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Abstract: A hot and dense state of matter, the quark-gluon plasma, in which
the quarks and gluons are no longer trapped inside colorless hadrons, is cre-
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ated in the heavy-ion collisions. One of interesting particle species created and
studied are the open heavy-flavor mesons: D mesons containing ¢ quark and B
mesons containing b quark. These quarks are created predominantly in initial
phase of the heavy-ion collision, during the hard scattering, before the quark-
gluon plasma ignition. They therefore can be used as a probe of the quark-gluon
plasma. The open heavy-flavor mesons have too short lifetime to be detected
directly. The only way is to measure their decay products. One of used possi-
bilities are mon-photonic electros which originate in semi-leptonic decay of the
open-heavy flavor mesons. An introduction to analysis of the non-photonic elec-
tros in Au+Au collisions at \/syn = 200 GeV measured by STAR experiment
at Relativistic Heavy-Ion Collider in the year 2014 is provided in this thesis.
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Introduction

Strongly interacting particles, the quarks and gluons, are trapped inside color-
less hadrons in contemporary Universe. This property of strong iteraction is
referred as confinement. Non-perturbative space-time Lattice QCD (Quantum
Chromo-Dynamics) calculations predict cross-over phase transition from con-
fined hadronic matter to phase called the Quark-Gluon Plasma (QGP), which
occurs at temperature approx. 170 MeV and baryon chemical potential yug — 0
[1]. In this phase (the QGP) the quarks and gluons are no longer bound inside
hadrons. It is believed that the QGP was present in the Universe about 107° s
after the Big Bang [2].

The QGP is experimentally studied via ultra-relativistic heavy-ion collisions.
Large synchrotron accelerators and colliders are used for accelerating and col-
liding heavy ions, where two most powerful and well known are the Relativistic
Heavy Ion Collider (RHIC) in Brookhaven National Laboratory, Long Island,
USA and the Large Hadron Collider (LHC) in CERN laboratory near Geneva,
Switzerland. Experiments dedicated predominantly to study of the QGP and
heavy-ion collisions are located at both of these colliders. At the LHC it is AL-
ICE (A Large Ion Collider Experiment) and at the RHIC it is STAR (Solenoidal
Tracker At RHIC) and PHENIX (Pioneering Hight Energy Nuclear Interaction
eXperiment) experiments.

Signatures of the QGP in heavy-ion collisions at STAR and other exper-
iments are based on comparison of heavy-ion data with proton-proton data,
where it is assumed that no QGP is present. There are three main effects ob-
served in heavy-ions collisions, which are considered to be evidence of presence
of the QGP. The first one is quarkonium production suppression in heavy-ion
collision, the second one is asymmetry in transverse momentum pp spectrum
called flow, and the third signature is high p; particles suppression, which is
also referred as jet-quenching.

All these phenomenons can be measured either for all particles produced in
the collision, or it is possible to focus on specific particle species. For example,
it is interesting to study open heavy-flavor mesons, i.e. D mesons, containing
c quark and B mesons, containing b quark, as they both are good probe to the
QGP. Due to large masses of ¢ and b quarks, they are produced predominantly
in initial phase of the heavy-ion collision, during the hard scattering, before
ignition of the QGP fireball. Therefore they have to pass thorough the fireball,
where they interact with the surrounding medium, and so they carry information
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about the QGP.

Unfortunately the D and B mesons have very short lifetime and can not be
detected directly. The only option to measure their decay products. Two most
used decay channels of the open heavy-flavor mesons are the hadronic chan-
nel and the semi-leptonic channel. This channel has advantage that electrons
are relatively easy to detect and collider experiments at RHIC and LHC have
means to distinguish them from other charged particles, mainly pions, kaons
and protons. In case of the STAR experiment it is the Time Of Flight (TOF)
system and Barrel Electro-Magnetic Calorimeter (BEMC). Another benefit of
this channel is that only one decay product is reconstructed, in contrast with
hadronic channel, where all decay products have to be reconstructed. The main
disadvantages of the semi-leptonic channel are that it does not provide sufficient
information about py and kinematics of mother particle and that there is a large
photonic electrons background.

There are two main methods, how to measure the NPE. The firs one is to
reconstruct the photonic background and then subtract it from the inclusive
electron spectrum. The second one is direct detection of the NPE based on
measurement of the Distance Of Closest Approach to the primary vertex (des-
ignated DCA or dy), which is the closest distance between the primary vertex
and the reconstructed electron track in plane transverse to the collider beam
axis. The main disadvantage of the DCA method is that it requires very good
spatial resolution of the detector. The main advantage of this method is that it
is able to directly distinguish NPE from D and B mesons, which is not possible
with background subtraction method.

Predominantly the DCA method of NPE measurement in heavy-ion colli-
sions is discussed in this thesis. The first chapter is dedicated to physical mo-
tivation for heavy-ion collisions, general properties of the heavy-ion collisions
and signatures of the QGP in heavy-ion collisions. The second chapter is about
the RHIC and its accelerator chain and about STAR detector and its subde-
tectors. The third chapter summarises general properties of NPE and NPE
measurements performed by STAR, PHENIX and ALICE experiments. The
fourth chapter is about NPE analysis of Runl4 (year 2014) Au+Au collisions
at \/syn = 200 GeV measured by STAR and in the fifth chapter a discussion
and conclusion is provided.



