distribution of opposite charge kaon and pion pairs (Kr)
with the combinatorial background estimated by like-sign method and the difference
of unlike-sign and like-sign distributions (multiplied by 10 for visibility) for all pr
bins in the window around expected DY peak in the p+Au collisions at y/sxn = 200

GeV.
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Figure 5.13: Invariant mass distribution of opposite charge kaon and pion pairs (Kr)
with the combinatorial background estimated by like-sign method and the difference
of unlike-sign and like-sign distributions (multiplied by 10 for visibility) for 1 < pr <
2 GeV/c bin in the window around expected DY peak in the p+Au collisions at y/sSyy
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Figure 5.14: Opposite charge kaon and pion pairs with the combinatorial background

estimated by like-sign method and the difference of unlike-sign and like-sign distri-
butions (multiplied by 10 for visibility) for 2 < pr < 3 GeV/c bin in the window
around expected DY peak in the p+Au collisions at /syny = 200 GeV.

o
30000 —
L

25000 [

20000

15000

Counts [-]

10000

5000

‘\\\\
————
[R——
———
———
[ —
————
———
————
[
[ —
R P —
———
————
- ———
———
e
R —
[
[ —
—_——
JR—A—
——
S
[ —
————
—_———
L e—

—— Unlike-sign K*1t" pairs \
.—»— Like-sign K*T¢ pairs (background) I
—+— Difference US-LS scaled by 10

THIS THESIS
p+Au s, = 200 GeV
3 <p_(Kn) < 4 GeVic®

N[TTT T TT T T TTTT

1.75 18 1.85 1.9 1.95 2
[GeVic?]

|nv

2.05
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with the combinatorial background estimated by like-sign method and the difference
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Figure 5.16: Invariant mass distribution of opposite charge kaon and pion pairs (Kr)
with the combinatorial background estimated by like-sign method and the difference
of unlike-sign and like-sign distributions (multiplied by 5 for visibility) for pp > 4
GeV/c bin in the window around expected D° peak in the p+Au collisions at \/syn
= 200 GeV.

Side-Band Method

Another option of describing the background is so called side-band method. The
Unlike-sign invariant mass spectra were fitted by a 3rd order polynomial, using only
points outside +30 (taken from Ref. [3]) band around the expected D signal peak.
Polynomials from the order 1 were used to describe the invariant mass distribution
and the third order polynomial described the background the best as can be seen in
Fig. 5.17. The linear fit nor the second order polynomial described the background
correctly. The obtained function is then subtracted from the like-sign distribution

and in the omitted are should appear the expected D° peak.

Many choices of the width of the omitted area were used nevertheless none of
these choices lead to the result that could be interpreted as a significant result.

Result for all pr bins can be seen in Fig. 5.18.

An example of the expected signal can be seen in Fig. 5.19. The figure represents
invariant mass spectra from p+p collisions measured by STAR in 2009 and 2011.
Techniques used for the reconstruction are similar as those in this thesis. However

the signal of DY mesons is better than that done in this thesis.
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Figure 5.17: Third order polynomial fit of the unlike-sign pairs in the shown area.
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Figure 5.18: Unlike-sign spectrum (k7t pairs) of the invariant mass with subtracted
polynomial fit of the background obtained from the side-band method for all pt bins
in the p+Au collisions at /syn = 200 GeV.
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Figure 5.19: Upper panel: Invariant mass spectrum of K7 pairs with background
reconstructed by Like-Sign and Rotated Momentum techniques for 1 < pp < 2
GeV/c. Lower panel: Invariant mass spectrum after subtraction of background for
both methods. Taken from ref. [3].
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Figure 5.20: Distribution of cos(6*) in the CMS frame of K7t pair in the p+Au
collisions at /sy = 200 GeV. The red line represents the used cut.

