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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 its sup-
pression can be viewed as a direct evidence of the plasma formation, due to the colour
screening effect. Moreover, it can be used to infer constraints on the QGP temperature.

In this work, status of the author’s analysis on T production at the STAR exper-
iment in Au+Au collisions at /sxy = 200 GeV via the di-electron decay channel is
reported. The reconstructed invariant mass spectra with extracted yields are presented.
At RHIC energies, secondary effects complicating the measured suppression are deemed

less significant for the T, which makes it a cleaner probe of the screening effect.

Key words: heavy-ion collisions, quark-gluon plasma, upsilon, quarkonium suppression,

STAR
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Abstrakt:

Ocekava se, ze v ultra-relativistickych srazkach tézkych iontt dochézi k vytvoreni
nového stavu hmoty, dle predpovédi vypocti QCD na miizce. Za pritomnych extrémnich
podminek podstupuje bézna hadronova hmota fazovy prechod a formuje plasma dekon-
finovanych kvarku a gluonu (QGP). Je predpoklddano, ze toto médium tvofilo 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
Ize chapat jako ptimy dusledek vytvoreni plasmatu kvuli barevnému stinéni. Z mérené
produkce 1ze rovnéz vyvozovat limitni hodnoty teplot QGP.

V této praci autor predstavuje status své analyzy produkce mesonu T na experi-
mentu STAR ve srdzkdch Au+Au pii y/sny = 200 GeV za pomoci dvoj-elektronového
rozpadového kanalu. Predneseny jsou rovnéz zrekonstruovana spektra invariantni hmoty
s extrahovanymi vytézky. Sekundarni vlivy ztézujici méfené potlaceni produkce jsou
pro T pii energiich na RHICu povazovany za méné vyznamné. To ¢ini z T jasnéjsi

sondy ke studovani barevného stinéni.

Kli¢ova slova: srazky tézkych iontl, quark-gluonové plasma, upsilon, potlac¢eni kvarkonii,
STAR
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Chapter 1

Introduction

This chapter serves as an introduction to the thesis. First, motivations behind and properties
of heavy-ion collisions are briefly presented. In the second part, physics of heavy quarkonia

are overviewed.

1.1 Heavy-ion collisions

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.

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?2 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

universe—the magnetars.



1.1. HEAVY-ION COLLISIONS

1.1.1 Collision 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 = = y = z = 0 (interaction point): ¢

(azimuthal angle), n (pseudorapidity), r (radius). The 7 is a function of polar angle §—

n = —log(tan g))—and, for high-momentum particles p >> m, can be related to rapidity
Yy = %gfﬁ: In these coordinates, following relations are valid:

Pz = |p7| COS 0, (1.1)
py = |pr|sing (1.2)
p. = |p]sinhn . (1.3)

1.1.2 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
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 tend to have larger energy densities and temperatures.

Another important variable is the number of participants Np,yy and the number of binary
nucleon collisions N,;. 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 Np.¢ and Neon are particularly important for normalisation purposes—soft
probes (low energy transfer) are expected to scale proportionally with the Npa¢, whereas

hard probes (high energy transfer) with the N [1.
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Fig. 1.1: Cartoon of a distribution in final-state charged particle multiplicity. Connections

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

Mentioned variables, however, are not physically measurable. One thus also works with
centrality, a percentage of the total nuclear interaction cross section. It is inferred usually
from the total transverse energy Er or the particle density N, (multiplicity) and Monte Carlo
simulations using the Glauber model [2]. The approximate relations between the centrality,

b, Npart; Nen, and the collision geometry are illustrated in Fig. |1.1

1.1.3 Quark-gluon plasma

Lattice QCD calculations predict that under extreme temperatures, hadronic matter un-
dergoes a phase transition and becomes a plasma of deconfined quarks and gluons (QGP).
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. Illustration of the space-time evolution

of a such heavy-ion collisions with QGP is shown in Fig. [1.2]
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Fig. 1.2: Space-time evolution of a heavy-ion collision with expected creation of the quark-

gluon plasma. Taken from [g].

Studies of the QGP are of great importance. For instance, QGP is believed to comprise
the universe a few microseconds after the Big Bang [6]. 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 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.

1.2 Heavy quarkonia

Quarkonium is a neutral meson consisting of a quark and an anti-quark of the same flavour.
Charm quarkonia (charmonia) and bottom quarkonia (bottomonia) exist in various states

which vary in mass and binding energy. Overview of these can be found in Tab.
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States [ J/ xe W T(LS) 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. 1.1: Mass, binding energy, and radii of common quarkonia states of the charm and the
bottom family. Taken from [3].