Chapter 1

Heavy-ion collisions

Ultra-relativistic heavy-ion collisions are one of the main experimental tools
for measurement of extreme state of matter known as the quark-gluon plasma
(QGP). In this chapter there are three sections. The first is about physical
motivation for the heavy-ion collisions, the second is about properties of the
heavy-ion collisions and the third provides summary of experimental signatures
of the QGP in heavy-ion collisions.

1.1 Physical motivation

Heavy-ion collisions are used for study of the nuclear matter. Despite its name,
the nuclear matter does not describe atomic nuclei, but infinite volume of pro-
tons and neutrons with finite ratio between them. This concept is used in the-
ory of strong interaction, the quantum chromo-dynamics (QCD), for performing
theoretical calculations.

One of the goals of the QCD is to obtain phase diagram of the nuclear
matter. Example of schematic phase diagram can be seen in Fig. [[.1] where the
calculations were performed using non-perturbatice space-time Lattice-QCD.
On the y axis there is temperature T" and on the = axis there is baryon-chemical
potential . The shaded area represents anticipated first order transition, the
dashed line at low pp is cross-over transition which at g — 0 occurs at critical
temperature T,,.;; = 170MeV [I] and FE is critical point. Point M marks state of
nuclear matter present inside atomic nuclei and the remaining points represent
place of chemical freeze-out (see Section from statistical model.

There are three phases of nuclear matter plotted in Fig. The first one is
hadronic phase at lower T" and pp, in which quarks and gluons are trapped inside
colorless hadrons. This state of nuclear matter arises from property of strong
interaction called confinement and it is dominant in contemporary Universe.
The second one is color super-conductor, which appears at low 7T and high
pp (i.e. at high hadronic density). Protons and neutrons are fermions and in
hadronic phase they have to obey Fermi statistics but in this phase they combine

17
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Fig. 1.1: Phase diagram of nuclear matter. On the y axis there is temperature
T and on the z axis there is baryon-chemical potential up. The shaded area
represents anticipated first order transition, the dashed line at low up is cross-
over transition and F is critical point. Point M marks state of nucl. matter
present inside atomic nuclei and the remaining points represent place of chemical
freeze-out (see Section from statistical model. Individual phases of nuclear
matter are denoted in the plot. Taken from Ref. [I].

into so-called Cooper pairs, which follow Bose-Einstein statistics so the whole
system can ”fall” to lower energetic state. This mechanism is very similar to the
one observed in metallic super-conductors, where the Cooper pairs are formed
by electrons.

The last phase is the QGP, which is the most important in context of heavy-
ion collisions. In the QGP the quarks and gluons are no longer confined inside
hadrons, hence this phase is also referred as deconfinement. Quarks and gluons
inside the QGP are not completely free as they interact via strong interaction
but their freedom is much bigger than in hadronic phase. It is believed that
the QGP was present in very early stage of the Universe, to be more specific
approx. 1075 s after the Big Bang [2], so study of heavy-ion collisions, in which
the QGP is produced, also provides information about history of the Universe.

The main accelerators with heavy-ion program are the Large Hadron Col-
lider (LHC) in CERN Laboratory near Geneva, Switzerland and the Relativistic
Heavy Ion Collider (RHIC) in Brookhaven National Laboratory, USA. When
they operate at their top energy of collisions, they both explore the part of the
phase diagram, where up — 0, so all transitions observed in such collisions are
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cross-overs which occur at T+ =~ 170MeV [I]. RHIC has advantage, compared
to LHC, that it is able to collide particles at variety of energies so it can scan
the phase diagram in mode detail. Example of such measurement is a successful
attempt to prove existence of the critical point by STAR experiment in Ref. [3].

To conclude, the main goals of study heavy-ion collisions is to determine
properties of the QGP and the transitions between the QGP and normal (con-
fined) hadronic matter. So far it is experimentally proven that at low pup and
temperature T,.;; = 170MeV the transition is cross-over [I] and that the critical
point exists [3]. Other properties of the phase diagram, such as exact position
of the critical point, are sill to be determined.

1.2 General characteristics of heavy-ion collisions

1.2.1 Geometry

Heavy ions used for in accelerators are relatively large objects and it is not pos-
sible to neglect their size. Signal from each individual collision of two nuclei is
strongly dependent on initial geometry. One of the main geometry character-
istics is centrality which is basically distance between centres of the two nuclei
in plane perpendicular to their movement. This distance is denoted the impact
parameter b and is shown in Fig. [[.22] If b ~ 0 the collision is called central, if
b — 2R, where R is radius of the colliding nuclei, then it is called peripheral.

Fig. 1.2: Scheme of heavy-ion collision in plane perpendicular to the movement
of the nuclei. The distance between the centres of the projectiles is called impact
parameter b.

