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Abstract:

In ultra-relativistic heavy-ion collisions, creation of a novel state of matter is expected,
in accordance with predictions by lattice QCD calculations. Under such extreme con-
ditions, regular hadronic matter undergoes a phase transitions and forms a plasma of
deconfined quarks and gluons (QGP). This medium is hypothesised to comprise the
universe in its earliest stages. Researching the QGP properties can bring valuable in-
put for early cosmological models as well as help us understand the character of the
strong interaction.

Production of the quarkonium mesons is a crucial probe of the QGP, since their
suppression can be viewed as a direct evidence of the plasma formation, due to the
colour screening effect. Moreover, this can be used to infer constraints on the QGP
temperature.

In this thesis, author’s analysis of the T production at the STAR experiment in
Au+Au collisions at /sy = 200 GeV via the di-electron decay channel is presented.
The nuclear modification factors for the ground state and for the excited states are
reported. At RHIC energies, secondary effects complicating the measured suppression
are deemed less significant for the YT, which makes it a cleaner probe of the screening
effect.
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Abstrakt:

Dle predpovédi QCD na mfizce se ocekavd, ze v ultra-relativistickych srazkach
tézkych iontu dochazi k vytvoreni nového stavu hmoty. Za piitomnych extrémnich
podminek podstupuje bézna hadronova hmota fazovy prechod a formuje plasma dekon-
finovanych kvarku a gluonu (QGP). Je predpoklddédno, ze toto médium tvorilo vesmir
v jeho nejranéjsich momentech. Zkoumani vlastnosti QGP muze pfinést cenné podnéty
pro kosmologické modely a vést k lepsimu pochopeni charakteru silné interakce.

Produkce kvarkonii patii mezi zdsadni sondy ke zkoumani QGP. Jejich potlaceni
lze chapat jako piimy dusledek vytvoreni plasmatu kvuli barevnému stinéni. Z métené
produkce 1ze rovnéz vyvozovat limitni hodnoty teplot QGP.

V této praci autor predstavuje svou analyzu produkce mesonu T na experimentu
STAR ve srazkach Au+Au pii /sy = 200 GeV za pomoci dvoj-elektronového roz-
padového kandlu. Finalnim vysledkem jsou jaderné modifikacni faktory, které jsou
ukazany pro zakladni i excitované stavy. Sekundarni vlivy komplikujici interpretaci
nameéreného potlaceni produkce jsou pro T pii energiich na RHICu povazovany za

méné vyznamné. To ¢ini z T ¢istsi sondy ke studovani barevného stinéni.

Kli¢ovd slova: srazky tézkych iontu, kvark-gluonové plasma, upsilon, potlac¢eni kvarkonii,
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Introduction

Equipped with his five senses, man explores the universe around him and
calls the adventure Science.

—Edwin Powell Hubble

Search for unknown has always been one of the most driving motives of humanity. Be it
a colonisation of far lands, or the race for space, people have always found it intriguing to
step into territories previously unknown to humankind. Similarily, particle physicists strive
to push the frontiers of knowledge about the very substance of which reality is built and
interestingly, by examining some of the tiniest particles, they can learn something new about
even the universe itself.

One of the most alluring subjects of today high energy physics is the quark-gluon plasma
(QGP). It is an absolutely singular state of matter believed to fill the universe few microsec-
onds after the Big Bang. Such extreme medium can come into existence naturally only under
the most extraordinary conditions themselves and one method to access them is by colliding
heavy nuclei at ultra-relativistic energies.

The objective of this Master’s thesis is to describe the physics of QGP and heavy quarko-
nia, which can be used to study the plasma temperature, as well as to introduce the author’s

original analysis on production of the T quarkonium at the STAR experiment.






Chapter 1

Collisions of ultra-relativistic heavy

nuclei

This chapter serves as an introduction to the thesis’” work. Kinematics and variables used to

describe a collision event and its key concepts are introduced.

1.1 Motivation for heavy-ion collisions physics

Physics of heavy-ion collisions is a field of high energy physics studying collisions of massive
atomic nuclei at ultra-relativistic energies. One of its principal motivations for this is the
possible creation of the quark-gluon plasma (QGP) and its further analysis. Researching
the QGP properties helps us understand the state of the universe in its earliest moments as
well as the character of the strong interaction, which is described by the theory of quantum
chromodynamics (QCD).

Heavy-ion collisions are studied at large particle accelerators—most notably RHIC and
the LHC. Such collisions are extreme from various points of view. For instance, the hottest
medium observed on Earth is created. The QGP is also found out to be the most vortical
fluid, spinning up to 10?* per second. Its magnetic field is expected to be the strength of

10'* T, which is more than a thousandfold of the strongest magnetic field sources in the

3



1.2. EVENT KINEMATICS AND GEOMETRY

universe—the magnetars.

1.2 Event kinematics and geometry

For the sake of conciseness, one uses natural units (¢, h = 1) in high energy physics problems.
A heavy-ion collision is characterised by its centre-of-mass collision energy per nucleon pair
V/snn. Particles coming from such collisions are then described with their Lorentz-invariant
four-vectors x = (¢,2,y,2), p = (E, Pz, Dy, P2) = (E,pr,p.). A following set of coordinates
is also used for a laboratory frame centered around x = y = z = 0 (interaction point):
¢ (azimuthal angle), n (pseudorapidity), r (radius). The n is a function of polar angle
0—n = —log(tang))—and, for high-momentum particles p > m, is an approximation of

%E%Zz. Rapidity is convenient mostly because it transforms
z

rapidity relative to the beam y =
additively under Lorentz boosts, unlike velocity. In these coordinates, following relations are

valid:

P = |pr|cosy (1.1)
py = |pr|sing (1.2)
p. = |p]sinhn . (1.3)

Oftentimes it is also convenient to work with the transverse mass. It is Lorentz-invariant

and for an object with rest mass m, it is defined as follows,

my = pr+m* . (1.4)

1.3 Collision geometry and event activity

Heavy-ion collisions are in essence collisions of two clusters of fluctuating nucleons and as

such have many collision geometry configurations, which is an important factor for many

4



CHAPTER 1. COLLISIONS OF ULTRA-RELATIVISTIC HEAVY NUCLEI

-10 -5 0 5 10 -15 <10 -5 0 5 10 15
x (fm) z (fm)
Fig. 1.1: Hlustration of a Au+Au /syy = 200 GeV event in the Monte Carlo Glauber model.

Highlighted nucleons represent the participants, unemphasised ones the spectators. Taken

from [2].

processes. Impact parameter b is one of the variables used to describe said geometry. It is
defined as the relative distance between the two nuclei centres in a plane transverse to the

beam axis. Collisions with smaller b have generally larger energy densities and temperatures.

Another important variable is the number of participants Npay and the number of binary
nucleon collisions N.y. The participants are those nucleons which actively participate in the
collision, ie. have at least one interaction. Nucleons that are not participant are called the
spectators. The Npa and Neop are particularly important for normalisation purposes—soft
probes (low energy transfer) are expected to scale proportionally with the Npu, whereas
hard probes (high energy transfer) with the Ny [I]. Relating the impact parameter and the
mean number of participants and binary collisions is usually done with Monte Carlo Glauber

model [2]. Example of an event in the MC Glauber model is shown in Fig. (1.1

As implied, the mentioned variables are not physically measurable. One thus also works
with centrality, a percentage of the total nuclear interaction cross section. It is usually in-
ferred from the total transverse energy Fr or the charged particle density N, (also called
multiplicity). The approximate relations between the centrality, b, Npart, Nen, and the colli-

sion geometry are illustrated in Fig.



1.4. NUCLEAR MODIFICATION FACTOR
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Fig. 1.2: Cartoon of a distribution in final-state charged particle multiplicity. Connections

with centrality, b, and (Npa) can be seen. Taken from [3].

1.4 Nuclear modification factor

Difference in the production between proton-proton collisions and heavy-ion collisions is
quantified via the nuclear modification factor Raa. It is equal to unity if no net medium
effects are observed and zero if complete suppression is measured. For hard probes, in its

simplest form, it is defined as follows,

Yaa

Ran = —"~—
Ncoll X Y;ap

(1.5)

where Y and Y, are adequately normalised quarkonium yields in A+A and p+p collisions,

respectively.



Chapter 2

Quark-gluon plasma

This chapter serves as an overview of the quark-gluon plasma (QGP), a novel state of matter
created in ultra-relativistic collisions of heavy nuclei. First, we determine the phase transition
temperature from a phenomenological bag model approach. Then, we describe the properties

of the medium and potential means to study it.

2.1 QCD matter and the phase diagram

Lattice QCD calculations predict that under extreme conditions, hadronic matter undergoes
a phase transition and becomes a plasma of deconfined quarks and gluons. Observations
of a strongly interacting near-perfect liquid (sQGP) have been made in the early 2000’s in
heavy-ion collisions at the RHIC collider in Brookhaven National Laboratory. Its signatures
are consistent with those of the QGP.

Studies of the QGP are of great importance. For instance, QGP is believed to comprise
the universe a few microseconds after the Big Bang [19]. Therefore, measurements of the
QGP properties and determination of e.g. its equation of state have large implications for
early-cosmological models. Moreover, QGP studies also bring valuable insights on phenomena
in the non-perturbative regimes of QCD, such as the hadronisation. That being said, the

QGP is still a large unknown. Of what type is the phase transition from hadronic matter to

7



2.1. QCD MATTER AND THE PHASE DIAGRAM

lEa”y e The Phases of QCD

LHC Experiments

Crossover

170 MeV/—-=- === d

Critical Point

Hadron Gas

Superconductor

Nuclear :"‘
_~Vacuum Matter Neutron Stars
_ - - | [ it
0 MeV = I
0 MeV 900 MeV

Baryon Chemical Potential

Fig. 2.1: Phase diagram of QCD matter with boundaries defining various states and the
phase transitions between them. Some expected occurences of the given T or u, are also

shown. Taken from [4].

QGP? How does the fireball of deconfined quarks and gluons transforms into a hadron gas?
Is there a restoration of chiral symmetry? These are only some of the plethora of unanswered
questions.