The heavy quarkonia are a crucial probe to the QGP existence and its properties, since
their production is hypothesised to be significantly suppressed if the deconfining medium is
present, due to its colour screening effect [4]. This is further facilitated by the fact that the
production cross section of the constituent cé or bb quark pairs are well-calculable in per-
turbative QCD [6]. Furthermore, the ground states—the .J/¢ and the Y(1S)—have binding
energies considerably above the expected QGP temperature and their lifetime is also signifi-
cantly longer than that of QGP. Finally, the quarkonia have easily detectable di-lepton decay

channels [5].

1.2.1 Debye colour screening of the binding potential

In a deconfining medium, quarkonium system cannot be bound due to the Debye-like disso-
ciation caused by the screening by free colour-charge carriers.

For the sake of simplicity, let us assume that the binding potential of a quarkonium with
radius r, placed in a finite-temperature 7" QCD medium, takes the form of

—r 4oy €D

V(r,T)=krp(l —e™m) — 7 : (1.4)

where rp = rp(T') is the Debye radius which characterises the screening effect, x the string
tension coefficient, and «, the strong coupling constant. The Debye radius can be calculated

based on pQCD [7] and goes as follows

1 1

ro(T) = 6mra, T
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Event at ‘ RHIC 200 GeV LHC 2.76 TeV

Nez/event | 13 115
Ny;/event | 0.1 3

Tab. 1.2: Estimated number of heavy quark pairs created per central collision event (0-10%)
at RHIC and LHC energies [12].

One can then use the potential (1.4]) in the system Hamiltonian and set it equal to the
total system energy E(r). The function E(r) has a minimum in r only if » < rp. This
translates to the following—a quarkonium system can be bound only if its radius r is smaller

than the Debye screening radius rp [7].

1.2.2 Other behaviour of the quarkonium

Sequential melting

Since the different quarkonium states vary in their binding energies, and thus their radii,
the dissociation happens for different values of rp. Because of the fact that rp(7T) o< 1/T,
the various states are expected to become unbound at different temperatures. This has been
proposed as a “QGP thermometer” [9]—by measuring the suppressed production of different
quarkonium states, constraints on the QGP temperature can be inferred. Estimates on the

quarkonium states’ dissociation temperatures are presented in Fig. [1.3

Statistical recombination

If abundant enough, the deconfined heavy quarks can randomly coalesce at the QGP
phase boundary and form a quarkonium state—thus enhance the measured production. This
significantly complicates interpretation of the suppression caused by the colour screening.
Thanks to the scarcity of the b and b quarks in a typical Au-+Au collision of Vsnn = 200 GeV,
the regeneration caused by recombination is negligible for the bottomonia at RHIC [I1]. For
the charmonia at RHIC or for the charmonia and bottomonia at the LHC, this is not valid.

For the approximate number of heavy-quark pairs in a heavy-ion collision, refer to Tab.

Cold nuclear matter (CNM) effects
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QGP temperature in Au+Au collisions of /syy = 200 GeV at RHIC. Taken from [10].
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The CNM effects are effects that also come into play in heavy-ion collisions but are
unrelated to the hot QGP phase. These can be changes to the initial state, like the nuclear
(anti-)shadowing or initial state energy loss. Final state inelastic interactions with the nuclear
remnants or the co-moving hadrons also belong to these [6]. One method to study the CNM
effects is to measure the quarkonium production in hadron-nucleus (eg. p-+Au) collisions. It
can be shown that the bottomonia at RHIC have negligible susceptibility to the co-mover
absorption [13].

Feed-down

The quarkonium ground states have a significant contribution from the decays of higher
excited states. For instance, as much as 50% of the Y(1S) can come from the feed-down [5].
Naturally, suppression of the excited states then also leads to some suppression of the lower
state. Because of the fact that many of the higher states are virtually unmeasurable (eg.
the p-wave states), this creates a big source of uncertainty and must be carefully taken into

account.

1.2.3 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

RAA RV EEVE LR
Ncoll X Ypp

(1.6)

where Y5 and Y, are adequately normalised quarkonium yields in A+A and p+p collisions,

respectively.



Chapter 2

Experimental setup

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

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

2.1 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,

9
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Fig. 2.1: Depiction of the RHIC accelerator complex. Taken from [15].

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. [2.1] For detailed information

on the accelerating procedure and beam characteristics, refer to [14].

2.2 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 still 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. 2.2 Some of its most prominent sub-systems are:

10
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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 its velocity 3,

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

PID and triggering-on 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 study—the TPC and the BEMC—are

described in more detail further in the chapter.

2.2.1 Time Projection Chamber

The TPC [16] 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. 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/cm. 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.

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

to facilitate the dE/dz measurement. The inner region has smaller pads to provide a better

11
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Fig. 2.2: Illustration of the STAR detector and some of its subsystems. Reproduced from

[15].