5.1.4 D* Invariant Mass Spectra

Another attempt was done with the excited D**(2010)* state, further denoted
D*. This meson undergoes a cascade decay D** — Dt — KFn*nt (branching
ratio (67.7 &+ 0.5) % [29]). The difference of masses of D* and D® meson is slightly
above the pion mass Mp+ — Mpo = (145.4258 4+ 0.0017) MeV/c? [29]. This means
that the raw yield of D* meson could be calculated as an area of peak around
Myt — Mygre = 145.4 MeV /2.

For the reconstruction were taken D° candidates with cuts and tools from the
previous section. To select only relevant candidates the requirement was 1.84 <
My+,+ < 1.89 GeV/c% Since D* mesons with pr < 1.6 GeV/c? are not detectable
by TOF |[3], the calculations started at D* pr = 2 GeV/c. To reduce background
coming from jets, another variable cos(6*) is introduced. 6* is defined as an angle of
momentum of reconstructed D? and momentum of a kaon in the CMS system. This
variable was required to be cos(6*) < 0.8. Distribution of cos(#*) can be seen in Fig.
5.20.

In the next step the D° candidate was combined with another pion. Background
was once again estimated by wrong-sign method, however this time the background

had to be scaled by 1/3 because in the three-body decay there exist six wrong-sign
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Figure 5.21: The Mys +.+0 — Mys,+ spectrum with combinatorial background es-
timated by wrong-sign method and the subtracted wrong-sign background and
correct-sign signal for all D* candidate pr bins in the p+Au collisions at /snn
= 200 GeV.

combinations and only two correct-sign combinations. From the obtained mass of D*
meson candidate was subtracted the mass of D meson daughter particle and these
results were plotted. The correct-sign and wrong- sign combinations were scaled and
subtracted and the results can be seen in Figs. 5.21-5.24 in multiple D* candidate

pr bins.

As can be seen from the figures, there is not visible any peak in the expected

area. The expected signal from [3] can be seen in Fig. 5.25.

Since all the above-mentioned attempts to receive the D° signal failed, it is pos-
sible that the background is simply too large in p+Au collisions and these methods

are not sophisticated enough to reach any raw yield.
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Figure 5.22: The My+ st — Mgs,+ spectrum with combinatorial background es-
timated by wrong-sign method and the subtracted wrong-sign background and
correct-sign signal for D* candidate 2 < pr < 3 GeV/c bin in the p+Au colli-
sions at /sy = 200 GeV.
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Figure 5.23: The My+ st — Mgs,+ spectrum with combinatorial background es-
timated by wrong-sign method and the subtracted wrong-sign background and
correct-sign signal for D* candidate 3 < pr < 4 GeV/c bin in the p+Au colli-
sions at /sy = 200 GeV.
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Figure 5.24: The My s+ — Mys,+ spectrum with combinatorial background es-
timated by wrong-sign method and the subtracted wrong-sign background and

correct-sign signal for D* candidate pr > 4 GeV/c bin in the p+Au collisions at
A/SNN — 200 GeV.
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Figure 5.25: Upper panel: My +.+ — Mygs,+ spectrum with background recon-
structed by Side-band and Wrong-sign techniques. Lower panel: Myt — MyF =
spectrum after subtraction of Wrong-sign background and the gaussian fit. Taken
from Ref. [3].
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5.2 Analysis of p+p Collisions

5.2.1 Dataset and Event Selection

This section uses same steps as were used in the p+Au analysis with small

deviations.

Data for this analysis were taken in the p-+p collisions in year 2017 by STAR
detector at energy /s = 510 GeV. Total number of collisions was 2.8-10°.

In 2017, the HF'T was not present at STAR anymore so once again it cannot be

used to reconstruct D mesons. The input for the analysis were the PicoDst files.

The used trigger is the minimum bias trigger. The total of 1.1-10° of events

passed this trigger.

The selection cut |V.jvpp] — Vireq|, where V. ypp) is the z-position of the vertex
calculated using Eq. (2.4) from the VPD detector and V.rpcy is the z-position mea-
sured by TPC, was not used the same way as for the case of p-+Au collisions because
the VPD does not have sufficient efficiency in the collisions of protons. Instead of 6

cm was used cut 100 cm.