The impact parameter can not be measured directly and for that reason
is not much used. Instead, the centrality can be parameterised by number of
participants Npqr¢, which is number of nucleons from both colliding nuclei that
participated in given collision. The remaining nucleons are called spectators,
which keep on going after the collision. Therefore the spectators can be detected
by so called zero-degree calorimeters placed in the beam axis and they can be
subsequently used for centrality determination.
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It is also convenient to define system of coordinates. By convention it is
right-handed Cartesian system where the z axis is parallel to the beam axis,
the z axis is horizontal and y axis is vertical, as shown in Fig. [[.3] Azimuthal
angle ¢ is measured in x-y plane from the z axis (also shown in Fig. ,
longitudinal angle 6 is measured form the z axis, but is is not used very often.

Pseudorapidity 7 defined as
0
n=—In {tan <§>] (1.1)

is usually used instead.

Fig. 1.3: System of coordinates in heavy-ion collision. The z axis is parallel to
the beam axis, the x axis is horizontal and y axis is vertical. Taken from Ref.

.

1.2.2 Space-time evolution

hadronic phase
and freeze-out

QGP and
hydrodynamic expansion
initial state i Y -

CGC

pre-equilibrium E o ization

“Glasma” Hydrodynamics Hadronic gas

Fig. 1.4: Diagram of time evolution of heavy-ion collision, where z is the beam
axis, t is time, T is critical temperature (above denoted T.;t), Tep is temper-
ature of chemical freeze-out and T, is temperature of kinetic freeze-out. For
more detailed description see the text. Taken from Ref. [IJ.

The heavy-ion collision can be divided into several phases, which are shown
in Fig. In initial state the nuclei are far apart and they do not interact
with each other. Theoretical description of the initial state is still not completely
resolved but one of the most used models today is the color-glass condensate
(CGC). The colliding nuclei are travelling at ultra-relativistic speed, hence they
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are relativistically contracted and they appear as discs in the laboratory system.
The CGC describes these discs as fragile walls made (predominantly) of gluons.

The primary interaction of the nucleons of the two colliding nuclei is called
the hard scattering and it is the phase of the heavy-ion collision where particles
with high pr are created. Very shortly after the hard scattering, probably less
than 1 fm/c [5], a fireball of QGP is ignited. The fireball expands following
relativistic viscous hydrodynamics, until its temperature falls down to critical
temperature T,.;;. At this point deconfinement can not be present any more
and the fireball hadronizes.

A Freeze-Out j Tch Te

|

T,= 1fmlc

Ny

)

< )
(o)
o2 %

Fig. 1.5: Individual pases of heavy-ion collision in z — ¢ plane, where ¢ is time
and z is the beam axis. For more detailed description see the text. Taken from
Ref. [5].

The hadronization process is a complex event with multiple stages, as shown
in Fig. [[.4 After cooling down under critical temperature T, there is a
mixture of strongly interacting hadrons whose species can change. The volume
is further increasing and the temperature dropping down to temperature of
chemical freeze-out T.;, under which the hadrons are interacting with each
other, but the composition remains unchanged. T, is very likely close to T ;-
As the volume increases even more, the temperature drops below temperature
of kinetic freeze-out T,, under which the hadrons do not interact with each
other and the composition remains unchanged.

1.3 Experimental signatures of the QGP

There are several signals proving existence of the QGP in heavy-ion collisions. In
this section examples of most important signals are presented. They are particle
production suppression in heavy-ion collisions compared to proton-proton colli-
sions, elliptic flow and higher order harmonics and finally so called jet quenching.
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1.3.1 Particle production suppression

Particle production suppression in heavy-ion collisions is quantified by nuclear
modification factor R44 defined as [12]

AN (pr) /dpr
Ncoll>defIz](pT)/de ’

where N4 is number of charged particles created in given heavy-ion collision,
NPP"is number of charged particles created in given proton-proton collision
and (N,oy) is mean number of binary (parton-parton) collisions in heavy-ion
collision. This variable is defined so that if heavy-ion collision were simple
superposition of individual binary collisions, the R 44 would be equal to unity.
In other words, R44 = 1 means, that there is either no QGP created in studied
collision or other effects in given collision are much stronger than the QGP
effects.

Raa(pr) = < (1.2)

SPS 17.3 GeV (PbPb)

GLV: dN,/dy = 400

2 -
L O #° WA98 (0-7%) GLY: iy = 1400
GLV: dN,/dy = 2000-4000
| RHIC 200 GeV (AuAu) o
i , — YaJEM-D B
O =° PHENIX (0-10%)
i ---- elastic, small P__, B
1501 % h* STAR (0-5%) -~ elastic, large P__ N
: —_ LHC 2.76 TeV (PbPb) .- YaJEM :
I ® CMS (0-5%) — ASW ]
n:$ L ¢ ALICE (0-5%) PQM: <& = 30 - 80 GeV?/fm

100 200

P, (GeV/c)

Fig. 1.6: Nuclear modification factor R44 as function of py. Shown are data
from multiple experiments at RHIC (BNL), SPS and LHC (CERN). Comparison
with multiple models is also plotted. Taken from Ref. [6].