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
2’;;‘5; Row 1 thru 8 on 48 mm Centers
Cage T 6.7 x 20 mm Centers Row 8 thru 13 on 52 mm Centers

Cross Spacing 3.35 mm

600.00 mm from DETECTOR CENTER

87 x3.35 = 291.45 mm

3.35 mm CROSS SPACING

[— 48.00 mm RADIAL SPACING

- (7 x48) + (5 x 52) = 596.00 mm ~|
1271.95 mm from DETECTOR CENTER

mm RADIAL SPACIN(
x20 =

TS —

Fig. 2.3: Picture of the (left) TPC detector; (right) one of the end-cap MWPC sectors. Taken
from [16].
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L777 22.81;m7

Fig. 2.4: Illustration of the (left) STAR BEMC detector; (middle) a BEMC module geometry;
(left) layout of BEMC towers. Taken from [15] [17].

resolution for the higher track densities. The sector and its parameters can be seen in Fig.

2.2.2 Barrel Electromagnetic Calorimeter

The BEMC [17] 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 E/pc. The trigger operates on a
high-tower principle, with a three-level customisable 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 Ay x An ~
0.05 % 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 the 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. [2.4]

13






Chapter 3

Author’s analysis on T — ete™

This chapter is the principal part of this report and overviews the author’s analysis on
the T meson production using the di-electron channel. In the beginning, the data sample
and reconstruction methods are explained. Then, reconstruction efficiencies are introduced.

Finally, the signal extraction methods and the yields are presented.

3.1 Data

This analysis has been carried out on the data collected in 2014 with the STAR experiment
from Au+Au collisions of \/sxy = 200 GeV. BHT?2 trigger (high-tower trigger with ADC
signal threshold 19) was used to ensure rich abundance of events with hard electrons. A
total of 118.9 M BHT?2 events were analysed, which corresponds to the integrated luminosity
of ~ 4.1 nb™%.

Originally, data reconstructed with the newer production tag P16d were used, as opposed
to the older tag P15c, since it included a fix on the HF'T tracking algorithm. Even though the
analysis does not implement HFT directly, this could still result in a slightly better tracking
efficiency for primary tracks. Nonetheless, the P16d tag did not include a dataset with high-
luminosity configuration, which contains a significant fraction (~ 50%) of the BHT2 events.

For this reason, results coming from the P15c data are presented in this report.

15
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Fig. 3.1: This analysis: Distributions of the z-coordinate of the primary vertex v2¢ vs. the

vY PP (left) and the vIFC (right). The red lines denote the applied cuts.

3.1.1 Event selection

Following set of criteria was applied on the events:

o [vIPC] < 30 cm—2z-coordinate of the event TPC-reconstructed primary vertex,

o [uI7e-

vYFP| < 4 cm—difference between z-coordinates of the TPC-reconstructed and

VPD-reconstructed primary vertices,

e the event is BHT2-triggered.

TPC and ,UVPD

Distributions of the inclusive events’ v M

Fig. 3.1}

with the applied cuts are plotted in

3.1.2 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 the shortest distance from the primary vertex
DCA< 3 ecm. The grefMult, however, needs to be corrected to account for run-dependent
TPC inefficiencies. This is done via the STAR Library class StRefMultCorr. This class is
also used to calculate the centrality classes. A centrality class of eg. 0 — 10% corresponds to

the 0 — 10% most central collisions.

16
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Fig. 3.2: This analysis: Distributions of the corrected reference multiplicity gefMult (left);
corrected grefMult vs. the uncorrected grefMult (right); and the centrality classes (bottom).
The class 8 corresponds to 0 — 5% of the most central collisions, class 7 to 5 — 10%, class 6

to 10 — 20%, and the other classes similarily, with an increment of 10%.

Distributions of the corrected and uncorrected multiplicities as well as the centrality
classes for the selected events can be seen in Fig. 3.2] 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.
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3.1.3 MC data with embedded T

For various purposes—particularly the study of reconstruction efficiencies and detector effets—
it is useful to work with a Monte Carlo generated data sample. Such sample is made so that
it resembles the real measured events as well as possible, but is artificially enhanced with the
sought signal. Such datasets—called “embedding”—can be then analysed with the same re-
construction methods as with the real data and its results compared with the a priori known
MC truth.

The events are generated with a PYTHIA-based event generator and the particle propa-
gation and reconstruction is simulated via GEANT [I8]. The sample was created with these

parameters:
e 900 K events—300 K for each T state,
e particles per events: 5% of multiplicity,

e 1 T per event, generated with flat distribution in |y| < 1.2, ¢ < 27, and 0 < pp < 10 .

3.2 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 measured charge. 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.

3.2.1 Selection with TPC

Charged particle tracks reconstructed via TPC are subjected to the following set of cuts:

18
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Fig. 3.3: Cartoon of the employed reconstruction algorithm. The curved lines represent the

TPC tracks and the columns denote the BEMC towers.