QCD matter undergoes the phase transition if the temperature 7" and /or baryon chemical
potential y;, are sufficiently high. Regimes of high 7" are accessed at leading world’s heavy-
ion accelerators, i.e. the LHC or RHIC. Conditions with large y;, (net baryon density) are

expected to be present for instance in neutron stars. The QCD phase diagram is shown in

Fig. 2]

2.1.1 Bag model of a hadron

Hadrons can be viewed as quarks confined in ‘bubbles’ or ‘bags’ of empty vacuum, surrounded

by a non-perturbative QCD vacuum exerting pressure, which can be naively thought of as



CHAPTER 2. QUARK-GLUON PLASMA

a liquid of gluon-gluon pairs [5]. Let us know consider massless free fermions in a spherical

cavity of radius R. They are governed by the Dirac equation, which reads

v-p =0, (2.1)

where v are the y-matrices in the Dirac representation and v the fermion four-component
wave function. The lowest energy solution of this equation is the (S;/2) state and its form is

as follows,

Yy(r,t) = Nexp(—z’pot) jo(pOT)XJr ) (2.2)

Y_(r,t) = Nexp(—ip’t) & - # j1(p’r)x— | (2.3)

where 1) = (Zﬁf ), N is a normalisation constant, j; the i-th order Bessel function, and x the
spinors. The assumption of confinement within the cavity corresponds to the condition that

at r = R, the scalar density ¢1) goes to zerdﬂ. This leads to

o R =76 -7 [j1 (P R = 0 (2.4)
Go(p°R))* — [j1(p°R))* = 0
— p’R=2.04. (2.5)

The kinetic energy of the quarks in the bag is thus inversely proportionate to the radius
R. Effect of the confinement can be represented phenomenologically by the bag pressure B,
which is equal to the difference between the energies of the empty and the QCD vacuum.

Energy of a bag of N quarks is therefore

2.04
E(R)=N - N — tries to expand the bag
4
+ %BR‘O’ — tries to contract the bag . (2.6)

Equivalently, the condition that the normal component of the vector current 1;’7;11/} vanishes at r = R
can be used.



2.1. QCD MATTER AND THE PHASE DIAGRAM

From this we can see that the hadron radius stems from an interplay of the outwards
. . . . . o1 dE o .
going kinetic pressure and the inwards going bag pressure, and equilibrates at 5 = 0, which

leads to the relation
(2.7)

Now, using a proton for instance (R ~ 0.8 fm, N = 3), the value of the bag pressure can be

estimated as BY/4 = 206 MeV.

2.1.2 Deconfinement temperature in the bag model

Let us now consider a gas of free quarks and gluons within the cavity of volume V. Total
pressure of such gas of relativistic massless particles can be calculated as follows,
AENE

P = —q,) —T 2.8
(gg + 89q) 90 ) ( )

where g are the degeneracy numbers. For gluons, this is g, = 8 x2 = 16 (colour, polarisation),

and for quarks g, = 2 x 2 x 3 x 2 = 24 (quarks vs antiquarks, flavour, colour, polarisation).

We would expect the deconfinement to set in when the kinetic pressure of this gas exceeds

the QCD-vacuum bag pressure B. This happens at the critical temperature

90

Tc:(—

377T2>1/4Bl/4 ’ (2.9)

and for the previously estimated value of B'/* = 206 MeV, this gives T, ~ 144 MeV. Despite
the fact that the bag model is very simple, this is very close to today’s estimates from lattice

QCD of T, = 156 MeV [ [6][7]

2To put these numbers into perspective, the T, = 156 MeV corresponds to ~ 2 x 10'? K, which is 100000 x
hotter than the Sun’s core!
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CHAPTER 2. QUARK-GLUON PLASMA

2.2 Characteristics of the medium

2.2.1 Space-time evolution in heavy-ion collisions

A diagram of the space-time evolution in heavy-ion collisions with the creation of the QGP
is shown in Fig. A scenario without the creation of the deconfining medium is also

included. In the current paradigm, the phases could be described as follows,

1. Pre-equilibrium stage (17 = /12 — 22 < 1 fm/c); scatterings with the highest momentum

transfer Q? take place, producing the hardest particles,

2. Thermalisation (1 <7 < 10 fm/c); quarks and gluons are abundantly created and the
system reaches sufficient temperature and energy density for the fireball of deconfin-
ing medium to be formed, in which partons can subsequently reach a local thermal

equilibrium,

3. Hadronisation (7 ~ 20 fm/c)f} after the fire-ball has expanded and cooled down, hadro-
nisation occurs at the chemical freeze-out, which fixes the chemical content of the sys-

tem,

4. Thermal freeze-out; hadrons no longer interact inelastically and their kinematical spec-

tra become fixed.

2.2.2 Collective anisotropic flow

Collective anisotropic flow of light quarks has been the key evidence for the creation of a
strongly coupled, near perfectly liquid, plasma. In non-central collisions of heavy ions, the

fireball has an ‘almond’ shape in the xy-plane, which can be characterised by its eccentricity

o2 — o2
y T

y = : 2.10

2 ai—l—ag ( )

3This is still very far from when the particles hit detectors, which is on the order of cm/c to m/c.

11



2.2. CHARACTERISTICS OF THE MEDIUM

: I OZ P

Hydrodynamic

Evolution Pre-Equilibrium

Phase (< 1)

a) without QGP// \ b) with QGP z

A

B

Fig. 2.2: Diagram of the space-time evolution of a heavy-ion collision in the scenario with

QGP creation (right) or without (left). Taken from [g].

where ag’ are variances of the z- or y-projections of the distribution of participant nucle-

y
ons. Assuming that the system reaches a thermal equilibrium, this initial-state geometrical
anisotropy translates into anisotropic expansion of the fireball and consequently, into final-
state anisotropy in azimuthal distribution of emitted particles. This is because there are
different pressure gradients in the medium, due to the uneven distribution of matter. Pres-

sure gradients in direction parallel to the impact parameter b are greater than in the one

perpendicular, which results in a preferred direction of emission.
Experimentally, the collective flow anisotropies can be quantified with Fourier coefficients
v, of the azimuthal distribution of particles, i.e.

d®*N 1 &N

e = g (1 B3 2umcos(nle — 7)) 211

where N is the number of particles with energy F, transverse momentum pr, rapidity vy,
and azimuthal angle ¢, and ¥*? is the angle of the event plane, which is an experimental

approximation of the a priori unknown reaction plane defined by the b and z. The second-

12



CHAPTER 2. QUARK-GLUON PLASMA

Timg ——— Pressure-driven expansion

- /}.ﬂl

Anisotropic azimuthal distribution:

o — ; 4 Sz [ Data ]
— e \{é\ 3._N‘I.‘z B .
& e L s
S 5[ .
- | & Z 08t -
! > vd i e 3 2z 4 0 1 2 3

=i -+, [rad]

x
dN/d(b-W,) ~ 1+2v,cos[2(d-¥,)] V,: elliptic flow

Fig. 2.3: Picture representing the anisotropies of initial-state geometry (left), fireball expan-

sion (top right), and azimuthal distribution of particles (bottom right). Taken from [9].

order coefficient vy corresponding to elliptic flow has been studied most, even though higher-
order ones are also measured. A picture of the collision geometry, anisotropic expansion, and

elliptic flow is shown in Fig. [2.3

Dependences of the v, on pr and collision centrality for charged particles measured at
ALICE at /sy = 2.76 TeV are plotted in Fig. We can see that the vy is stronger in
peripheral collisions than in the most central ones, which reflects the difference in the e, of
the initial-state geometries. At the LHC, the v, magnitude reaches maximum at ~ 3 GeV/c
and then starts slowly falling down, consistent with the expectation that extremely hard

particles suffer from the effects of QGP negligibly.

2.2.3 Secondary particle production by coalescence

Experimental observations—such as the fact that baryons acquire approximately %x more
elliptic flow than mesons of the same mass [I1] or that the baryon-to-meson production
ratio is significantly enhanced in central collisions [12]—suggest that the dominant method
of hadron production in A4+A collisions is not fragmentation. In fact, the dense plasma of
deconfined partons is expected to give rise to another means of hadronisation—clustering
of neighbouring quarks, also called coalescence. Cartoons depicting hadron production by

fragmentation and by coalescence can be found in Fig.
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CHAPTER 2. QUARK-GLUON PLASMA
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Fig. 2.6: Diagram of the different hard probes, their behaviour in the QGP, and their usage.
() represent heavy quarks, () is a transport coefficient, dd% initial gluon density; and T, €.

the critical temperature and energy density respectively. Taken from [15].

2.3 Tomography of the QGP with hard probes

Particles with large momentum or masses, referred to as hard probes, are instrumental in

tomographic studies of the QGP. They

e are created in the collision’s earliest stages from hadronic scatterings with high 2, in
time-scales of ~ m;' < 0.1 fm/c, and thus can experience (and be influenced by) the

entire evolution of the medium;

e their cross-sections are quantitatively well described by perturbative QCD (pQCD)

calculations.

A diagram of various hard probes, their behaviour in the QGP, and the information they
reveal, can be seen in Fig. 2.6]

One of the key mechanisms employing hard probes to study the QGP is jet quenching.
Jets are characteristic collimated sprays of hadrons coming from fragmentation of a highly
virtual parton. Due to conservation of energy, there should (almost) always be at least two

jets in an event. That being said, there is a significant dijet asymmetry in central A+A

15



2.3. TOMOGRAPHY OF THE QGP WITH HARD PROBES

Fig. 2.7: Cartoon illustrating the quenching of jets in quark-gluon plasma and its difference

w.r.t. elementary hadron collisions . Taken from [16].

collisions. It can be explained by considering a path-dependent energy loss for the parton
traversing the QGP. In instances where jets start from outer regions of the fireball, one of
the fragmenting partons can escape relatively unscathed, whereas the recoil parton might
get quenched in the medium, giving rise to the asymmetry. We show this phenomenon in a

cartoon in Fig. 2.7
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Chapter 3

Heavy quarkonia

This chapter focuses on heavy quarkonia, bound systems of heavy quarks and antiquarks
of the same flavour. Heavy quarks are important probes to heavy-ion collisions. This is
mainly due to the fact, that thanks to their large mass, they are created in early pre-plasma
stages. Their mesons are open heavy flavour mesons (ci, bd, ...) and, much less abundant,
the quark:om (cé, bb). First, we will introduce the characteristics and behaviour of the
latter, namely the ground states J/¢ and T(1S), and illustrate how can they be utilised to
infer crucial information about the QGP. Relevant cold nuclear matter effects unrelated to

the hot QGP phase are also described.

3.1 Fundamental properties

There are many members of the charmonium and bottomonium families. For the most
important s-wave and p-wave vector states, we show the mass, binding energy, and the
hadronic radius in Tab. Diagrams of the various charmonium and bottomonium states
and the possible decay transitions between them can be found in Fig. [3.1]

In heavy-ion experiments, most attention is given to the ground states .J/¢ and YT(15).