Experimental results show that R44 is below unity for all pr at LHC and
RHIC. Example of such measurement is in Fig. where the data come from
multiple experiments at RHIC (BNL), SPS and LHC (CERN). Comparison with
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multiple models is also plottecﬂ This result means that particle production is
suppressed in heavy-ion collisions compared to proton-proton collisions, which
suggests existence of the QGP at LHC and RHIC.

Particles created in hard scattering in initial state of the heavy-ion collision
have to travel through subsequently ignited QGP fireball, where they loose
energy and momentum. As a result they can stopped completely, which means
they will not be detected. As it turned out, the primary mechanism of particle
production in heavy-ion collisions is hadronization described in Section [1.2.2
and not the hard scattering.

1.3.2 Elliptic flow and higher harmonics

dN/do

Fig. 1.7: Scheme for demonstration of elliptic flow vs. On the left is situation
when mean free path of particles inside the fireball is larger than the size of the
fireball - no elliptic flow is present. On the right is situation when the mean free
path of the particles is smaller than the fireball - elliptic flow is present. Taken
from Ref. [4].

Elliptic flow v and higher order harmonics v, are asymmetries in pr az-
imuthal spectrum of given collision which arise from spatial asymmetry of over-
lap region of the colliding nuclei. As shown in Fig. on the right, the fireball
is smaller in direction parallel to the event plane than in direction perpendicu-
lar to the event plane. This means that particles in the event plane will obtain
higher pr than the particles out of it, due to higher pressure gradient in the
event plane. As the spatial asymmetry can be approximated by an ellipse, the
resulting pr asymmetry will be also elliptical and for that reason is called elliptic
flow. The elliptic flow was observed in heavy-ion collisions, which also suggests
that the mean free path of the particles inside the fireball is smaller than size
of the fireball itself.

1GLV = Gyulassy-Levai-Vitev, YaJEM = Yet another Jet Energy-Loss Model, ASW =
Armesto-Salgado-Wiedemann, PQM = Parton Quenching Model.
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4N

4 x1+2 Z vy cos[n(p — U, (1.3)

n=1

Individual harmonic flows v,, ca be mathematically defined as coeflicients of
the particle azimuthal distribution Fourier series as defined in Ref. [7].
The ¢ is here the azimuthal angle and the V,, is the n-th order event plane.

Example of measurement of elliptic flow vy is shown in Fig. The vy
is here plotted as a function of py for several particle species in two centrality
bins. The data is also compared to VISHNU model (Viscous Israel-Steward
Hydrodynamics 'n’ UrQMD). This plot shows that the expansion of the QGP
fireball si well described by relativistic hydrodynamics.

Higher order harmonics arise from more complicated spatial asymmetries
than ellipse, such as triangle - triangular flow v3, etc. The highest order mea-
sured to this date was vg by ATLAS experiment at LHC. As shown in Ref. [§]
higher order harmonics are less significant for higher n for semi-central and pe-
ripheral collisions, in central collisions the triangular flow vs exceeds the elliptic
flow vy, which is caused by nearly circular overlap of the colliding nuclei where
higher order spatial asymmetries can be more significant than the elliptic one.
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0.4~ ALICE VISHNU 10-20% [~ 40-50%

=) -t

V,{SP,]An| > 0.9}

v, v,(hydro fit)

V,{SP,|An| > 0.9}

v,/ v,(hydro fit)
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Py (GeV/c) Py (GeV/c)

Fig. 1.8: (a), (b), (c¢), (d): Elliptic flow v2 as a function of pr measured by
ALICE in Pb+Pb collisions at /syny = 2.76 TeV for multiple particle species
and for two centrality bins. VISHNU model is also plotted. (c), (d), (g), (h):
Ratio of experimental data and model. Taken from Ref. [9].

1.3.3 Jet quenching

Collimated, high energy showers of particles are observed in proton-proton and
heavy-ion collisions and are called jets. They arise from hadronization of high-
energetic partons originating in hard scattering. In proton-proton collisions
there is nothing to influence the movement of the daughter partons and therefore
the resulting jets can be fully reconstructed. In case of the heavy-ion collision
one, or both daughter partons have to travel through the QGP where they loose
energy as schematically shown in Fig.

As a result one of the jets is suppressed compared to the other. The jet with
higher energy (or pr) is called leading or near-side jet and the one with lower
energy is subleading or away-side jet. In case the hard scattering occurs close to
the edge of the QGP fireball, one of the partons exits the fireball immediately
and the other has to go through the whole volume. In this case the away-side
jet can be suppressed completely, as shown in panel (b) in Fig. for Au+Au
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Fig. 1.9: Scheme for demonstration of jet quenching. Taken from Ref. [10]

collision. The same plot also shows that for d4+Au collisions, no jet quenching
is observed, i.e. in d+Au no QGP is created.
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Fig. 1.10: Two-particle azimuthal distribution measured by STAR for d+Au
and Au+Au collisions, both at \/syy = 200 GeV. The leading, trigger particle
was required to have 4 < pp(trig) < 6 GeV/c and only associated particles with
2 GeV/c < pr < pr(trig) were chosen. Taken from Ref. [11].
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Chapter 2

STAR experiment

2.1 The Relativistic Heavy-Ion Collider

N/
l'n.

|— AGES o RHIC

i line (AtR)

L

EBIS ~Booster 1‘\ Experimental
Area

Elint

Fig. 2.1: RHIC accelerator chain used for heavy ions and protons. Taken from

Ref. [13].