If event is to be accepted it has to pass the following criteria

e pass the minimum bias trigger

[ |V;;[Tpc]‘ < 30 cm

Histogram of the event statistics is shown in Fig. 5.26.

5.2.2 Particle Identification

Same track quality cuts were used to improve track selection for the further

analysis as in the case of p+Au collisions and are listed below:

e number of TPC hits > 20

number of TPC hits
maximal possible number of TPC hits > 0.52

pr > 0.15 GeV /¢

global DCA < 2 cm

In] <1
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Figure 5.26: Number of events that passed individual event selection criteria.

where number of TPC hits denotes the number of spatial hit points used for the re-

number of TPC hits
’ maximal possible number of TPC hits

split into two tracks, global DCA is the distance of the closest approach of a track

construction of a track is used to prevent tracks which

to primary vertex, the minimum transverse momentum pr and pseudorapidity n are
set for the track to be able to reach TOF.

Also in this case was used the hybdrid-TOF to increase possible signal because
with strict TOF matching the statistics is too low.

The no and 1/ cuts used the same as in the case of p+Au collision with the

similar iterative process. The TPC no cut was no, < 3 for pions and nox < 2 for
kaons and the TOF 1/5 < 0.03 for both pions and kaons.

The 1/ momentum dependent PID cuts were fitted and calculated also for
this dataset with the same approach as in the previous section. Fits can be seen
in Fig. 5.27 and Fig. 5.28. These points were obtained from a configuration with
a requirement for a strict TOF matching for both kaons and pions. The values of

parameters for the functions for sigmas and means, respectively are

0.0985232 0.0123594

wes = 1.0551  foos = 0.04571 .
i 0551t (0 183405 )2t Jeos = O04STAOS 14y tooim

(5.7)

The candidates which were supposed to pass this stage of analysis had to fall

within the band ranged by functions
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and are fitted by a power law function (5.1).
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Al/p -

(3 : fres + fpos) > 0012

(_2 : fres + fpos) (58)

Similar cuts were used for the 1/4 of pions. In the momentum p < 1.5 GeV/c

were used functions

and for p > 1.5 GeV/c was used

NV

2
~ 0.012

2. (5.10)

A summary of all the cuts used for the reconstruction and comparison with the

cuts used for the p+Au analysis are in Tab. 5.1.

For the reconstruction of D* meson was also used different implementation of
so called hybrid TOF taking advantage of another fast detector BEMC. However
adding another detector brings another systematical uncertainty into account but

adding BEMC in necessary to remove pile-up events.

These cuts were taken from [3| and are separated into groups according to the
momentum of the track. Different detectors are effective in separating kaons and

pions at different momentum.

e pr < 1.3 GeV /c: For low momentum TOF provides clear separation of kaons
and pions. Kaons were defined as tracks that passed condition 5.8 and pions as
those fulfilling for p < 1.5 GeV /¢ condition 5.9 and for p > 1.5 GeV /¢ condition
5.10. If tracks were matched only in the BEMC, those were counted as pions

upon passing -3 < nagE/ & 3,

e 1.3 < pr < 2.07 GeV/c: If track was matched in TOF, TOF was used for
particle identification, kaons were defined as tracks that pass the condition 5.8
and pions as those fulfilling \nml[/ g | < 3. If track was matched in BEMC and
not in TOF, kaons were accepted for ‘HO’%E/ | < 2 and pions for [noa™/%| <

3.

e pr > 2.07 GeV /c: TPC provides good separation of pions and kaons at this
momentum. If the track had matching in any of the fast detectors (TOF or
BEMC) then kaons were accepted for |[noi”/*| < 2 and pions for |noa™/%| <

3.
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Figure 5.29: Invariant mass distribution of opposite charge kaon and pion pairs (Krr)
with the combinatorial background estimated by like-sign method and the difference
of unlike-sign and like-sign distributions for all pr bins in the p+p collisions at /s
= 510 GeV.