This is thanks to the fact that they are relatively easily measurable in di-lepton channels

L Also called hidden charm or hidden beauty, because the overall charm/beauty quantum number is zero.
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3.1. FUNDAMENTAL PROPERTIES

States [ J/ xe W T(S) xe  T(29) X, T(39)
Mass [GeV] 3.07 3.53 3.68 9.46 9.99 10.02 10.26 10.36
Binding energy [GeV] | 0.64 0.20 0.05 1.10 0.67 0.54 0.31 0.20
Radius [fm] 0.25 0.36 0.45 0.14 0.22 0.28 0.34 0.39

Tab. 3.1: Mass, binding energy, and radii of common quarkonia states of charm and bottom
family. Taken from [3].

and, more importantly, they created mostly before the QGP and, if unaffected, decay long
after it disappears—thus have the potential to probe its entire evolution:

QQ QGP QGP QQ

tcreation < tcreation < tlifetime < tlifetime . (3]')

Furthermore, due to their large binding energy, they exhibit a unique behaviour in the colli-

sions and help in determining the created medium temperature.

3.1.1 Decay channels and feed-down

Most notable decay channels of the important quarkonia are listed in Tab. [3.2] along with
the mass widths and the branching ratios. For the J/1 and the T states, the di-electron and
di-muon channels are relatively easily accessible. The y states decay mostly by de-excitation

into lower s-wave states via emission of a soft v, as is illustrated in Fig.

This secondary production of lower states from decays of higher excited states is referred
to as feed-down. It is absolutely crucial to bear this in mind when interpreting any measured
suppression of what is inclusively measured, as the feed-down may account for a very sizable
contribution. It is rather difficult to determine this precisely, however an estimate for the
T(15) can be found in Tab.[3.3] For the J/¢, a feed-down contribution of ~ 33% is expected
[1].

18
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Fig. 3.1: Diagrams of the bound states of the charmonia family (top) and the bottomonia

family (bottom). The v/ state is denoted as 1(25). Vertical position of the bound states

represent their mass

and additional quantum numbers are shown at the bottom of each

diagram. Some decay modes of the states are also displayed. Taken from [20].
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3.1. FUNDAMENTAL PROPERTIES

Quarkonium | Mass [GeV] Width [keV] Decay channel BR

J/ 3.097 92.9 —hadrons 87.7
— ete” 6.0
— ptu 6.0
»(25) 3.686 208 ST+ X 610
—ete” 81073
T(18) 9.460 54.0 —hadrons 86.9
—ete” 2.4
— ptp 2.5
T(29) 10.023 32.0 S T(1S)+ X 265
—ete” 1.9
— ut T 1.9
T(39) 10.036 20.3 S T(2S)+ X 106
- T(1S)+X 6.6
— 2.2

Tab. 3.2: Interesting decay channels of significant quarkonia. The branching ratio BR is
presented for each decay mode. Quarkonia states mass and width are also shown. Values
taken from [20].

Prompt Y(15) | ~51%
T (1S) from y, decays ~ 27%
T (1S) from yj, decays ~ 10%
T(1S) from YT(2S) decays ~ 11%
T(1S) from Y(3S5) decays ~ 1%

Tab. 3.3: Contributions to the production of T(15). Taken from [I§].
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CHAPTER 3. HEAVY QUARKONIA

3.1.2 Prompt quarkonium production

Although the creation of heavy quarks is relatively well calculable within perturbative QCD,
the production of quarkonia is not well-understood. Mechanisms of how do the constituent
quarks hadronise, i.e. form a colour-singlet state, still remains a mystery. They are large-
distance, low-momentum processes, and thus not easily describable in pQCD. Generally,
there have been three approaches to modelling the production: Colour Evaporation Model
(CEM), Colour Singlet Model (CSM), and Colour Octet Model employing Non-relativistic
QCD (COM+NRQCD). For more information about them, refer to [19][6].

3.2 Dissociation by the Debye colour screening

Historically, the basic deconfining mechanism of hadrons in the QGP has been identified
with the Debye screening of the colour charge [21], analogously to the case of electric charge
screening in electrolytes or regular plasma. In this description, deconfinement sets in if the
hadron binding radius rg is larger than the Debye screening radius rp. This radius is inversely
proportionate to the temperature of the medium. A cartoon depicting the dissociation by
Debye screening is shown in Fig. [3.2]

Usually, the Debye radius is calculated from lattice gauge theory of QCD by calculating
the correlation function of a static QQ system in a gluon heat bath. The approximation

resulting from these calculations is
rp(T) ~ — (3.2)

which, at 7" = 200 MeV, is roughly rp ~ 0.25 fm [19]. Alternatively, it can be estimated

from pQCD as
1 1
D= \/ 2471202 T’ (3:3)
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3.2. DISSOCIATION BY THE DEBYE COLOUR SCREENING

Perturbative Vacuum

Fig. 3.2: ITlustration of the dissociation of a charmonium due to the Debye colour charge
screening caused by the free colour charge carriers in the deconfining medium. Based on the

cartoon by T. Tveter.

which for the same temperature gives rp = 0.36 fm.

3.2.1 Quarkonium potential and .J/¢) suppression

As it was believed that quarkonia are created dominantly in the pre-QGP stages of the
collisions—a valid assumption with the energies available at that time—suppression of the
J /1 quarkonium production was proposed in 1986 as a ‘smoking gun’ of the QGP creation
in a famous paper by Matsui and Satz [22]. We will now show and expand on [19][6] the

calculations they employed.

Quantitatively, neglecting any spin and orbit couplings, the ground state quarkonium QQ

binding potential V' with the separation distance r takes the Cornell form of

V(r,T =0) = rr — 2 (3.4)

r

where the first term corresponds to the confining ‘string-like’ linear behaviour, with s being
the string tension, and the second to the Coulomb potential, with a.g being the effective

coulombic interaction coupling aeg = %as. Energy of such system can be estimated from the
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CHAPTER 3. HEAVY QUARKONIA

Hamiltonian as

p2

H = + V(r) (3.5)
210q
2y op—2 1 o
T Blr) = 5+ R — et (3.6)
2meor r
where mg = m is the quark vacuum mass and pgoo = %Q = p the reduced mass of the

quarkonium system.

For the charmonia, the a.g is typically taken to be g ~ 0.5 [19]. This is also often used
for the bottomonia, even though in principle, this value could be lower due to the shorter
distance scale. Let us now estimate the value of the string tension x. For hadrons with
an internal symmetry, the total angular momentum J was found to be proportional to the

square of the system energy (mass) F
J ~ kE? (3.7)

where the slope k is experimentally found to be k ~ 1 GeV~! [23]. For a system of two
massless quarks rotating at the speed of light on a string of radius ry, with the local velocity
of the string at r < ry being v = ) the total energy (and the total angular momentum) can
be calculated by integrating the ‘energy density’ of the string x (multiplied by velocity and

radius resp.) along with the ‘relativistic increase’ from the string center to ry like

" kdr " k-rodr

E=2( E&_ J=2 [ BT (3.8)
0 V1-— :—2 0o V1-— :_2
0 T 9 0

= TKTq = —Rrg . (3.9)

2

This gives us k = (27k) ™! ~ 0.16 GeV 2

We now search for an extremum to estimate the system size. Minimising F(r) in r leads
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3.2. DISSOCIATION BY THE DEBYE COLOUR SCREENING

to the following condition

1 Qloff

mr3 r

—k=0. (3.10)

Using the values of k and a.g shown above, and the charm quark mass m. = 1.56 GeV, this
gives us the radius r.z ~ 0.20 fm at £ = 3.1 GeV. In vacuum, the J/1 meson is thus smaller

than a typical meson, since e.g. for pion we have r, ~ 0.8 fm [24].

Placing the system in a gluon heat bath of temperature 7" introduces two changes to the
potential. First, the Coulomb infinite-range potential takes on the short-range Yukawa form.
Second, the confining linear term should vanish for very high 7. We will use the rp to naively
modify the potential according to our expectations, so that for rp — oo (T — 0), we obtain

the vacuum value, and for rp — 0+ (T — o0), we get no binding;

2

Vir,T) = —gexp(—r/rD(T)) + krp(T)(1—1— TDZT) - 2r£(T) — )
= —&;ﬂ exp(—=r/rp(T)) + rrp(T)[1 = exp(=r/rp(T))] - (3.11)

For different values of 7', the potentials are plotted in Fig. [3.3]

For calculation’s sake, let us now omit the small confining x-term and consider only a
coulombic bound state. Minimising the adequately modified E(r) and setting = = r/rp, we

obtain a following condition for the minimum

1
z(z+ 1) exp(—z) = . (3.12)

The left-hand side is always positive and reaches the maximum of 0.84 at x = 1.62. Thus,

E(r) has a minimum—which means the system can be bound—only if

1

> —— = 1.197rgonr , 3.13
0.84m cvegr "Boh ( )

D

1
Qleff

where rgop, = —— is the Bohr radius of the coulombic bound system at rp — oo, calculated
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CHAPTER 3. HEAVY QUARKONIA

T1s
r(fm)

Fig. 3.3: The heavy quarkonium potential from Eq. (??) as function of r for different medium
temperatures 7. The thick solid line denotes the standard 7' = 0 potential, rp(T) — oo, the

other lines show the function for finite values of rp (7). Taken from [19].

from E(r) analogously to the vacuum case shown above. In other words, the quarkonium
can exist as a coulombic bound system only if the condition holds true. For the
charmonium, using the T = 0 value of aeg =~ 0.5, this gives us, however, rgon, =~ 0.25 fm.
We see now that using the lattice value of rp = 0.25 fm at 7" = 200 MeV from , the
quarkonium cannot be bound in the deconfining plasma. Even for higher yet reasonable
values of rp, the dissociation is still expected, mainly because one should use a lower value
of awg, which can result in a factor of two increase in the rgo.,. For the bottomonia, in this
simple model, we get &, = 0.08 fm for the ground state, and thus assume it to be safe

from dissociation at 7' = 200 MeV.

This suppression of the J/¢ meson, inexplicable by effects unrelated to the hot QGP
phase, was indeed observed in Pb+Pb collisions at /sy = 158 GeV with the NA50 experi-
ment. A ratio of the measured J/1 yield and the expected yield, obtained by extrapolating
p+A results including cold nuclear matter effects to A+A conditions, is shown in Fig. [3.4]
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Fig. 3.4: Ratio of the observed and expected (scaled proton-nucleus) yield of J/v¢ in Pb+Pb

collisions at /sy = 158 GeV as measured with the NA50O experiment, showing an anomalous

suppression. Taken from [25].