The Relativistic Heavy-Ion Collider is located in Brookhaven National Lab-
oratory (BNL), Long Island, USA. It consists of two concentric synchrotrons
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with circumference of 3,833.845 m [13], which are able to accelerate either pro-
tons or atomic nuclei. The most commonly used were protons and gold nuclei,
but also copper, uranium or deuterium ions were used. The maximal energy
of collisions is /s = 500 GeV for proton-proton system and /syy = 200 GeV
(energy per nucleon pair) for Au+Au system.

The particles to be collided have to be preaccelerated before they enter the
RHIC. The RHIC preacceleration complex is schematically shown in Fig. [2.1]
The 97Au ions are created in Electron Beam Ion Source (EBIS), in which they
are preaccelerated to energy of 2 MeV [15]. After exiting the EBIS, the ions are
stripped to Au??T and are moved into Booster Synchrotron. Here six bunches
are formed and the ions are accelerated to 95 MeV. Then they are stripped again
to Au”"* when transferred to the AGS (Alternating Gradient Synchrotron). The
AGS is filled by 24 bunches from Booster (i.e. from four Booster cycles), which
are then regrouped into four bunches and the ions are further accelerated up to
8.86 GeV. After that the ions are fully stripped to Au”* and injected into the
RHIC, where 56 bunches per ring is stored (i.e. 112 bunches in RHIC).

RicBS 1" (BRAHMS)

—~

Fig. 2.2: Scheme of RHIC accelerator chain. Position of individual experiments
at RHIC is highlighted. Taken from Ref. [14].

After the ions are accelerated to given energy between 8.86 GeV and 100
GeV per beam, the actual collisions can begin. There are six intersection re-
gions along the RHIC, where collisions are possible. Experiments are located at
four of those crossing points, as shown in Fig. They are STAR, (Solenoidal
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Tracker At RHIC), PHENIX (Pioneering High Energy Nuclear Interaction eX-
periment), PHOBOS and BRAHMS (Broad RAnge Hadron Magnetic Spec-
trometers). Only STAR and PHENIX are sill taking data, as PHOBOS and
BRAHMS finished data taking in the year 2006.

2.2 STAR detector

LR
’»’.4

Heavy Flavor Tracker E
P i 7

* Full azimuthal coverage
* -1<n<1coverage

* Uniform acceptance for all beam energies
* Full TOF barrel (Run10)

* Low material budget in the tracking volume
P A —

Fig. 2.3: STAR detector and its subdetectors. Taken from Ref. [16].

STAR experiment is designated primarily for study of the heavy-ion collisions
and it si experiment, where the QGP was officially discovered. Description of
the STAR detector is provided in this section. Schematic picture of the STAR
detector is in Fig.

It is a large solenoidal magnet that provides magnetic field of 0.5 T [I7]. The
field causes the charged particles to travel at curved trajectory, which allows
to determine their momentum. STAR detector acceptance is 27 in azimuthal
direction and |n| < 1 in longitudinal direction. A variety of subdetectors is
located inside the magnet, where each one is used either for particle identification
(PID) or for determining their energy and momentum. Important subdetectors
are described below.

2.2.1 Heavy Flavor Tracker

The innermost detector is the Heavy Flavor Tracker (HFT), which replaced the
Silicon Vertex Tracker (SVT) in the year 2014. It is a 4-layer silicon detector
designated for primary and secondary vertex reconstruction. Its total accep-
tance is 27 in azimuthal direction and || < 1.2 in longitudinal direction. Its
scheme is shown in Fig. First two layers, closest to the beam axis, are sili-
con pixel (PXL) detectors, the third layer is Intermediate Silicon Tracker (IST)



32 CHAPTER 2. STAR EXPERIMENT
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Fig. 2.4: Scheme of the HFT and its layers. Taken from Ref. [18].

and the fourth, outer layer is the Silicon Strip Detector (SSD). All information
and values in this section are reproduced from Ref. [I§] if not stated otherwise.

Fig. 2.5: Schematic view of STAR pixel detector and its support structure as
innermost part of the HFT. Taken from ref. [I8].

The STAR PXL detector is schematically shown in Fig. 2.5 It consists of 40
ladders, where 10 are in inner layer (2.5 cm from beam axis) and 30 are in outer
layer (8.0 cm from beam axis). Each ladder carries 10 CMOS (Complementary
Meta-Oxide Semiconductor) sensors with active area approximately 2 cm x 2 cm
each. There are around 1,000 x 1,000 square 20.7 pum pixels at each sensor. The
ladders are supported by 10 carbon composite beams, where one beam carries
3 outer and 1 inner ladder. As a result the PXL has hit resolution of 10 ym.

The third layer of the HFT is the IST, which consist of 144 sensors placed at
24 carbon-fibre ladders in distance of 14 cm from the beam axis. The schematic
picture if the IST is sown in Fig. Its main purpose is to increase track
reconstruction precision by providing track points between the PXL and the
TPC (Time Projection Chamber).