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 and the possible maximum in a given

TPC sector,
e DCA< 1.5 cm—distance of closest approach to the primary vertex

e —1.5 < no, < 3—number of Gaussian deviations from the predicted (dF/dz) value for

electrons,
e 7| < 1.0,
o p> 3.5 GeV,
e p > 4.5 GeV for at least one daughter,
e |y| < 1 for a daughter pair,

e pr < 10 GeV for a daughter pair.
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Fig. 3.4: This analysis: Distributions of the TPC tracks energy loss dE/dx vs. primary
momentum p (left); and the no, (right). Red lines represent the applied cuts. The notable
yellow structures in the dE/dx plot belong to the pions, electrons, kaons, and protons, going

from bottom left to top right.

Distributions of the dE/dx vs. p and of the no. with the applied cut are shown in Fig. |3.4
The kinematics variables—, ¢, and p—are plotted in Fig.[3.5. The peak at zero corresponds
to the tracks that are not primary. Finally, the daughter pair kinematics—pr and y—can be

found in Fig[3.6]

3.2.2 Selection with BEMC

The BEMC is used for both triggering and PID. A triggered high-tower must have exceeded
or been equal to a threshold of 19 on its ADC value. A distribution of the ADC values of
all 4800 BEMC towers can be seen in Fig. (left). It is apparent from the plot that some
towers fire significantly more often than others. These “hot towers” can be corrected for
based on a careful run-by-run analysis.

PID traits given by the calorimeter are not based on single towers but on clusters of three
neighbouring towers with the highest ADC value. A TPC track successfully matched to such

cluster needs to subsequently fulfil following conditions:

e 0.3 < E/p < 1.8—deposited energy in a cluster divided by the track momentum,
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and the momentum p (bottom). The peak at 1, = 0 corresponds to the non-primary tracks.
The red lines denote the applied cuts for all candidates, the black line represents the cut for

at least one of the daughters in a pair.
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Fig. 3.6: This analysis: Distribution of the kinematics variables of the daughter pair—pair
transverse momentum pr (left) and pair rapidity y (right). The red lines represent the chosen

selection cuts.

e |zDist| < 5 cm——cluster distance in the z-direction,
e |phiDist| < 0.05 cm—cluster distance in th p-direction,
e the leading tower of a matched cluster = BHT2-triggered tower, for at least one track.

The BEMC-related distributions and cuts can be found in Fig. 3.7 and Fig. 3.8

3.3 Reconstruction efficiency

Knowledge of the total reconstruction efficiency for the Y is crucial in order to determine the
true production. Combining the detector acceptance, the kinematics cuts, and the tracking
efficiency gives us a value of ~ 10% solely, as can be seen in the embedding. The final value

is expected to be ca. 3 —5%.

3.3.1 Single electron no, efficiency

The no, cut efficiency can be determined from the real data instead of simulations. It is

the fraction of electrons which pass the no, cut. The predicted mean value for energy loss
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(dE/dzx) of electron in TPC is given by its p-dependent Bichsel function. The measured
dE/dx should follow a normal distribution centered in this function. The no, is constructed
so that at any p it gives the distance between the dF/dz and the mean in number of ¢ of
said normal distribution. Ideally, the no. distribution for electrons should be a Gaussian
with 4 = 0, 0 = 1. However, this is not true (usually p ~ —0.5, ¢ ~ 1) and thus must be
carefully determined.

In first attempt, the efficiency was determined with single identified electrons. All TPC
and EMC cuts were included except the no.. The no. spectrum is then constructed for
several pr bins and in each of these, fitted with three Gaussians corresponding to the pion,
kaon+proton, and electron peaks. To avoid the p-o correlation, all widths were constrained
to vary from their mean by 3 errors of the mean.

Three of the pr bins of no, distributions with fits, as well as the final no, efficiency as
a function of pr, are shown in Fig. [3.90 Due to the extreme amount of pions, the fits are
not very stable. A clean photonic electron sample of e.g. m.. < 100 MeV can be used to

determine the efficiency with a better precision and stability.

3.4 Signal extraction

From pairs of oppositely charged TPC- and BEMC-identified electrons, the invariant mass
spectrum is constructed. A clear T signal is observed, as can be seen in Fig. Limited
statistics, low momentum resolution at high-pr, and additional background sources compli-
cate the extraction of pure T signal from the spectrum. A careful fitting must be employed

instead of simple bin-counting.

3.4.1 Signal peaks

Parametrisations of the Y(1S), T(2S), and Y(3S) signal shape functions are obtained by
fitting the mass peaks of the three states in the embedding data, which, for the ground state,
is shown in Fig. (left). The Crystal-Ball function is used for each state. The result from
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Fig. 3.10: This analysis: The fitting function template for the T (1S) (left), where the Crystal-
Ball function is used; and the combinatorial background via the event-mixing method (right),

where a fifth-order polynomial is employed.

simulations gives a good prediction on the signal shape. Further corrections needed due to
imperfections of the simulation can be determined by comparing the J/1) mass peak in the

embedding to the one in the real data, where it is abundant enough to give an unambiguous

fit.