5.2.3 DY Invariant Mass Spectra

Like-Sign Method

The kaons and pions of same charge were combined to obtain background and
of opposite charge to obtain signal candidates with exactly the same approach as
in the case of p+Au analysis. Multiple configurations of selecting pions and kaon
were used. The results shown in the following Figs. 5.29-5.33 are with an additional

requirement for pions to be matched in TOF.

Even for this configuration for p+p collisions there is not any peak around the
expected D mass in any of the pr bins. However the K*(892) peak is clear in all the
bins. In the Figs. 5.34-5.34 are zooms into the narrow windows where the expected

peaks should be for the same pr bins as the previous figures.

None of the shown histograms has any significant hint of peak in the expected D°
mass area. The results for other sets of cuts and configurations have shown similar

results and are not shown in this thesis.
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Figure 5.30: Invariant mass distribution of opposite charge kaon and pion pairs
(K7mt) with the combinatorial background estimated by like-sign method and the
difference of unlike-sign and like-sign distributions for 1 < pr < 2 GeV /¢ bin in the

p+p collisions at /s = 510 GeV.
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Figure 5.31: Invariant mass distribution of opposite charge kaon and pion pairs
(K7t) with the combinatorial background estimated by like-sign method and the
difference of unlike-sign and like-sign distributions for 2 < pr < 3 GeV/¢ bin in the

p+p collisions at /s = 510 GeV.
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Figure 5.32: Invariant mass distribution of opposite charge kaon and pion pairs
(K7t) with the combinatorial background estimated by like-sign method and the
difference of unlike-sign and like-sign distributions for 3 < pr < 4 GeV /¢ bin in the
p+p collisions at /s = 510 GeV
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Figure 5.33: Invariant mass distribution of opposite charge kaon and pion pairs (Kr)
with the combinatorial background estimated by like-sign method and the difference
of unlike-sign and like-sign distributions for pr > 4 GeV /¢ bin in the p+p collisions
at /s = 510 GeV.
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Figure 5.34: Invariant mass distribution of opposite charge kaon and pion pairs (K)

with the combinatorial background estimated by like-sign method and the difference

of unlike-sign and like-sign distributions (multiplied by 10 for visibility) for all pr

bins in the window around expected D? peak in the p+p collisions at /s = 510

GeV.
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Figure 5.35: Invariant mass distribution of opposite charge kaon and pion pairs (K)

with the combinatorial background estimated by like-sign method and the difference

of unlike-sign and like-sign distributions (multiplied by 10 for visibility) for 1 < pr <

2 GeV/c bin in the window around expected D° peak in the p+p collisions at /s =

510 GeV.
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Figure 5.36: Invariant mass distribution of opposite charge kaon and pion pairs (K)
with the combinatorial background estimated by like-sign method and the difference
of unlike-sign and like-sign distributions (multiplied by 10 for visibility) for 2 < pr <
3 GeV/c bin in the window around expected D° peak in the p+p collisions at /s =

510 GeV.
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Figure 5.37: Invariant mass distribution of opposite charge kaon and pion pairs (Kr)
with the combinatorial background estimated by like-sign method and the difference
of unlike-sign and like-sign distributions (multiplied by 10 for visibility) for 3 < pr <
4 GeV /c bin in the window around expected D° peak in the p+p collisions at /s =

510 GeV.
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Figure 5.38: Invariant mass distribution of opposite charge kaon and pion pairs (Kr)
with the combinatorial background estimated by like-sign method and the difference
of unlike-sign and like-sign distributions (multiplied by 5 for visibility) for pp > 4
GeV/c bin in the window around expected DY peak in the p+p collisions at /s =
510 GeV.