The fourth, outer, layer of the HFT is the SSD. It is the only part of the
HFT, which was also part of the older SVT. The sensors remained unchanged
but the readout system had to be upgraded due to insufficient readout frequency.
The SSD consists of 20 ladders, each carrying 16 two-sided wafers in distance
of 22 cm from the beam axis. The purpose of the SSD is basically the same
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Fig. 2.6: Schematic view of STAR IST (Intermediate Silicon Tracker). Taken
from Ref. [I8].

Fig. 2.7: Schematic view of STAR SSD (Silicon Strip Detector). Taken from
Ref. [18].

as of the IST. It provides track points between the PXL and the TPC, which
increases the track reconstruction accuracy.

Generally the HFT provides very good DCA (Distance Of Closes Approach,
see Section resolution of ~ 30 um at pr > 1.5 GeV/c [16], which allows,
for example, direct measurement of open-heavy flavor mesons, the D and B, as
they have different lifetimes.

Basic principle of operation is the same for all HFT layers. Individual pix-
els or strips are silicon diodes connected in reverse direction. Sensitive part
of the diodes is then depleted region of the PN junction. A passing charged
particle creates electron-hole pairs in the depleted region. The electrons and
holes are moved by electric field to opposite ends of the diode, where they are
collected. Signal from electrons is used for analysis, as electron drift velocity in
the semiconductor is higher than that of the holes.
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2.2.2 Time Projection Chamber
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Fig. 2.8: Schematic view of STAR TPC (Time Projection Chamber). Taken
from Ref. [19].

The Time Projection Chamber (TPC) is the main STAR detector used for
particle identification and for determining particle momentum. It is a large
cylinder (length 4.2 m, outer diameter 4.0 m, inner diameter 1.0 m) filled with
mixture of methane and argon in ratio 10/90 at atmospheric pressure with
2 mbar overpressure. It has full (27) coverage in azimuthal direction and |n| < 1
in longitudinal direction. As can be seen in Fig. the volume of the TPC
is divided in halves by High Voltage Membrane, which serves as cathode. At
both ends of the TPC there are readout sectors which serve as an anode. There
is inner and outer field cage placed on the wall of the TPC, which provides
uniform electric field between the cathode and the readout sectors.

These sectors are MWPC (Multi-Wire Proportional Counters). A cutaway
view of one of these pads can be seen in Fig. When a charged particle travels
through TPC volume, it creates electron-ion pairs by ionising argon atoms. The
electrons are subsequently carried towards the readout pads by the electric field
of 140 Vem ™!, where they are detected. The MWPC detects the electrons by
accelerating them in strong electric field applied to the anode grid and creating
electron avalanches. The charge from the avalanches is subsequently collected
by readout pads placed under the anode grid. The organic component of the
TPC filling gas (methane) absorbs UV photons emitted by accelerated electrons
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Fig. 2.9: Scheme of TPC outer sector MWPC pad. All dimensions are in
millimeters. Taken from Ref. [19].

from the avalanches, which prevents creation of secondary avalanches by the UV
photons. This precaution is necessary for particle identification by the TPC.

The particle identification in the TPC is based on information about particle
energy-loss in the gas. The gas ionisation energy is assumed to be well defined,
so the number of created electrons in one track is proportional to particle energy
loss. The MWPC preserves information about number of detected electrons as
amplification of signal is the same for all detected electrons. Thus the energy
loss of given particle is proportional to charge collected by the readout pads.
The (transverse) momentum of the particle is determined from radius of the
track in the 0.5 T magnetic field of the STAR, solenoid.

The TPC is the most important subdetector in STAR detector, as it is the
the main particle identification and pr determination tool in STAR. There is no
other subdetector in STAR detector which would be able to provide information
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as TPC, therefore it is not possible to perform any measurements without the
TPC. In addition most of other STAR subdetectors use information from the
TPC and so are fully dependent on the TPC. All information about the TPC
was taken from Ref. [19].

2.2.3 Barrel Electro-Magnetic Calorimeter

Top megatile
(8c21)

1

Back plate
Compression plate
Pb-Sc

“#%—— Shower max. detector
Front plate

~—— REGION OF INTERACTIONS

Fig. 2.10: Scheme of BEMC layout. Only half of the longitudinal coverage is
shown. Taken from Ref. [20].

The Barrel Electro-Magnetic Calorimeter (BEMC) is detector dedicated pri-
marily for identification of particles with pr > 2 GeV/c. It has the same space
coverage as the TPC, i.e. full 27 coverage in azimuthal direction and |n| < 1
in longitudinal direction. The layout of the BEMC is shown in Fig. The
BEMC consists of 40 modules, inside which there are 20 layers of 5 mm thick
lead plates, which serve as an absorber, then there are 21 scintillator layers,
which detect the charged showers via set of photomultipliers. A BEMC module
is shown in Fig. 2.10]

The particle identification in the BEMC is based on measurement of energy
deposited in the calorimeter. To be more specific, quantity £ is used, where
p is particle momentum and F is energy deposited in the BEMC. This ratio is
around unity for electrons, as they loose practically all their momentum (energy)
in the BEMC. Hadrons (eg. protons), on the other hand, loose just a fraction
of their momentum in the BEMC, so the £ ratio is much bigger than unity.