3.4.2 Combinatorial background

Due to the character of the reconstruction—random pairing of any two electrons—the biggest
source of background is the combinatorial background of uncorrelated electrons. The like-
sign method assumes that the chance to pair two uncorrelated daughters is not dependent
on their sign. The invariant mass spectra are thus also built from two positive daughters
and from two negative daughters. The spectra are then added together and can be used to
estimate this background. A third-order polynomial is used as a fitting function.

Another method is the event-mixing method. There, the random pairing of uncorrelated
daughters is achieved by selecting each daughter from a different event. Ideally, characteristics
of these events should be as similar as possible. Currently, the mixing is done across events

in the same v,-classes. Splitting the events in e.g. the multiplicity can also be considered.
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Invariant mass spectrum from oppositely charged daughters coming from different events and

a fifth-order polynomial fit are plotted in Fig. (right).

3.4.3 Physical background

Apart from the combinatorics, the invariant mass spectrum is also contributed to by electron-
positron pairs coming from real physical processes. The two most important ones are the BB
semi-leptonic decays and the Drell-Yan di-lepton continuum. It is important to parametrise
the shapes of these backgrounds, and preferably, also their magnitude.

In first approximation, the bb+ ... = BB+ ... — ete™ + ... background is simulated with
Pythia8 [19] in p+p collisions aty/s = 200 GeV. The final-state electrons are smeared with
pr-dependent smearing functions determined from the embedding to account for detector
effects. They are then reconstructed the same way and with the same cuts as the T in the
real data. This is done so that the resultant spectrum shape acquires the same bias coming
from the distribution of the kinematic variables. The BB background shape fitted with a
ratio of two power laws can be found in Fig. (left).

The Drell-Yan process, q¢ — v*/Z* — eTe™ also contributes to the background. It can

be simulated with Pythia or Herwig. Example of an event generated with Herwig6 [20] is
illustrated in Fig. (right).

3.4.4 Total fit and yield extraction

A composite function—including the three YT states peaks, the combinatorial background,
and the BB background function shapes—is used to fit the invariant mass spectrum. Both
the like-sign and the event-mixing methods are employed. The T function parameters are
allowed to vary within 30 from the values determined from embedding. Their amplitudes
are let completely free. The BB and the event-mixing combinatorial background are both
fixed from their previous fits, also except for their amplitudes. The like-sign combinatorial
background is fixed altogether.

The invariant mass spectra with the total fits using both combinatorial background esti-
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Fig. 3.11: This analysis: A sample of the Pythia8-simulated BB background with a third-
order polynomial fit template (left); and a display of a Drell-Yan event in Herwig6 (right).

mation methods are plotted in Fig. |[3.12| For the ground Y(1S) state, a yield of 383 & 44 is
observed for the like-sign method, and 367 £ 64 for the event-mixing method. An estimation
of the Drell-Yan background and possibly also corrections for the T templates are further

needed to reduce the large uncertainties on the extracted yield.
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Summary and Outlooks

The objective of this work is to report the status of the author’s analysis on T quarkonium
production in heavy-ion collisions of |/sxy = 200 GeV in the di-electron channel at the STAR
experiment. In the first part, a brief introduction into the physics of heavy-ion collisions
and the theory concerning heavy quarkonia is given. Subsequently, the experimental setup
employed is overviewed in the second chapter. The third chapter, the principal part of this
work, explains the author’s research.

In the analysis, the di-electron invariant mass spectrum with a clear Y(1S) and Y (25+3S)
signal was reconstructed from high-tower—triggered Au+Au data from 2014. Used reconstruc-
tion methods and steps to determine reconstruction efficiencies are presented in great detail.

Furthermore, the T signals were carefully extracted. Expected signal shapes and contri-
butions from physical background sources were obtained via Monte Carlo simulations. Both
the like-sign and the event-mixing methods were employed to estimate the combinatorial
background. The extracted yields can already bring valuable insight on the QGP properties,
i.e. with a excited-to-ground state ratio.

The final objective of this analysis is to obtain the true T yields and present a R for the
ground and the excited states as a function of event activity and transverse momentum. Thus,
in the future, a detailed analysis of the total reconstruction efficiency will be performed. The
signal extraction methods will also be improved—the Drell-Yan background contribution will
be evaluated and a better execution of the event-mixing method is also needed—to ensure a

more stable fit with less uncertainties.

31






Bibliography

[10]

ABELEV, B., et al. (ALICE Collaboration). Centrality determination of Pb-Pb collisions
at \/snn=2.76 TeV with ALICE. Physical Review C. Vol. 88 (2013).