Side-Band Method

Approach in this section follows the procedure used in the section 5.1.3. As a
input served the unlike-sign signal distributions shown in the previous section. The
third order polynomial served again as a best description of the data and the fit is
shown in Fig. 5.39. Subtraction of the unlike-sign distribution and the shown fitted
function is in Fig. 5.40. However the result does not show any hint of peak in the

expected area of DY mass.

Event-Mixing Method

To describe background with another method, so called Event-Mixing method
has been used. This approach expands simple Like-sign method. The LS pairs can
all have the same bias, so the event-mixing combines pairs from 10 last events and
not just one. Each kaon is combined with all the pions (after PID cuts are applied)
from the last ten events. The pions are required to have opposite charge of the kaon.
This approach reduces the statistical error as can be seen in the further figures. This
background distribution needs to be scaled to unlike-sign distribution so it could be

subtracted. Comparisons of like-sign and event-mixing are in Figs. 5.41 and 5.42.
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Figure 5.39: Third order polynomial fit of the unlike-sign pairs in the shown area.
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Figure 5.40: Unlike-sign spectrum (k7t pairs) of the invariant mass with subtracted
polynomial fit of the background obtained from the side-band method for all pt bins
in the p+p collisions at /s = 510 GeV.
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Figure 5.41: Comparison of like-sign background (red triangles), event-mixing back-
ground (green line) and unlike-sign (blue triangles) distributions for all pr bins in
the p+p collisions at /s = 510 GeV.
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Figure 5.42: Comparison of like-sign background (red triangles), event-mixing back-
ground (green line) and unlike-sign (blue triangles) distributions for 1 < pr < 2
GeV/c bin in the p+p collisions at /s = 510 GeV.
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Figure 5.43: Unlike-sign (signal) distribution (blue triangles) and scaled background
estimated by event mixing method (red triangles) and its subtraction scaled by 10
(black diamonds) for all pr bins in the p+p collisions at /s = 510 GeV.

Results from the zoomed view are in Figs. 5.43-5.47. The event-mixing distri-
butions have been scaled to unlike-sign (signal) and subtracted. However the event-
mixing method does not show any peak in any of the pr bins and probably needs
to be further tuned. However the statistical errors are lower than for the case of

Like-sign method.

5.2.4 D" Invariant Mass Spectra
D* Analysis without BEMC

This section shows results of the same approach as the one used for p-+Au colli-
sions. The DY daughter particles were chosen from the unlike-sign method described
in the previous section with the requirement for strict pion matching. The cos(#*)

< 0.8 cut has also been used.
The My ptpe — Mys,+ distributions for various pr bins are in Figs. 5.48-5.51.

These results however do not show any significant sign of peak in any of the D*

pr bin.
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Figure 5.44: Unlike-sign (signal) distribution (blue triangles) and scaled background
estimated by event mixing method (red triangles) and its subtraction scaled by 10
(black diamonds) for 1 < pr < 2 bin in the p+p collisions at /s = 510 GeV.
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Figure 5.45: Unlike-sign (signal) distribution (blue triangles) and scaled background
estimated by event mixing method (red triangles) and its subtraction scaled by 10
(black diamonds) for 2 < pr < 3 bin in the p+p collisions at /s = 510 GeV.
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Figure 5.46: Unlike-sign (signal) distribution (blue triangles) and scaled background
estimated by event mixing method (red triangles) and its subtraction scaled by 10
(black diamonds) for 3 < pr < 4 bin in the p+p collisions at /s = 510 GeV.
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Figure 5.47: Unlike-sign (signal) distribution (blue triangles) and scaled background
estimated by event mixing method (red triangles) and its subtraction scaled by 10
(black diamonds) for pr > 4 bin in the p+p collisions at /s = 510 GeV.
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Figure 5.48: The My+, st — Mg+,+ spectrum with combinatorial background es-
timated by wrong-sign method and the subtracted wrong-sign background and
correct-sign signal for all D* candidate pr bins in the p+p collisions at /s = 510
GeV.
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Figure 5.49: The My+ st — Mgs,+ spectrum with combinatorial background es-
timated by wrong-sign method and the subtracted wrong-sign background and
correct-sign signal for D* candidate 2 < pr < 3 GeV/c bin in the p+p collisions
at /s = 510 GeV.
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Figure 5.50: The My tq+