As can be seen in Fig. and Fig. there is part of the BEMC
called Shower Maximum Detector (SMD). It consists of two perpendicular wire
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Fig. 2.11: Schematic view of BEMC module. Taken from Ref. [20].

proportional detectors, which provide good spatial resolution of showers created
in the BEMC. Simplified scheme of the SMD is in Fig. 2.12

Generally the BEMC together with the SMD provides good energetic and
spatial resolution necessary for efficient particle identification. All information

about the BEMC+SMD was taken from Ref. [20].
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“Ii Back plane Front plane

Fig. 2.12: Scheme of STAR BEMC SMD. Taken from Ref. [20].

2.2.4 Time Of Flight system

For low-pr particle identification (pr < 2 GeV/c) the BEMC can not be used.
For this purposes the Time Of Flight detector is used. It uses information
from the Vertex Position Detector (see Fig. and TOF MRPC (Multi-gap
Resistive Plate Chambers) shown in Fig. More specifically the TOF uses
the time difference At between signal in the VPD and MRPC. With additional
information about particle path-length L from the TPC, the TOF is able to
determine the particle speed 8 according to

1 _cat (2.1)

The VPD contains Pb absorber and fast plastic scintillators read out by
photomultipliers. The MRPC consists of glass plates with uniform spacing. The
gaps between the plates are filled with gas (90% CoHoF4, 5% iso-butane, 5%
SFg), which is ionised by passing particles. The created electrons are accelerated
in strong electric field, creating avalanches, which are subsequently detected by
pads (red in Fig. 2.13).

So that the TOF provides additional information and together with BEMC
provides complete information about particle identification.
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Fig. 2.13: Schematic view of MRPC (Multi-gap Resistive Plate Chamber) used
in STAR TOF (Time Of Flight) detector. Taken from Ref. [21].
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Chapter 3

Non-photonic electrons

3.1 Motivation for NPE measurement

Non-photonic electrons (NPE) come from semi-leptonic decay of open-heavy
flavor mesons, i.e. D mesons containing ¢ quark and B mesons containing b
quark. Properties of open heavy-flavor mesons are listed in Tab. Heavy
quarks are created predominantly in the initial phase of the heavy-ion collisions,
during the hard scattering. The QGP fireball is ignited afterwards and the
heavy mesons have to pass through it, which consequently provides valuable
information about the QGP itself.

Meson | M [GeV/c?] | er [pm]
DO (cu) 1.865 123
D+ (cd) 1.868 312
B (db) 5.279 459
B* (ub) 5.279 491

Tab. 3.1: Properties of open-heavy flavor mesons. Shown is their quark com-
position (left column), mass M (middle column) and mean lifetime 7 (right
column). Corresponding antiparticles (not shown) have the same properties
(M and 7). Taken from Ref. [22].

The open-heavy flavor mesons have too short lifetime to be detected directly,
but have to be reconstructed via their decay product. Mainly two decay channels
are used in experiments - the hadronic channel, were all products are hadrons
(predominantly lighter mesons), or the semi-leptonic channel, where one or more
hadrons, together with leptonic pair, are created. The leptonic pair consists of
either electron/positron or muon and corresponding neutrino.

When using semi-leptonic channel, only electrons are used, as they are rel-
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atively easy to detect and they are created in relatively large number, because
the branching ratio of semi-leptonic decays (containing electron/positron, not
muons) of open-heavy flavor is approximately 10% [22]. The semi-leptonic chan-
nel has also advantage compared to the hadronic one that only one decay prod-
uct has to be reconstructed, which is sufficient to obtain information about open
heavy-flavor production.

On the other hand, reconstructing just NPE does not provide information
about mother particle kinematics, e.g. its momentum. In addition, there is
relatively large background consisting of gamma conversion electrons, Dalitz
decay electrons from 7% and 1 mesons and electron-positron pairs from decay of
J/¥. Correct and efficient subtraction of this background is the main challenge
in NPE analysis. One way of obtaining the NPE spectrum is to reconstruct the
background first and then subtract it from the inclusive electron spectrum. This
method is enough, when combined NPE spectrum from D and B mesons decay
is required, but it can not provide direct information about D and B mesons
separately.

Fig. 3.1: Scheme demonstrating the DCA (distance of closest approach to the
primary vertex). Taken from Ref. [16].

For that reason, another method of NPE measurement was developed, which
uses the fact that B mesons have significantly longer lifetime and path-length
than D mesons (see Tab. . When a detector with good primary and sec-
ondary vertex position resolution is available, it is possible to tell apart B and
D mesons by measurement of the distance of closest approach to the primary
vertex (denoted DCA, or alternatively dy), which is shortest distance between
the reconstructed primary vertex and track of one of the decay products, in this
case electron/positron, in plane transverse to the beam axis, as shown in Fig.

BT
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3.2 NPE measured at RHIC and LHC

A selection of NPE results is presented in this section. First subsection sum-
marises data measured by ALICE experiment at the LHC, the second one shows
results by PHENIX experiment ar the RHIC and the last one takes results ob-
tained by STAR experiment at the RHIC.