MILLER, L., et al. Glauber Modeling in High Energy Nuclear Collisions. Annual Review
of Nuclear and Particle Science. Vol. 57 (2007).

SARKAR, S., et al. The Physics of the Quark-Gluon Plasma A: Introductory Lectures.
Springer, ¢2010. ISBN 978-3-642-02286-9.

MATSUI, T., SATZ., H. J/+ Suppression by Quark-Gluon Plasma Formation. Physical
Letters B. Vol. 178.

EIDELMAN, S., et al. (Particle Data Group). Review of Particle Physics. Physical
Letters B. Vol. 592.

VOGT, R. Ultrarelativistic Heavy-Ion Collisions. Elsevier, 1st edition, ¢2007. ISBN
9780444521965.

WONG, C. Introduction to High-Energy Heavy lon collisions. Utopia Press, 1st edition,
c1994. ISBN 978-981-02-0263-7 .

TAWFIK, A., et al. Balance Function in High-Energy Collisions. Advances in High En-
ergy Physics. Vol. 2015 (2015).

MOCSY, A. Potential Models for Quarkonia. Furopean Physical Journal C. Vol. 61
(2009).

ADARE, A, et al. (PHENIX). Measurement of Y(1S + 25 + 35) production in p + p
and Au+Au collisions at /sy = 200 GeV. Physical Reviews C. Vol. 91 (2014).

33



BIBLIOGRAPHY

[11]

[12]

[20]

EMERICK, A., et al. Bottomonia in the quark-gluon plasma and their production at
RHIC and LHC. Furopean Physical Journal A. Vol. 48 (2012).

DAS, I. Upsilon production measurements in pp, p-Pb and Pb-Pb collisions with ALICE.
Quark Matter 2015 [online]. 2015. [ac. 15/09/17]. Available at: https://indico.cern.ch/
event/355454 /contributions/838966/ .

LIN, Z., KO, C. T absorption in hadronic matter. Physical Letters B. Vol. 503 (2001).

ANDERSON, M., et al. The Relativistic Heavy Ion Collider Project: RHIC and its
Detectors. Nuclear Instruments and Methods in Physics Research A. Vol. 499 (2003).

Relativistic Heavy lon Collider [online]. Brookhaven National Laboratory. [ac. 01/09/17].
Available at: https://drupal.star.bnl.gov/STAR /public/img/SketchUpSTAR, .

ANDERSON, M., et al. The STAR Time Projection Chamber: A Unique Tool for Study-
ing High Multiplicity Events at RHIC. Nuclear Instruments and Methods in Physics
Research A. Vol. 499 (2003).

BEDDO, M., et al. The STAR Barrel Electromagnetic Calorimeter. Nuclear Instruments
and Methods in Physics Research A. Vol. 499 (2003).

ALLISON, J., et al. Recent developments in GEANT4. Nuclear Instruments and Methods
in Physics Research A. Vol. 835 (2016).

SJOSTRAND, T., et al. A brief introduction to PYTHIA 8.1. Computer Physics Com-
munications. Vol. 178 (2008).

BAHR, M., et al. Herwig physics and manual. Furopean Physical Journal C. Vol. 58
(2008).

34


https://indico.cern.ch/event/355454/contributions/838966/
https://indico.cern.ch/event/355454/contributions/838966/
https://drupal.star.bnl.gov/STAR/public/img/SketchUpSTAR

PROCEEDINGS

OF SCIENCE

. Measurements of the Y meson production in Au+Au
. collisions at the STAR experiment

Oliver Matonoha*f
Czech Technical University in Prague
E-mail: oliver .matonoha@Rfjfi.cvut.cz

In ultra-relativistic heavy-ion collisions, creation of a novel state of matter—a plasma of decon-
fined quarks and gluons—is expected. Quarkonium production is a crucial probe of this medium,
since its suppression can be viewed as a direct evidence of the plasma formation. Moreover, it
can be used to infer constraints on the medium temperature. In these proceedings, we present
recent measurements on the Y quarkonium production in Au+Au collisions at /sy = 200 GeV
via both the di-muon and di-electron channels by the STAR experiment at RHIC. At RHIC en-
ergies, secondary effects complicating the measured suppression are deemed less significant for
the bottomonium family, which makes it a cleaner probe. The nuclear modification factor for the
T states is reported and compared with similar measurements at the LHC as well as theoretical
calculations. Moreover, the T production measurements in p+p and p+Au collisions are also pre-
sented. These provide a p+p reference with significantly improved precision and a quantification

of the cold nuclear matter effect.
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Measurements of Y production in Au+Au collisions at STAR Oliver Matonoha

1. Introduction

Lattice QCD calculations predict that under extreme conditions, hadronic matter undergoes a
phase transition and forms a plasma of deconfined quarks and gluons (QGP). This form of matter
is hypothesised to comprise the universe in its earliest stages. Said conditions are believed to be
present 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 QGP is experimentally
very challenging to measure.