— My+,+ spectrum with combinatorial background es-

timated by wrong-sign method and the subtracted wrong-sign background and

correct-sign signal for D* candidate 3 < pr < 4 GeV/c bin in the p+p collisions

at /s = 510 GeV.
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Figure 5.51: The My sp+

— My+,+ spectrum with combinatorial background es-

timated by wrong-sign method and the subtracted wrong-sign background and

correct-sign signal for D* candidate pr > 4 GeV/c bin in the p+p collisions at

Vs = 510 GeV.
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Figure 5.52: The My+,+t — Mgs,+ spectrum with combinatorial background es-
timated by wrong-sign method and the subtracted wrong-sign background and
correct-sign signal for all D* candidate pr bins in the p+p collisions at /s = 510
GeV fitted by gaussian function.

D* Analysis with BEMC

For this section the procedure mentioned at the end of section 5.2.2 has been
used. The results for various D* pr bins are shown in Figs. 5.52-5.55. In all bins,
there is a visible hint of peak around the expected value. This peak is fitted by a
gaussian in Figs. 5.52 and 5.53 where the results for all pr and 2 < pr < 3 GeV /¢ bin,
respectively are shown. In other two bins the peak would be too insignificant. The
fits look reasonable, however the data tend to fluctuate for higher My=+ + + — Mg+, +
which has impact at the goodness of the fit. The fluctuations are increasing in higher
pr bins where the number of candidates is much lower. The invariant yield from p+p
collisions at /s = 510 GeV [3] for all pr is (230 £ 28). The dataset in 2011 had
approximately 4 times smaller statistics than in 2017 so the expected yield should be
at least four times larger, because the luminosity also increased since 2017. However
result from this analysis for D* raw yield is (375 £ 55), which is only about 1.5 times
larger than 2011 result. Furthermore data from this analysis need to be corrected
for the effects of the detectors. This points to the conclusion that the separation of

candidates needs to be improved and the pile-up problem needs to be solved.
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Figure 5.53: The My tq+

— My+,+ spectrum with combinatorial background es-

timated by wrong-sign method and the subtracted wrong-sign background and

correct-sign signal for D* candidate 2 < pr < 3 GeV/c bin in the p+p collisions

at /s = 510 GeV.
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Figure 5.54: The My spt

— My+,+ spectrum with combinatorial background es-

timated by wrong-sign method and the subtracted wrong-sign background and

correct-sign signal for D* candidate 3 < pr < 4 GeV/c bin in the p+p collisions

at /5 = 510 GeV.
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Figure 5.55: The My+ s+ — Mys,+ spectrum with combinatorial background es-

timated by wrong-sign method and the subtracted wrong-sign background and

correct-sign signal for D* candidate pr > 4 GeV/c bin in the p+p collisions at
Vs = 510 GeV.
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Summary and Discussion

D mesons such as D are lightest hadrons containing heavy charm quarks. Heavy
quarks are useful probes of heavy-ion collisions since they originate in the hard
partonic scattering before the formation of the Quark-Gluon Plasma. To describe the
heavy-ion collisions and the QGP, it is necessary to understand the small systems.
Those are collisions of protons and asymmetric collisions (p+Au, p+Pb..) where the
effects caused by a presence of a nucleus in a collision (so called Cold Nuclear Matter

effects) are tested.

The first chapter provides an introduction to the physics of particle collisions
done at LHC and RHIC. The Standard Model and Quantum Chromodynamics are
briefly introduced together with the variables and phenomena used to study heavy-
ion collisions and also different collision systems. The focus is put into the signature
measurement of properties present in the heavy-ion collisions which help to prove the
presence of the QGP. Those are nuclear modification factor, jet quenching, quarkonia

suppression, baryon to meson ratio and hydrodynamic flow.