3.2.2 Sequential melting — QGP thermometer

For a given quarkonium state, the described dissociation mechanism depends on two things:
the medium temperature and the quarkonium radius, which is related to the binding energy.
Thus, states of different binding energies are expected to ‘sequentially melt’ at different
medium temperatures. This behaviour has been proposed as a ‘QGP thermometer'—by
measuring which quarkonium states were suppressed by colour screening and which not, one

can infer constraints on the plasma temperature [26].

This sequential suppression pattern is illustrated in Fig. (left), which shows what states
are expected to survive at given temperature. Net suppression of the quarkonium production
for various states measured by CMS at /sxy = 2.76 TeV is shown in Fig. [3.5] (right).
There, it can be seen that the higher binding energy states (J/v¢, T(15)) are significantly
less suppressed than the lower binding energy ones (1(25), T(25), T(35)).
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Fig. 3.5: (left) Diagram of the sequential melting expectation, showing which quarkonium
states survive at given T. (right) Comparison of the measured suppression for different

quarkonium states with the CMS experiment. Taken from [27][28].

3.3 Statistical recombination

Studying the dependence of the measured suppression on the collision energy brings up a
rather surprising fact. Fig. (left) shows the R4 of J/¢ at the LHC (/sxn = 2.76 TeV)
and RHIC (y/syny = 0.2 TeV). Despite the collision energy being by a factor of 10 larger, at
the LHC, the J/1 is much less suppressed (Ra4 ~ 0.6 at LHC vs Ra4 ~ 0.2 at RHIC in the
most central collisions). This is counter-intuitive because we would expect that the colour

screening effect would be more prominent with higher 7'

A relatively simple explanation to this conundrum emerges when one looks at the charm
quark cross-section as a function of the system collision energy, which is plotted in Fig. (right).
Although the uncertainties of the calculations are still significant, on average, this gives us
~ 100 c¢ quark pairs per event at the LHC and only ~ 10 c¢ quark pairs per event at RHIC.
Therefore, at the LHC, the charm quarks are abundant enough for the J/1 to be secondarily
produced by the coalescence at the QGP phase boundary. This ‘statistical recombination’

regenerates the suppression by the colour screening and, in principle, should the collision
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Fig. 3.6: Nuclear modification factor for J/v¢ as a function of multiplicity (left) and mean
number of participants (right). Results from RHIC are also shown in the left plot. Taken
from [29].

energy be high enough, can even enhance the production. See Fig. W (left) for a cartoon
illustrating this behaviour.

Statistical models taking into account the recombination can successfully describe the
measured R 44, as can be seen in Fig. [3.6| (right). Further evidence supporting the fact that,
at the LHC, a significant fraction of the J/i¢ comes from the plasma coalescence can be
found in the non-zero magnitude of the elliptic flow of the J/¢. At RHIC, however, the vy is
consistent with zero. This is displayed in Fig. [3.8 and hints at the fact that at RHIC energies,

the secondary production is not so prominent.

3.4 Cold nuclear matter effects

Apart from the recombination, further effects complicate the interpretation of the measured
suppression. There are other behaviour emergent in nuclear collisions—unrelated, however,
to the hot QGP phase—which affect the total production. Although this is not always the
case in the community, in this work, we will collectively call all of these the ‘cold nuclear
matter effects’ (CNM). They are generally studied in p+A collisions, where they should still

play a role, although the QGP creation is not expected. We will now explain some of the
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Fig. 3.8: Elliptic flow of the J/1 as a function of transverse momentum at the LHC (left)
and RHIC (right). Taken from [32][33].
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3.4. COLD NUCLEAR MATTER EFFECTS

notable CNM effects.

3.4.1 Nuclear shadowing

In accelerated, heavily Lorentz-contracted nuclei, the nucleons’ partonic densities are differ-
ent from those in single protons/neutrons in order to not violate the uncertainty principle.
Understandably, this modifies any subsequent production that takes place in the earliest
stages of the collision. Since heavy quarks come dominantly from gluons, let us now focus
on those.

One usually factorises the nuclear partonic distribution function (nPDF) F gA (21, 1r) as a
product of the single nucleon partonic distribution function (PDF) g(z1, f1y) and the shad-

owing ratio R (1, jif):

where z is the Bjorken momentum-fraction and ppr the adequate factorisation scale [34].
An example of the gluon PDF’s and the shadowing ratios—at the scales typically used to
calculate the J/¢ and T(15) production (up ~ my)—can be found in Fig. and Fig. [3.10
respectively.

Production of a quarkonium state C' in p+A collisions, taking into account the shadowing

effect, is then calculable via the factorisation theorem [34]

d;#_;cdg: /dxl dxs Jg(xl,uf)Ff(xQ,g,uf)% : (3.15)
where J is the Jacobian and dagzl_;cg the C-state production cross section, calculable e.g. from
the CEM model. Looking back at the Fig. [3.10] we see that based on the x of the nuclear
parton, the effect on the production can differ. For the J/1, there is a suppression from
r < 1072 and an enhancement at 1072 < x < 107! (called ‘anti-shadowing’). For the T(15),
the shadowing effect is slightly less pronounced.

Fig. [3.11| shows the R4 of the J/v¢ in p+Pb collisions at /syy = 5.02 TeV. The positive
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Fig. 3.11: Nuclear modification factor for J/v in p+Pb collisions at /syy = 5.02 TeV as a
function of centre-of-mass rapidity from the ALICE collaboration. Positive rapidity is defined

in the proton-going direction. Taken from [36].

rapidity is defined in the proton-going direction. In this result, we observe that the J/v is
suppressed at y > 0, although at y < 0, there are even hints of enhancement. We can now

relate the rapidity regions to x via

exp(£y) - (3.16)

mr
T2 = m
At the very forward or backward rapidities of y ~ +(—)3, we thus access regions of x5 ~ 1075
or r5 ~ 10711072, Juxtaposing this with the shadowing ratios, we indeed see that the former
case corresponds to the large shadowing region, whereas the latter just about borders with the
anti-shadowing regime. As is also apparent from the plot, results using the nPDF’s together
with models taking into account initial state parton energy loss can accurately describe the
measured y-dependence of the R44. Such ‘energy loss’ is expected to be caused by the
multiple rescattering of the interacting partons on the partonic cloud of the nucleus, usually

resulting in the broadening of the pr-spectra (Cronin effect) [35].
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3.4.2 Quarkonium suppression by hadrons

We have explained how can the difference in the initial conditions in nuclear collision result
in the observed suppression of the quarkonia. If this was the only effect, however, one would
expect the same suppression for all of the states of the given family. This is due to causality—
there cannot be any discrimination for the production of the pre-quarkonium constituents
based on what final state are they going to evolve into. In simpler words, the constituents
‘don’t know’ whether they will end up as a J/1 or ¥(2S), for instance. That being said,
however, we see a clear difference in the suppression of those two states in p4+A collisions, as
is shown in Fig. (left). This implies the presence of other medium-related phenomena,

which would be present for a sufficiently long time after the collision.

At SPS energies, this has been identified with the absorption by passing-by nuclear rem-
nants, the so-called ‘nuclear break-up’. Larger nuclei result in larger path length L (calculable
from Glauber), which would in turn mean higher probability for absorption. Fig. shows
the measured J/1 cross-section in collisions of: Be, Al, Cu, In, Pb, and U. A clear suppres-

sion, rising with L, is observed. This is usually parametrised as

OAA—C = A2 Opp—C X eXp(_LPN Uabs) ) (317>

where 044_,c and o0,, ¢ are the cross-sections for the quarkonium state C' in A+A or p+p
collisions resp., py ~ 0.14 fm=3 the nuclear density, and o, the effective absorption of the
state C' by a nucleus. For the J/v, calculations predict ai;p ~ 5 mb [6] at the SPS energies,

whereas for the T(15), values of o0 ~ 2 mb ~ (%)2 o’1" are typically used [I8].

At LHC energies, however, this mechanism is insufficient to explain the different sup-
pression between the ground state and the excited charmonia. The formation time of the
quarkonium state in the rest frame of the nucleus is t; = ~7¢, where 7; is the proper for-
mation time, which can be estimated from the uncertainty relations ﬁ ~ 107! fm. The
boost factor can be obtained from the quark-pair and the beam rapidity v = cosh(y — Ypeam ),

where Ypeam = — log( YY) ~ —5.4 at RHIC or ypeam =~ —8.1 at the LHC [38]. At RHIC mid-

mN

33



3.4. COLD NUCLEAR MATTER EFFECTS

—
—

- p-Be
o
(=Y an

o
©
3]

I\I\IIIII‘I\WllIII\I\III[I\II‘II!I'\I\fllll\ll\ll

c (Jy) /o (Jy)

e
()

0.85
0.8

0.75

0.7

—— Statistical errors

|:| Systematic errors

0-6 T N ST ST T RN AR Al AR AR RN S SRR SRR

0 05 1 15 2 25 3 35 4 45 5
L (fm)

0.65

Fig. 3.12: Ratios of the J/¢ production cross section in collisions of different nuclei w.r.t.
beryllium at /sy = 158 GeV and /syy = 400 GeV as a function of mean path length. The
different datapoints correspond to collisions of: Be, Al, Cu, In, W, Pb, U. Taken from [37].
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Fig. 3.13: Nuclear modification factor for J/¢ and #(2S) in p+Pb collisions at /syy =
5.02 TeV by the ALICE collaboration. Comparison with models including shadowing (left)

and shadowing+co-mover absorption (right) is also shown. Taken from [39][38].

and forward rapidity, this gives v > 100 and thus ¢y >> ra, ~ 10 fm. At the LHC, this is
even more prominent, with v > 1000. This means that by the time the charmonium state
forms, the nucleus is long gone and thus, nuclear absorption cannot explain the different
suppression, which is present at forward rapidity. In the very backward rapidity at the LHC
(v =~ 30), t; can be on the same order of magnitude as rpy,, this, however, still cannot account
for the factor of two smaller Ra4 [38].

Previous comments suggest that there must be other medium effects in p+A collisions,
acting over sufficiently long time so that different states can be distinguished. A popular
method to explain this is by including the possibility of inelastic interactions with secondary
hadrons in near phase space, the so-called absorption by co-movers.