One of the key probes of the QGP is the measurement of suppressed production of heavy
quarkonia, e.g. J/y or Y. The ¢ or bb pairs 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, the quarkonium is expected to dissociate by colour screening when its radius exceeds
the Debye radius rpepye o< 1/T [1]. This dissociation is dependent on the quarkonium binding
energy, and thus occurs for different states at different temperatures. Thanks to this sequential
melting behaviour, quarkonia can serve as a “QGP thermometer” [2].

Other phenomena influence the quarkonium production in heavy-ion collisions, such as the
statistical recombination by coalescence of deconfined quarks at the QGP phase boundary. There
are also effects unrelated to the hot QGP phase—the cold nuclear matter (CNM) effects—like, for
instance, the final state inelastic interactions with co-moving hadrons. The CNM effects can be
investigated in p+A collisions. At RHIC energies, the ¥ mesons are deemed a cleaner probe of
the colour dissociation effect. This is mainly thanks to their lesser susceptibility to the co-mover
absorption [3] and virtually no production by recombination, thanks to the b and b scarcity in the
collisions [4].

2. T reconstruction with the STAR experiment

At the Solenoidal Tracker At RHIC experiment (STAR), Y’s are reconstructed via di-lepton
decay channels in mid-rapidity. Time Projection Chamber (TPC) serves as the primary tracking
sub-detector with full coverage in azimuth 0 < ¢ < 27 within pseudorapidity || < 1. It also
provides PID for the leptons via measuring 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 electron PID via the E/p and the shower characteristics, it is also used for
high-pr electron triggering. Since 2014, STAR can also measure quarkonium production with the
di-muon channel, thanks to the instalment of the Muon Telescope Detector (MTD), placed behind
the solenoidal magnets. It covers approximately 45% in azimuth at || < 0.5 and is also used for
muon triggering. By utilising both channels, weightier results on the quarkonium production are
obtained.

3. Results

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 in BEMC-high-tower triggered data from 2015 of integrated luminosity 97 pb~!.
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Within |y| < 0.5, the pr-integrated cross-section is B -do/dy = 81 4 5(stat.) & 8(syst.) pb—see
Fig. |—where B is the di-electron decay branching ratio. This is consistent with STAR’s previously
published result [5] but is by a factor of two more precise. The result is also in solid agreement
with world-wide experimental data trend as well as NLO CEM predictions [6].

T measurements have been carried out in p+Au collisions of ,/syn = 200 GeV too, also us-
ing the di-electron channel and BEMC-triggered 2015 data with integrated luminosity 300 nb~'.
The measured nuclear modification factor is Rpay = 0.82+ O.lO(stat.)J:g:g;(syst.) +0.10(norm.).
The Rpay is shown in Fig. 1 as a function of rapidity. These results seem to differ in trend compared
to previous STAR results [5], however, they are still consistent within uncertainties.
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Figure 1: (left) Y(1S+2S+3S) production cross-section at mid-rapidity from p+p collisions of /s = 200
GeV—displayed as a red star—compared with global results and NLO CEM calculations [6]; (right)
Y(1S+2S5+3S) nuclear modification factor Ry, from p+Au collisions of |/syn = 200 GeV—shown as red
stars. Statistical, systematical, and global uncertainties are depicted as vertical bars, open boxes, and solid
boxes respectively.

3.2 Y production in Au+Au collisions

In Au+Au collisions of \/m =200 GeV, Y production has been measured both in the di-
electron channel (BEMC-triggered data from 2011 equivalent to 1.1 nb~!) and the di-muon channel
(MTD-triggered data from 2014 equivalent to 14 nb~!). Nuclear modification factor Raa results
from both measurements are found to be consistent with each other within uncertainties and thus
combined to further increase statistical precision.

The combined Raa is reported in Fig. 2 as a function of mean number of participants Npq
for both the Y(1S) and the Y(2S+3S). The excited states seem to be more suppressed in central
collisions than the ground state. Shown are also results measured by CMS from Pb+Pb collisions
of /sy =2.76 TeV [7]. Whereas the Y(1S) results are well consistent, the Y(2S+3S) appear to be
less suppressed at RHIC than at LHC. The Rap is also shown in Fig. 3 as a function of transverse
momentum pt. In comparison with the CMS results [7], the Y(1S) is in solid agreement, whilst the
Y(2S+3S) seem to be less suppressed at high-pr.