The second chapter describes the experimental setup used for the analysis pre-
sented in this thesis. The Relativistic Heavy Ion Collider located at the Brookhaven
National Laboratory is the second largest particle collider in the world and only one
able to collide polarized beams of protons. The Solenoidal Tracker at RHIC is a large
multipurpose experiment present at RHIC since 2000. Its subdetectors are described
in the second chapter with a focus to those important for this analysis (TPC, TOF,
VPD...). RHIC will conclude its program in 2025 and after that will be replaced by
a device called Electron-Ion Collider where electrons and heavy-ions/protons will
be collided. It is expected that this collider might begin its data-taking phase after
2030 and is introduced in the last section of the chapter.

The third chapter explains so called Cold Nuclear Matter effects. Those are
effects caused by a presence of a nucleus in the collision and are measured in the
asymmetric collisions at LHC and RHIC. Multiple effects might contribute, such as
Cronin effect, or modification of parton distribution function of free nucleon with

respect to that bound in a nucleus. In the second part are shown selected results from
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the asymmetric collisions done at ALICE and PHENIX such as nuclear modification

factors or hydrodynamic flow measured in the small systems at RHIC.

The next chapter summarizes properties of heavy-charm quarks in the collisions.
The first part explains general properties and the well-understood production in the
collisions of protons. The second half shows selected results measured at ALICE and
STAR detectors. Focus is put into charm mesons and results of their measurement

such as nuclear modification factor, hydrodynamic flow or baryon to meson ratios.

The last chapter shows analysis of D® and D* meson in two datasets - p+Au
collisions measured at STAR in 2015 at /sy = 200 GeV and p+p collisions mea-
sured at STAR in 2017 at /s = 510 GeV. The approach is similar in both the
datasets with small differences. The methods used for the analysis of both datasets
were tested in previous analyses [2], [3]. Typical analysis of D mesons from STAR
takes advantage of using the HFT detector which was not available for either of the
datasets so other methods (not usually used in HFT analyses) were applied to get

clean samples of pions and kaons.

Two methods were used to describe the background in p+Au collisions - Like-
Sign and Side-Band, and three for the description of background in p+p collisions
- Like-Sign, Side-Band and Event-Mixing. Except for the section with BEMC the
methods are not sufficient to obtain significant signal, however are working since the

structure at low M;,, looks as was expected - the K*0(892) peak is clearly visible.

STAR has previously measured DY mesons in the small systems without the
HFT detector, such as in Ref. [3]. However the data are from the years 2010 and
2011 and the luminosity was lower compared to 2017 and the statistics of the dataset
was about 4 times smaller than in 2017. Larger luminosity leads to the production
of more particles and thus to higher background and the separation of signal of
signal and background is more difficult even though same approach has been used
for the analysis. The p+Au collisions have more binary collisions than the collisions
of protons which is again origin of larger background which makes the separation

more difficult.

The most successful part of this thesis is the measurement of D* meson with
the use of BEMC detector, where the peaks of invariant mass were sufficient to
extract raw yield. The expected yield should be approximately 4 times larger than
in the 2011 measurement [3], however the result (375 £ 55) is only about 1.5 times
larger. Furthermore data from this analysis need to be corrected for the effects of the
detectors. This points to the problem with pile-up which would need to be solved
in the next steps. The data could be possibly further tuned with the use of different

trigger or by implementing additional requirements for the particles matched in the
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BEMC.

The next step for all the parts of the analysis is to remove effects of the pile-up
which was beyond the scope of this thesis. Another possible step would be imple-
mentation of machine learning techniques such as a Toolkit for Multivariate Analysis
(TMVA) implemented in ROOT. The machine learning was not used in the analysis
yet because there were not observed any peaks in the spectra to be improved by
TMVA so instead another method for the description of background (Event-Mixing)

was implemented.
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