The survival probability S& of a quarkonium C' in the co-movers’ presence can be found

by integrating the kinetic rate equation

dIOC b _ _co.—C _co. b C b 3.18
TdT <7T7y)_o— p (77a7y)p (,T,y) ( . )

f’%f co. _ co.—C _co. i
} SC <b7 r, y) - eXp(_U p (ba r y) lOg _) ) (319>

where p© and p® are the densities of C' or co-movers resp. at a given impact parameter b,
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transverse distance 7, and rapidity y, 0~ the inelastic cross-section between the co-moving
hadron (pion) and C, and the integration is from a certain initial time 7y to kinetic freeze-out
time 74 [38]. Multiplying calculated values of o,4¢ (which include shadowing) with S&

gives for R, that can rather accurately describe data, as can be seen in Fig. (right).
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Chapter 4

Experimental setup

This chapter provides an overview of the experimental facility used in the acquisition of the
data for the analysis presented in this thesis. In the first part, the accelerator is presented.

Subsequently, the detector and its notable sub-systems are described.

4.1 The RHIC accelerator facility

The Relativistic Heavy Ion Collider is a heavy-ion accelerator located at the Brookhaven
National Laboratory (BNL) in New York, USA. The RHIC facility and its experiments have
been essential in the investigation of heavy-ion collisions and searches for the QGP. The ions
are accelerated in two separate storage rings, which intersect at six interaction points. As
of now, only one of the points is used—by the STAR experiment. In the past, however, the
PHENIX, PHOBOS, and BRAHMS experiments were present, all of which have completed
their data-taking.

At RHIC, heavy ions can be accelerated up to /sy = 200 GeV. Thanks to its ion source,
various ions can be accelerated—Dbesides the normally used gold, collisions of nuclei of, for
instance, uranium or copper have also been measured. Another important feature is the
option to change the collision energy of the ions. This was utilised in the Beam Energy Scan

(BES) programme, which is important in studying the QCD phase diagram. Furthermore,
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Fig. 4.1: Depiction of the RHIC accelerator complex. Taken from [41].

proton beams can be collided. These can be polarised, which makes RHIC the most powerful
polarised proton beam accelerator in the world.
The layout of the accelerator complex can be seen in Fig. [4.1] For detailed information

on the accelerating procedure and beam characteristics, refer to [40].

4.2 The STAR experiment

The Solenoidal Tracker At RHIC is a multi-purpose heavy-ion collisions detector with full
coverage in azimuth (0 < ¢ < 2m) at mid-rapidity (|n|] < 1). Thanks to its excellent
PID capabilities and constant upgrades, STAR belongs to the world’s leading heavy-ion
experiments. Majority of the detector is surrounded by a solenoidal magnet system, which
subjects it to a magnetic field of 0.5 T, parallel to the beam-line. The STAR experiment can

be seen in Fig. [£.2] Some of its most prominent sub-systems are:
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e Time Projection Chamber (TPC),
e Barrel Electromagnetic Calorimeter (BEMC),

e Time Of Flight detector (TOF): greatly improves PID capabilities for particles with

momentum up to 3 GeV/c by measuring their velocity S,

e Muon Telescope Detector (MTD): located behind the magnet, this detector provides

PID and a trigger for muons,

e Heavy Flavor Tracker (HFT): a silicon detector placed as close as 2.5 cm from the

beam-pipe, which improves secondary vertex resolution up to ~ 40 pm,

e Vertex Position Detector (VPD): a quick coincidental detector used for triggering and

on-line determination of a primary vertex position.

The two detectors most relevant to the presented measurements—the TPC and the

BEMC—are described in more detail further in the chapter.

4.2.1 Time Projection Chamber

The TPC [42] is the primary tracking detector within STAR. This 4.2 m long cylinder with
2 m outer radius is also responsible for primary vertex reconstruction and provides PID via
ionisation energy loss dE/dx. The chamber is filled with a mixture of argon (90%) and
methane (10%) and operated 2 mbar above the atmospheric pressure. A thin high voltage
membrane of —28 kV is situated at z = 0 and together with grounded end-caps provides a
homogeneous electric field of 135 V/em. This field causes the electrons from the ionisation to
drift at a constant velocity of 5.5 cm/us, which results in the maximum drift time of ~ 40 us.
The detector is illustrated in Fig. [£.3]

The electrons are collected and read-out at the end-caps via the Multi-Wire Proportional
Chambers (MWPCs). They are divided into 12 sectors and each of these holds 45 pad-rows,

13 in the inner region and 32 in the outer. The inner region has continuous pad coverage
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Fig. 4.2: Tllustration of the STAR detector and some of its subsystems. Reproduced from [41].

Sectors Outer Pads Inner Pads

Outer Field Cage 6.2 mm x 19.5 mm 2.85 mm x 11.5 mm

& Support Tube Total of 3,942 Pads Total of 1,750 Pads
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Fig. 4.3: Picture of the TPC detector (left); one of the end-cap MWPC sectors (right). Taken
from [42].
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to facilitate the dE/dz measurement. The inner region has smaller pads to provide a better
resolution for the higher track densities. The sector and its parameters can be seen in Fig.[4.3
The TPC is also used to help identify particle species. This is done by constraining the

variable no;, which is defined as follows,

dE /dx

(B Jdz); (41)

no; = log

where (dE/dx); is the characteristic mean energy loss for a particle species i, predicted by

Bichsel functions. Distribution of dE/dz along with the characteristic value, i.e. no; = 0 ,is

plotted in Fig.

4.2.2 Barrel Electromagnetic Calorimeter

The BEMC [43] is a fast sampling calorimeter system situated behind the TPC and the TOF
detectors, sharing their azimuthal and pseudorapidity coverage. It is used for triggering,
detection of photons, and PID of mainly electrons via F/p. The trigger operates on a high-
tower principle, with a three-level customisable threshold (labelled as BHT1, BHT2, and
BHT3). The trigger is fired if a bit-shifted value of ADC exceeds the given threshold.

The barrel’s inner radius is ~ 2.2 m and its outer radius ~ 2.5 m. The detector consists of
120 modules, each holding 2 x 20 cells—the towers. One tower has a coverage of Ap x An ~
0.05x 0.05. They are composed of 21 scintillator tiles (created by light-insulating the module
‘'megatiles’ tower-by-tower), interleaved with 20 lead absorber plates. Cells of the Barrel
Shower Maximum Detector (BSMD)—which improves the spatial and shape resolution of
the produced shower—are situated between the fifth and the sixth layer. Light from the
scintillator tiles are collected by means of Wavelength Shifting Fibres (WLS), connecting to
clear optical fibres, and then read-out by Photo-Multiplier Tubes (PMT). The geometry of
the BMC and its modules, as well as a layout of BEMC towers, is displayed in Fig.

The BEMC is also utilised to help identify the electrons. This is due to the fact that,

unlike charged hadrons, electrons are expected to lose all of their energy in the calorimeter.
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Fig. 4.4: THIS ANALYSIS: (left) Distribution of the TPC tracks energy loss dE/dx vs.
primary momentum p. The notable yellow structures in the d£/dx plot belong to the pions,

electrons, kaons, and protons, going from bottom left to top right. The typical energy loss

for electrons is showed as a red line.
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Fig. 4.5: Illustration of the STAR BEMC detector (left); a BEMC module geometry (middle);
layout of BEMC towers (left). Taken from [41] [43].
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Fig. 4.6: THIS ANALYSIS: (left) Distribution of the E/p ratio for electrons (determined
from simulations) and of all charged hadrons (measured in real data). The distributions are

both normalised to unity.

Therefore, constraints on the E/p ratio can be imposed. The different distributions of E/p

for electrons and charged hadrons are shown in Fig. [4.6
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Chapter 5

Author’s analysis on T — eTe™

This chapter is the principal part of this thesis and overviews the author’s analysis on the T
meson production using the di-electron channel. Measuring the T at RHIC energies has the
advantages of virtually no regeneration [I§] and smaller effect of certain CNM phenomena,

such as the break-up by co-movers [53].

5.1 Dataset and tools

This analysis has been carried out on the data collected in 2014 with the STAR experiment
from Au+Au collisions at /sxy = 200 GeV. Since the T production is very scarceﬂ the
BHT?2 trigger (see Chapter 4) was used in the data collection.

The analysed data are in the format of picoDST (reduced Data Storage Tree), created
in root4star, which is a version of the ROOT framework [44] customised for the STAR col-
laboration. The ROOT framework is an analysis software structure designed for effective
evaluation of large-scale data in particle physics. It is written in the C+4 programming
language.

The total data sample consisted of two sub-datasets, referred to as lowmsid and high. They

correspond to two distinct data productions, one configurated for low- and mid-luminosity of

n p+p collisions, there is only one Y(1S) produced per approximately 10° minimum-bias events, and
just ~ 0.1% of these are successfully reconstructed in the di-electron channel.
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Collision system, energy ‘ Au+Au /syn = 200 GeV ‘ Run year ‘ 2014

Trigger BHT2*VPDMB-30 picoDST production tag | P15ic
Number of events 114.2M lowmid-dataset fraction | 45.7%
Integrated luminosity 3.96 nb~! high-dataset fraction 54.3%

Tab. 5.1: A summary of the dataset used for the analysis. The listed fractions represent
fractions of the total luminosity.

the beam, the second for high-luminosity. They differ slightly, mainly in the tracking. The
picoDST’s of Run 14 held over one billion events, vast majority of which were minimum-
bias events and unused in this analysis. A total of 114.2M good BHT2-triggered events
were selected from this, which corresponds to the integrated luminosity of ~ 3.96 nb~!. A

summary of the dataset can be found in Tab.

5.1.1 Event selection

The following set of quality cuts was applied on the events:

e |[vIPC] < 30 cm; the z-coordinate of the TPC-reconstructed primary vertex of the event,

TPC _
z

o |v vYPP| < 4 cm; the difference between z-coordinates of the TPC-reconstructed

and VPD-measured primary vertices,

e the event is BHT2-triggered.

TPC and vYPP

Distributions of the inclusive events’ v with the applied cuts are plotted in

Fig. B.1]

5.1.2 Event centrality

At STAR, centrality is calculated from the reference multiplicity grefMult, which is the num-
ber of charged particles at |n| < 0.5 and with the distance of closest approach (DCA) to
the primary vertex DCA< 3 cm. The grefMult, however, needs to be corrected to account

for run-dependent TPC irregularities, which is done on the basis of run-by-run studies of
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Fig. 5.1: THIS ANALYSIS: Distributions of the z-coordinate of the primary vertex vTF¢ vs.
the vYFP (left) and the vIFC (right). The red lines denote the applied cuts.

events. The grefMult is then related to the centrality classes via comparison with Glauber-
model expectations. A centrality class of eg. 0-10% corresponds to the 0-10% most central
collisions.