The results are compared to theoretical predictions in Fig. 4. Shown models for quarkonium
production in heavy-ion collisions differ mainly in the implementation of various CNM effects and
recombination as well as their approach towards the quarkonium binding potential. The Strongly
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Figure 2: Raa for the T(1S) (left) and the Y(25+3S) (right) in mid-rapidity shown as a function of Ny in
Au+Au collisions of /sy = 200 GeV—plotted as full red stars. Also portrayed is the centrality integrated
result (open red star), the Rpay from p+Au collisions (blue star), and CMS results from Pb+Pb collisions of
V/SNN = 2.76 TeV (grey diamonds and magenta line) [7]. Statistical and systematic uncertainties are shown
as vertical bars and open boxes around the data points, shaded bands represent the systematic uncertainty
from Ncoll-
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Figure 3: Raa for the Y(1S) (left) and the Y(2S+3S) (right) in mid-rapidity shown as a function of pr in
Au+Au collisions of /sy = 200 GeV—displayed as solid red stars. CMS results from Pb+Pb collisions of
V/SNN = 2.76 TeV are also shown (grey diamonds) [7]. Statistical and systematic uncertainties are depicted
as vertical bars and open boxes around the data points, shaded bands represent the systematic uncertainty
from Ngoj.

Binding Scenario (SBS) models base the potential on the system internal energy. This corresponds
to a fast Y dissociation and neglects random thermal energy transfers with the medium, unlike the
Weakly Binding Scenario (WBS). In the WBS, the potential is based on the system free energy.
The Strickland-Bazow model [8] uses both of these approaches. The model by Liu, Chen, Xu,
Zhang [9] includes dissociation only for the excited states and thus indicates the expected suppres-
sion caused by the feed-down solely. This model systematically under-predicts the suppression,
hinting at further influence of CNM effects and/or direct Y(1S) dissociation. Unlike the two pre-
viously mentioned models, the Emerick-Zhao-Rapp SBS model [4] takes into account CNM and
regeneration effects. In summary, the data appear to favour the SBS models.
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Figure 4: Nuclear modification factor Ry for the Y(1S) (left) and the Y(1S+2S+3S) (right) from Au+Au
collisions of /sy = 200 GeV in mid-rapidity is shown as a function of mean number of participants Npyt.
Also shown are the predictions of following theoretical models: Strickland-Bazow (green and magenta area)
[8], Emerick-Zhao-Rapp (blue area) [4], and Liu-Chen (grey line) [9].

4. Conclusions and Outlook

We present recent measurements on 1" measurements at mid-rapidity with the STAR experi-
ment. In p+p collisions of /s = 200 GeV, the new and more precise cross-section results are in
solid agreement with NLO CEM predictions as well as world-wide experimental data trend [6]. In
p+Au collisions of /syn = 200 GeV, the CNM effects are quantified via Rpay. In Au+Au colli-
sions, we present Raa as a function of Ny and pr for the Y(1S) and the Y(25+3S). The Y(1S)
suppression at RHIC is similar to that at the LHC. Better understanding of CNM effects and the
feed-down contribution is needed before drawing conclusions about direct Y(1S) suppression. In
the most central collisions, the T excited states are more suppressed than the ground state, which
is in accordance with the sequential melting behaviour. The excited states also appear to be less
suppresed 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 from other Au+Au data are underway,
with increase in statistics by a factor of two.

References

[1] T. Matsui and H. Satz, Phys. Lett. B 178, 416 (1986).

[2] A.Mocsy, Eu. Phys. Jour. C 61, 705 (2009).

[3] Z.Lin and C. Ko, Phys. Lett. B 503, 104 (2001).

[4] A.Emerick, X. Zhao, R. Rapp, Eu. Phys. Jour. A 48, 72 (2012).
[5] The STAR collaboration, Phys. Lett. B 735, 127 (2014).

[6] A.Frawley, T. Ullrich, R. Vogt, Phs. Rev. 462, 125 (2008).

[7] The CMS collaboration, Phys. Lett. B 770, 357 (2017).

[8] M. Strickland and D. Bazow, Nucl. Phys. A 879, 25 (2012).

[9] Y. Liu, B. Chen, N. Xu, P. Zhuang, Phys. Lett. B 697, 32 (2011).



	Introduction
	Heavy-ion collisions
	Collision kinematics and geometry
	Event activity
	Quark-gluon plasma

	Heavy quarkonia
	Debye colour screening of the binding potential
	Other behaviour of the quarkonium
	Nuclear modification factor


	Experimental setup
	The RHIC accelerator facility
	The STAR experiment
	Time Projection Chamber
	Barrel Electromagnetic Calorimeter


	Author's analysis on e+ e-
	Data
	Event selection
	Event centrality
	MC data with embedded 

	Upsilon reconstruction
	Selection with TPC
	Selection with BEMC

	Reconstruction efficiency
	Single electron ne efficiency

	Signal extraction
	Signal peaks
	Combinatorial background
	Physical background
	Total fit and yield extraction


	Conclusion
	References