Distributions of the corrected and uncorrected multiplicities as well as the centrality
classes for the selected events can be seen in Fig. [5.2] It is noteworthy that the centrality
distribution is not uniform, which is seemingly inconsistent with the definition of the classes.
This, however, comes from using the BHT2-triggered events, which are generally biased

towards more central collisions.

5.2 Upsilon reconstruction

This analysis utilises the di-electron decay channel of the T, although reconstruction via
di-muons is also possible thanks to the installation of MTD in 2014. The electrons are
identified with a combination of TPC and BEMC. A TPC-reconstructed primary track must
be successfully matched to a cluster within BEMC. A BEMC cluster is defined as a collection
of three neighbouring BEMC towers with the highest energy deposit. At least one of the two
electron daughters must also be matched to the tower which fired the BHT2 trigger. A simple

cartoon of the reconstruction is shown in Fig. [5.3
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charged-tracks multiplicity. (right) Distribution of the centrality classes. The class 8 cor-
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Fig. 5.3: Cartoon of the employed reconstruction algorithm. The curved black lines represent

the TPC tracks and the green bars denote the BEMC towers.
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5.2.1 Selection with TPC

Charged particle tracks reconstructed via TPC are subjected to the following set of cuts:
e the track is a primary track, i.e. matched to the primary vertex,
o nHitsFit > 25; hit-points in TPC used for the track fitting,
e nHitsdEdr > 10; hit-points in TPC used for the dE/dx determination,

e nHitsRatio > 0.52; ratio of the hit-points used in a given TPC sector and the possible

maximum of the track,
e DCA< 0.75 cm; distance of the closest approach to the primary vertex,

e —1.5 < no. < 3; number of Gaussian deviations from the predicted (dE/dz) value for

electrons,

In| < 1.0,

p > 3.5 GeV/c,

p > 4.5 GeV/c for at least one daughter,

ly| < 0.5 for a daughter pair,
e pr < 10 GeV/c for a daughter pair.

Distribution of the no, with the applied cut is shown in Fig. The kinematics variables—
n, ¢, and p—are plotted in Fig.[5.5] The peak at zero corresponds to the tracks that are not
primary. Finally, the daughter pair kinematics—pt and y—can be found in Fig[5.6]

5.2.2 Selection with BEMC

Apart from the triggering, the BEMC is also utilised to help identify electrons. PID traits of

the calorimeter are not based on single towers but on clusters of three neighbouring towers
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counts

Fig. 5.4: THIS ANALYSIS: Distribution of the no. of all tracks. Red lines represent the
applied cuts.

with the highest energy deposit. A TPC track successfully matched to such cluster needs to

subsequently fulfil following conditions:

e 0.75 < E/p < 1.5; deposited energy in a cluster divided by the track momentum,

e R = /An?+ Ap? < 0.025; distance between the cluster centre of gravity and the
projection of the track to the BEMC.

The BEMC-related distributions and cuts can be found in Fig. [5.7]

5.3 Raw yield reconstruction

The T raw yield is reconstructed from the distribution of the invariant mass of an electron-

positron pair, which can be calculated as follows,
mZ, = (Eq + Ew)’ — (o) +02)° (5.1)

5.3.1 Combinatorial background

Due to the fact that electrons in an event can come from many sources other than the T

(such as 7 conversions, semi-leptonic decays, other resonances), the invariant mass spectrum
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pair transverse momentum pr (left) and pair rapidity y (right). The red lines represent the
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is largely contaminated by background of completely uncorrelated, random pairs. This com-
binatorial background is usually modelled by forming a mass spectrum of like-signed pairs.
Such pairs cannot come from any relevant decays but would still be equally susceptible to
this effect.

Let us assume there are N, sources of di-electrons in one event, which subsequently pro-
duce N electrons and N, positrons. The total number of all possible unlike-sign combinations

is then N2. If we subtract this from the number of actual decays, we get
N = N? — Ny = Ny(Ny — 1) . (5.2)

Let us now consider the like-sign combinations, for example (——). The first electron can
form N, —1 like-sign pairs, the second Ny —2, and further on. This gives us the total number

of

N — (N, — 1) + (N, — 2) + ... + (N, — N) (5.3)
Ny —1
S

=N, N,—(1-2—..—N,) =N, (5.4)

This, summed with the (++), can therefore describe the combinatorial background.
Sometimes, the geometrical average multiplied by two is used instead, which is an equivalent
method. It, however, can work better if one wants to account for different reconstruction

efficiencies of e* and e~, should there be any (negligible in this analysis).

5.3.2 Event mixing

Another popular method to estimate the combinatorial background is by pairing electrons
and positrons from different events, thus removing any possible correlation. It benefits from
much better statistical precision, that being said, its feasibility is sometimes questioned and
it is not universally applicable.

In this analysis, it was found that the event mixing fails to describe the like-sign spectrum

accurately, and thus was not used. This can be seen in Fig. which shows the comparison
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Fig. 5.8: THIS ANALYSIS: Comparison of the combinatorial background modelled by like-
sign spectrum (blue) and event mixing (red) in different ranges of centrality, also shown with

ratio plots.

of the like-sign and the event-mixed background. The electrons were paired together only
from events as similar as possible (v,, centrality), however, time-dependent irregularities in
the data-taking could still be reflected in the data. This can impact the method’s applicability

and partially explain the seen difference.

5.3.3 Upsilon signal line-shapes

In an ideal detector and with no energy loss of the daughters, the T’s would be represented

1

as Breit-Wigner peaks with widths of 77". Due to the detector momentum resolution and

bremststrahlung of the electrons, the peaks take shape of the Crystal-Ball function, whose
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definition is

(5.5)

Exact parameters of the function for each of the T state were determined from PYTHIA6
[46] simulation with full GEANT [47] detector response. Moreover, since this is something
the analysis is rather sensitive to, the simulated line-shapes needed to be further corrected
for any defects. This was done by comparing a J/v peak simulated in an identical fashion
with the one measuredE] and incorporating additional momentum smearing to the simulation

to achieve the best match between the two.

5.3.4 Correlated background

In the kinematic region of our interest, apart from the combinatorial background, there
is also a significant contamination of di-electrons coming from actual physical processes.
Dominantly, these are semi-leptonic decays of B mesons and Drell-Yan processes. It has
been suggested that the latter is much less significant [45].

Due to the large statistical uncertainty of the measurement, the correlated background
shape could not be extracted from the data across all centralities in a consistent manner.
Thus, it had to be precisely parametrised from PYTHIA4+GEANT simulations. The configu-
ration options of PYTHIA are very vast—for this reason, a set of parameters STAR-HF-Tune
was used. These parameters are optimised to reproduce the measurements of J/v, T, D — e,
and B — e spectra at the STAR experiment as accurately as possible.

For this work, we simulated only the BB decays, with a requirement for the primordial
b-quarks to be created with a transverse momentum of at least 5 GeV/c. This parameter

biases the invariant mass spectrum slightly to the right w.r.t. to the default zero value.

2The J/1 meson is much more abundant than the Y and for this reason suffers from significantly smaller
statistical uncertainty, which makes the comparison possible and unambiguous.
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Nevertheless, its effect is not too large (a shift of ~ 1 GeV/c?) since the decay electrons
generally carry only a small fraction of these momenta. Moreover, the BB spectrum with
this bias, is found to be very well consistent with spectra also including the Drell-Yan and
incorporating a de-correlation of the b quarks in n and ¢ before hadronisation, which is to

some extent expected in the QGP.

5.3.5 Signal extraction

Raw yields of the T states were extracted from the unlike-sign mass spectrum by using
unbinned maximum likelihood fit. This method has been suggested to be more appropriate
for low-count data [48] and was performed with the RooFit toolkit—a ROOT extension
designed for data modelling. [49]

The following fitting strategy was found to be the most reliable across all centralities:

1. Fit the like-sign mass spectrum in the (6;14) GeV/c? range with a third-order Cheby-

chev polynomial and fix its shape as well as magnitude,

2. build the probability distribution for the correlated background directly from the his-
togram from the simulation instead of using a function parametrisation to avoid un-

necessary bias,

3. use the T line-shapes and fix the ratio of the T(2S) and the Y(3S) to the world-wide
average (0.689:0.311) [51],

4. fit the unlike-sign mass spectrum in the (6;14) GeV range with the composite proba-
bility distribution and extract the T(15) and T(2S 4 35) yields,

5. evaluate the systematic uncertainties associated with the signal extraction by

e omitting step (1) and subtracting the like-sign spectrum from the unlike-sign one

in step (4),

e varying the fit ranges to (5.5;14) and (6; 14.5),
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Fig. 5.9: THIS ANALYSIS: Reconstructed di-electron invariant mass spectrum with the

composite fit of the T signal in the 0-60% centrality class.

e changing the widths o of the Crystal-Ball functions by +10%,

e using values of 4.5 and 5.5 GeV /¢ for the minimum pr in the correlated background

simulation,

e choosing a ratio of (1:0) for the Y(25) and Y(35) states, which would correspond

to a full dissociation of the latter.

The fitted invariant mass spectrum, in the 0-60% centrality class at mid-rapidity |y| < 0.5,

is plotted in Fig. The results for the 30-60%, 10-30%, and
in Fig. [5.10} A clear T signal is observed in all of these.
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5.4 Reconstruction efficiency and detector acceptance

Precise knowledge of the total efficiency for the T reconstruction is one of the most vital
aspects of the measurement. To determine it, we embed a PYTHIAG-simulated T signal,
incorporate a full detector response with GEANT, and embed it into real eventsﬂ Such data
are subsequently analysed with the same methods as with the real data and by comparing
its results with the a priori known Monte Carlo truth, efficiencies can be inferred. Some

efficiencies can also be determined directly from the real data.

5.4.1 Embedding

The MC sample was generated with the following parameters:

e 900K events; 300K for each T state; 1 T per event,
e inclusion of events from both the lowmid and the high datasets,

e the Y’s are generated with a uniform distribution in |y| < 1.2, ¢ < 27, and 0 < pr < 10.

Henceforth, unless stated otherwise, we will show efficiencies for the YT (15) only, with no
discrimination between centrality and lowmid and high, even though in the analysis we

determined this individually for each state, centrality bin, and sub-dataset.

5.4.2 Daughters acceptance, trigger efficiency, tracking

Single electron TPC acceptance and trigger efficiency, as functions of the electron momentum,
are plotted in Fig. Unlike the simulation, the real online trigger threshold is based on
the 4 bit—shifted value of the tower ADC, referred to as DSM. For BHT2, the DSM threshold
is 19, which corresponds to the ADC of (18 >> 4) = 306. However, for the ADC, the
trigger turn-on actually starts at ~ 297. A value of ADC +9, corresponding to the width of
a ADC|psm=const. simulated Gaussian, was used as the threshold variation to determine the

systematics.

3Such simulation is referred to as embedding.
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Fig. 5.11: THIS ANALYSIS: Single-electron TPC acceptance (left) and single-electron trig-
ger efficiency of the BHT?2 trigger (right) as functions of the electron momentum p.

Tracking efficiency and efficiency of the track quality cuts can be found in Fig. |5.12| Flat
systematic uncertainty of ~ 5% was assumed for the tracking efficiency, a value adopted from
other hadron analyses at STAR [52]. Conservatively, we assume a full correlation of this for

the two tracks, which results in a 2 x 5.8% uncertainty for the yield.

5.4.3 BEMC-PID efficiency

Single-electron efficiencies of the F/p PID and of the BEMC-TPC matching are shown in
Fig. . Systematic uncertainty of the E/p was determined by varying the cut values by
1 o, which is the error of E/p stemming from the energy and momentum resolution and was
evaluated at the cut boundaries by Monte Carlo. As for the matching, we also varied the R

cuts by the mean pointing resolution of a TPC track projected to the BEMC.

5.4.4 TPC-PID efficiency

Instead of the embedding, the no. cut efficiency was determined directly from the real data.
Since the no, is constructed so that at any p it gives the distance between the measured

dE/dx and the Bichsel-prediction in number of Gaussian o’s, the efficiency should be easily
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calculable because the no, distribution for electrons should be a Gaussian with g =0, o = 1.
However, this is not completely true (usually p ~ —0.5, 0 ~ 1) and thus the efficiency must
be determined without this assumption.

Due to the large contamination by pions, the u and o of the electron Gaussian cannot
be pinpointed accurately when selecting electrons by the standard means employed in this
analysis. For this reason, a high-purity sample of electrons coming from photon conversions
(mee < 100 MeV/c?) was utilised. Fits of the no. distributions with three Gaussians rep-
resenting electrons, pions, and kaons+protons—in different momentum bins—can be seen
in Fig. [5.14] The resulting no, cut efficiency is then plotted in Fig. [5.15] along with the

parametrisation and systematic uncertainty.

5.4.5 Total reconstruction efficiency

The total reconstruction efficiency incorporating everything stated above plus efficiencies of
the cuts on kinematics and DCA can be found in Fig. as a function of the Upsilon pr,
along with the different contributions. Due to the interplay of the shapes of the different
sources, the final efficiency is almost independent on the Upsilon pr. The average value of

the efficiency for all T states in different centrality bins is plotted in Fig. [5.17]

5.5 Nuclear modification factor

The final result of this analysis is the nuclear modification factor R4 as a function of the

mean number of participants (Npa). First, the invariant T yield is calculated as follows,

AN N

_ : 5.6
dedy Ex det : UXI§1+AU : Acent. ’ Ay ’ ( )

where NY*W is the raw yield of the given state extracted from the spectra, ey its total
reconstruction efficiency and acceptance, [ Ldt the integrated luminosity of the sample,

ol \. = 6 b the total inelastic cross-section of an Au+Au collision at /sy = 200 GeV [52,
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values represent the measured no..
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Effects of various components are also shown as different colour points, multiplicatively.
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Fig. 5.17: THIS ANALYSIS: Values of the total reconstruction efficiency in different cen-
trality classes for the Y(15), T(25), and T(35).

Acent. the size of the centrality bin (for instance Aceps, = 0.3 for the 30-60% bin), and Ay = 1.0

the size of the rapidity window. The nuclear modification factor is then determined by di-

- : . : . L . do?P
viding the invariant yield with a scaled cross-section in p+p collisions dp?;y as

o.inel ZN%V
_ pp pTay
RAA - N doP? (57)
< coll> X
dprdy

where U;f;)el = 42 mb is the total inelastic cross-section of a p+p collision and (Ny) the mean
number of binary collisions [52]. The value of 81.0 + 5.2 (stat.) 725 (syst.) pb was chosen as

the mid-rapidity |y| < 0.5 p+p-reference. [50]

The nuclear modification factors of the Y(15) and the T (254 35) as functions of (Npart.)
are shown in Fig. [5.18] along with the uncertainties. Sources of the systematic uncertainties

and their effect on the Ra4 are listed in Tab.
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Fig. 5.18: THIS ANALYSIS: The nuclear modification factor of the T(1S) (top) and the
T(2S + 35) (bottom) as a function of the mean number of participants (Npa). Statistical
uncertainties are represented by the vertical lines and systematic uncertainties by the open
boxes. Common uncertainty of the normalisation and the uncertainty of the (Non) determi-

nation are also shown, denoted as the full box around unity and grey boxes respectively.
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Systematic uncertainty % ‘ Systematic uncertainty %
tracking 154 | kinematics cuts +6.3
trigger efficiency +4.5 | signal extraction +4.9
E/p +8.7 | sampled luminosity +8
R +9.5 | polarisation +3

Tab. 5.2: Sources of systematic uncertainties on Rq4 for T(1.5) in the 0-60% centrality class.

5.6 Discussion

The nuclear modification factors Rs4 for the ground state and for the excited states—

measured in the di-electron channel in dataset from Run 14—are found to be

T(1S) — Raal), 8 = 0.42 4 0.06 (stat.) +0.10 (syst.) , (5.8)
T(25+35) — Raal), 2t = 0.25+ 0.1 (stat.) + 0.06 (syst.) . (5.9)

These results suggest that the excited states Y(25) and T(35) seem to be generally more
suppressed in Au+4-Au collisions at /syy = 200 GeV than the ground state T(1S5), although
the results suffer from large uncertainties. This result is consistent with the expectations
coming from the phenomenon of sequential melting, see Chapter 3.

In order to increase the precision, let us combine our results with other latest measure-
ments at STAR. The updated Ra4’s can be seen in Fig. [5.19] Using these, we can now see
signs of a trend—with increased centrality, the suppression for all states increases as well. In

the most central collisions, there is now

T(18) — RAA\fy*‘i%ng = 0.46 £ 0.05 (stat.) % 0.04 (syst.) , (5.10)
T(25+3S) = Raalj 2% = 0.2140.08 (stat.) + 0.05 (syst.) . (5.11)

Conclusions about direct suppression of the T(15) at RHIC cannot be made, because even
in the most central collisions, the measured R44 can be explained by absence of feed-down

due to total suppression of the excited states.
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Fig. 5.19: THIS ANALYSIS: The nuclear modification factor of the Y(15) (left) and the
T(2S + 35) (right) as a function of the mean number of participants (Npat). Blue points
represent this analysis’s contribution towards the combined results (red points). Statistical
uncertainties are represented by the vertical lines and systematic uncertainties by the open
boxes. Common uncertainty of the normalisation and the uncertainty of the (Non) determi-

nation are also shown, denoted as the full box around unity and grey boxes respectively.

In peripheral collisions, the T(1S5) and T (2S5 +3S5) seem to be similarily suppressed—this
is consistent with the idea that the QGP was not created as the energy density was not
sufficiently high. There, the measured suppression can be attributed mostly to the CNM

effects, which are not expected to discriminate between the YT states at RHIC energies.
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Summary

Principal objective of this thesis is to introduce the author’s measurements of T production
in Au+Au collisions at /sy = 200 GeV. Heavy quarkonia are important probes of the
quark-gluon plasma, namely for their possible dissociation in the deconfining medium, which
occurs for different quarkonium states at different temperatures. Basic concepts and findings
about heavy-ion collisions, the QGP, and CNM effects are also overviewed.

In the analysis, the di-electron invariant mass spectrum with a clear Y(1S) and Y (2S+3S)
signal was reconstructed in data from 2014. Furthermore, the T signals were carefully ex-
tracted. Expected signal shapes and contributions from correlated background sources were
obtained via Monte Carlo simulations. The like-sign method was employed to estimate the
combinatorial background, although event-mixing was also considered.

The measured raw yields were corrected for reconstruction efficiencies, which were de-
termined by a combination of embedding T signal from simulations including full detector
response into real events and a high-purity electron-enhanced data sample from photon con-
versions. From this, the nuclear modification factor was obtained and reported as a function
of mean number of participants for both the ground and the excited states.

The Y(2S + 3S) appear to be generally more suppressed than Y(15), even more so in
central collisions, which becomes clearer after combining this analysis’ results with other T
measurements at STAR. This observation is consistent with the phenomenon of sequential
melting—at RHIC energies, the temperature is sufficiently high for the excited states to be
largely suppressed. Greater precision and better understanding of feed-down is necessary in

order to draw any conclusion on the direct ground-state suppression.
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1. Introduction

Lattice QCD calculations predict that under extreme conditions, hadronic matter undergoes a phase
transition and forms a new state of matter consisting of deconfined quarks and gluons, the so-
called Quark Gluon Plasma (QGP). This form of matter is hypothesised to comprise the Universe
in its earliest stages. Such conditions are believed to be achievable in ultra-relativistic heavy-ion
collisions at the Relativistic Heavy Ion Collider (RHIC) and the Large Hadron Collider (LHC).
Due to its short lifetime (~fm/c), the properties of the QGP are experimentally very challenging to
measure.

One of the key probes to the QGP properties is the measurement of suppression for heavy
quarkonia, e.g. J/y or Y. The c¢ or bb pairs, due to their large masses, are created primarily before
the QGP formation and their production cross-sections can be well calculated based on perturbative
QCD. In the presence of the QGP, a quarkonium is expected to dissociate by the colour screening
effect when its radius exceeds the Debye radius rpepye o< 1/7 [1]. This dissociation is dependent
on the quarkonium binding energy, and thus is expected to occur for different states at different
temperatures. Thanks to this sequential melting, quarkonia can serve as a “QGP thermometer” [2].

Other phenomena can also influence the quarkonium production in heavy-ion collisions, such
as the statistical recombination by coalescence of deconfined quarks at the QGP phase boundary
and the cold nuclear matter (CNM) effects, like the inelastic interactions with co-moving hadrons.
The CNM effects can be investigated in p+A collisions. Compared to J/y, the Y mesons are
believed to be a cleaner probe of the colour screening effect at RHIC energies, due to less suscep-
tibility to the co-mover absorption [3] and virtually no production by recombination thanks to the
b and b scarcity in the medium [4].

2. T reconstruction with the STAR experiment

At the Solenoidal Tracker At RHIC experiment (STAR), Y’s are reconstructed via both the di-
electron and di-muon decay channels at mid-rapidity. The Time Projection Chamber (TPC) serves
as the primary tracking sub-detector with full coverage in azimuth 0 < ¢ < 27 within pseudora-
pidity |n| < 1. It also provides particle identification (PID) via measurement of the energy loss
dE /dx. For the di-electron channel, the Barrel Electromagnetic Calorimeter (BEMC) is employed.
It has the same ¢ and 1 coverage as the TPC. Apart from providing electron PID via the E/p, it
is also used for triggering on high-p electrons from T decays. Since 2013, STAR can also mea-
sure quarkonium production through the di-muon channel thanks to the instalment of the Muon
Telescope Detector (MTD) placed behind the solenoidal magnet. It covers approximately 45% in
azimuth within |n| < 0.5 and can be used for both identifying and triggering on muons. When-
ever possible, results obtained from both of the channels are combined to enhance the statistical
precision of the measurement.

3. Results

In all figures presented in this section, statistical uncertainties are shown as vertical bars and
systematic ones as open boxes around the data points. Full boxes around unity denote the global
uncertainties.
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3.1 Y production in p+p and p+Au collisions

Production of Y(1S+2S+3S) has been measured via the di-electron channel in p+p collisions at
/s = 200 GeV using BEMC-triggered data with an integrated luminosity of 97 pb~! from 2015.
Within |y| < 0.5, the pr-integrated cross-section is measured to be B-do/dy = 81 £ 5(stat.) +
8(syst.) pb, where B is the branching ratio. As shown in the left panel of Fig. 1, the new result
is consistent with the previously published result by STAR [5], but the precision is improved by a
factor of 2. The new result is also in a good agreement with the trend of world-wide experimental
data as well as the NLO CEM prediction [6].

In order to study the CNM effects, ¥ measurements have also been carried out in p+Au colli-
sions at /sy = 200 GeV through the di-electron channel using BEMC-triggered data with an in-
tegrated luminosity of 300 nb~! from 2015. The measured nuclear modification factor Rpau Within
ly| < 0.5 is 0.82£0.10(stat.) ;o (Syst.) £ 0.10(norm.). The Rpay is shown in the right panel of
Fig. 1 as a function of rapidity. These results are consistent with previous STAR measurements in
d+Au collisions [5] but have two times smaller relative uncertainties.
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Figure 1: (lefr) Y(1S+2S+3S) production cross-section at mid-rapidity from p+p collisions of /s = 200 GeV
(red star) compared with global results and NLO CEM calculations [6]; (right) Y(1S+2S+3S) nuclear modi-
fication factor Ry, from p+Au collisions of /syn = 200 GeV (red stars) as a function of rapidity.

3.2 Y production in Au+Au collisions

In Au+Au collisions at /syn = 200 GeV, the T production has been measured both in the di-
electron channel (BEMC-triggered data of 1.1 nb~! from 2011) and the di-muon channel (MTD-
triggered data of 14 nb~! from 2014). Nuclear modification factors measured in both channels
are found to be consistent with each other within uncertainties, and thus are combined to further
increase the precision.

The combined Rap is presented in Fig. 2 as a function of the mean number of participants
Npare in each centrality bin for both T(1S) and Y(25+3S). The excited states are more suppressed
in central collisions than the ground state. Shown are also results measured by CMS in Pb+Pb
collisions at /syn = 2.76 TeV [7]. Whereas the Y(1S) results are consistent, the Y(2S+3S) appears
to be less suppressed at RHIC than at the LHC. The Ra4 extracted from the di-muon channel is
also shown in Fig. 3 as a function of pr. In comparison with the CMS results [7], the Y(1S) Raa is
again in agreement, whilst the Y(2S+3S) Raa seems to be larger at high-pt at the RHIC.
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Figure 2: Ra for the Y(1S) (left) and the Y(2S+3S) (right) at mid-rapidity as a function of Ny in Au+Au
collisions at /syn = 200 GeV (red stars). Also portrayed are the centrality integrated result (open red star),
the Rpau from p+Au collisions (blue star), and CMS results from Pb+Pb collisions at \/snn = 2.76 TeV
(grey diamonds and magenta line) [7].
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Figure 3: Raa for the Y(1S) (left) and the Y(2S+3S) (right) at mid-rapidity as a function of p in Au+Au col-
lisions at /snn = 200 GeV (red stars) together with CMS results for Pb+Pb collisions at \/syn = 2.76 TeV
(grey diamonds) [7].

Comparisons to theoretical predictions are shown in Fig. 4. These quarkonium production
models in heavy-ion collisions differ mainly in the implementation of various CNM effects, re-
combination as well as their approaches to the quarkonium binding potential. The Strongly Bind-
ing Scenario (SBS) models use the internal energy as the heavy quark potential. It corresponds to
a fast Y dissociation and neglects random thermal energy transfers with the medium. Unlike SBS,
the Weakly Binding Scenario (WBS) uses the free energy as the potential. The Strickland-Bazow
model [8] studies the two scenarios with no CNM effects nor regeneration included. The model by
Liu et al. [9] includes dissociation only for the excited states, and systematically under-predicts the
suppression, hinting at further influence of CNM effects and/or direct Y(1S) dissociation. Unlike
the two previous models, the Emerick-Zhao-Rapp SBS model [4] takes into account CNM and
regeneration effects. In summary, the data appear to favour the SBS-based model calculations.

4. Conclusions and outlook

We present recent measurements of Y production at mid-rapidity with the STAR experiment. In p+p
collisions of y/s = 200 GeV, the new and more precise cross-section results are in solid agreement
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Figure 4: Nuclear modification factors for the Y(1S) (left) and the Y(1S+2S+3S) (right) in Au+Au collisions
at \/sNN = 200 GeV at mid-rapidity are shown as a function of the mean number of participants Nyt Also
shown are the predictions of theoretical models [4][8][9].

with NLO CEM predictions as well as with the world-wide experimental data trend [6]. In p+Au
collisions at \/syn = 200 GeV, the CNM effects are quantified via Rpa, which is measured to be
0.82+0. lO(stat.);gjgg(syst.) +0.10(norm.).

In Au+Au collisions, we present Raa as a function of Ny, and pr for the Y(1S) and the
Y(2S+3S) separately. The Y(1S) suppression at RHIC is similar to that at the LHC. Better un-
derstanding of CNM effects and the feed-down contribution is needed before drawing conclusions
about direct Y(1S) suppression. In the most central collisions, the Y excited states are more sup-
pressed than the ground state, which is in accordance with the sequential melting behaviour. The
excited states also appear to be less suppressed at RHIC than at the LHC. These new Y results
can be further used to impose constraints on the QGP temperature at RHIC. Furthermore, analyses
using other Au+Au data samples are under way, with a factor of two increase in statistics expected.
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Moreover, different quarkonium states are expected to dissociate at different temperatures,

Abstract

In ultra-relativistic heavy-ion collisions, creation of a novel state of matter, the quark-gluon plasma (QGP), has been observed. This hot, dense, and short-lived medium of deconfined quarks and gluons
is experimentally very challenging to study. Suppressed production of heavy quarkonia, caused by colour screening of the binding force, has been viewed as a direct evidence of the QGP formation.

measurements of the Y production in Au+Au collisions at y/Syy = 200 GeV via the di-lepton channel by the STAR experiment at RHIC. At RHIC energies, other phenomena influencing the quarkonium

which can be used to constrain the properties of the medium. In this poster, we present recent

Experimental Setup

= Solenoidal Tracker At RHIC (STAR) is a detector designed for studying heavy-
ion collisions, located in Brookhaven National Laboratory, USA. It has excellent
particle identification (PID) capability and full azimuthal coverage. Most of the
sub-detectors are immersed in a 0.5 T magnetic field.

= To measure the scarce Y's in the di-electron channel, we utilise mainly two STAR
sub-detectors:

= Time Projection Chamber (TPC)
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= mid-rapidity coverage |n| < 1.0
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= tracking and  momentum
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= PID via ionisation energy loss
dE/dx

T
p[Gev/c]

AuvAu (5, =200 GeV 2014
—— electrons (simulation)
—+— charged hacrons (data)

= trigger on high-py electrons

= electron identification via

counts (normalised)

ratio of deposited energy to

momentum

006 08 1 12 14 16 16 2 22 24
Elp

Dataset and Upsilon Reconstruction

= Di-electron decay channel is used to reconstruct the Y (BRy(15)-ee = 2-38%)

= Data from Au+Au collisions at \/syy = 200 GeV taken in 2014

= A total of ~115M of BEMC-triggered events were analysed, corresponding to
fLdt~4nb™t

= Y's were measured at |y| < 0.5, in 0-10%, 10-30%, and 30-60% centralities with primary

tracks of p > 3.5 GeV/c; [n| < 1.0; 0.75 < E/p < 1.5; —1.5 < ng /4%

electron

<3.0

. Online trigger on

large energy 3. The partner electron is

deposition in BEMC
towers (Er>4.3 GeV)

also required to match
with the BEMC

4. Apply further PID
and quality cuts

N

. One electron candidate

reconstructed in the TPC is
required to be matched to

the triggering BEMC tower
4
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Results

Nuclear modification factor is used to quantify the hot medium effect on the
Upsilon production and is calculated as
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Results combined with other STAR measurements to increase the precision
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Dominant sources of systematic uncertainty are: tracking ( *13:4%), trigger efficiency (+4.5%), E/p cut efficiency

(+8.7%), TPC-BEMC matching (+9.5%), signal extraction (+4.9%), sampled luminosity (+8%), Y polarisation (+3%)

Conclusions

Measurements of the Y(1S) and Y(25+3S) in Au+Au collisions via the di-electron channel are

presented using the 2014 data and combined with other STAR measurements

Inclusive Y(1S) is suppressed at RHIC with: Ry, | {520 = 0.46 + 0.05 (stat.) + 0.04 (syst.)

Y(25+3S) seem to be more suppresed than Y(1S) in central collisions, consistent with the

phenomenon of sequential melting, with: R, | lyis0% = 0.21 4 0.08 (stat.) + 0.05 (syst.)
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