3.2.1 ALICE experiment results

s ppis=7TeV,|y| <08 * ﬂ?ta
1.5<pT<2 GeV/c

(PYTHIA)

= b(»c)—e
coe

4 conversion elecH

o Dalitz elec.
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o =N
[=15, RS, NYE, 8]
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Fig. 3.2: (a) DCA (dy) distribution measured by ALICE. Black points represent
measured inclusive electrons, the other colored points are PYTHIA simulated
distributions of individual electron sources (see label in the plot). The blue
line is fit of the data and was obtained as sum of the simulated distributions,
where the free parameter were the normalisation. (b) Comparison of data and
fit. Taken from Ref. [23].

ALICE (A Large Ion Collider Experiment) is experiment at the LHC dedi-
cated primarily to study of heavy-ion (Pb+Pb) collisions, but it also takes refer-
ence data from proton-proton collisions and p+PDb collisions. NPE measurement
was performed for all of these colliding systems at ALICE where both above de-
scribed analysis methods were used (background subtraction and DCA).

The DCA method was used for example in Ref. [23] for proton-proton
collisions at /s = 7 TeV. The basic steps of the analysis are as follows: In
first step the inclusive electrons spectrum was obtained. The inclusive electron
DCA distribution was than fitted by function containing information about
individual contributions to the inclusive electron spectrum. The fit function
was obtained from PYTHIA simulation and the normalisation was used and the
free parameter of the fit. The DCA distribution, the simulated components and
the fit are plotted in Fig. [3:2]
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The fit contains information about ratio of the inclusive electron spectrum
components which allows to obtain spectrum of required component, in this case
NPE from ¢ and b quarks. Spectrum of NPE from decay of D and B mesons
is in Fig. [B:3] where comparison with FONLL model is also provided. The
obtained result is with good agreement with the model, so the DCA method
seems to give correct results.

If the same procedure is applied to different colliding system, it is possible to
compare it to the proton-proton result. As an example, measurement of nuclear
modification factor R, py is prcscntcdﬂ The R, py as a function of pr can be seen
in Fig. In this case, p+Pb at \/syny = 5.02 TeV data was compared to the
proton-proton data. This result suggest that there is no significant suppression
or enhancement in p+Pb compared to proton-proton system (within errors), i.e.
there is no QGP present in p+Pb collisions.

IThe R,pp compares p+Pb collisions to the proton-proton collisions in the same way as
the R4 compares heavy-ion collisions to the proton-proton collisions.
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Fig. 3.3: (a) NPE cross-section as a function of pr for proton-proton collisions
at /s = 7 TeV measured by ALICE. The black circles represent signal from B
mesons decay, the blue triangles represent signal from D mesons decay. The
colored lines are prediction by FONLL model. (b) Comparison of data and
model for B mesons decay. (c) Comparison of data and model for D mesons
decay. (d) Comparison of cross-sections from B mesons and D mesons decay.
Taken from Ref. [23].
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Fig. 3.4: Nuclear modification factor R, p; of NPE as a function of pr for p+Pb
collisions at /syy = 5.02 TeV measured by ALICE. Several models are also
plotted for comparison. Taken from Ref. [24].
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3.2.2 PHENIX experiment results
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Fig. 3.5: (a) Invariant yield of NPE as a function of py for Au+Au collisions at
VSN~ = 200 GeV measured by PHENIX (grey circles, [25]) and re-folded NPE
spectra from D and B mesons decay (colored lines). (b) Comparison of data
and re-folded spectrum. Taken from Ref. [20].

PHENIX has also performed NPE measurement. As an example an invariant
yield of NPE is presented in Fig. The grey circles represent PHENIX
analysis of data taken in the year 2002, where the NPE spectrum was obtained
using the background subtraction method [25]. The colored lines are re-folded
NPE spectra from D and B mesons decay [26]. Combination of data from Run4
(vear 2004) and Runll (year 2011) were used for the unfolding. The Run4
data were analysed using background subtraction method, the Runl1 data were
analysed using the DCA method. As can be seen in panel (b) of Fig. the
measured and re-folded data are in agreement with each other.

3.2.3 STAR experiment results

STAR experiment does not have any official results of NPE measurement using
the DCA, because the old inner silicon detector, the SVT, which was in operation



48 CHAPTER 3. NON-PHOTONIC ELECTRONS

o~ 107
i)
3 STAR Preliminary —— Run12 MinBlas
10 e
2 ¢ W PHP@/s=200 GeV —— Runi2 BEMC
{g 10° %5 —s— Run05+Runos™
2 10° .*.r;k 121
b RS — FONLL
""""" St Inl<0.7

Data/FONLL

. 75
ps (GeV/c)

Fig. 3.6: (a) NPE cross-section as a function of pr for Runl2 proton-proton
collisions at /s = 200 GeV measured by STAR. FONLL model and data from
Run05+Run08 [27] are also plotted. (b) Comparison of data and FONLL model.
Taken from Ref. [28].

until year 2014, did not have sufficient primary and secondary vertex resolution
to tell apart D and B mesons. All presented data are therefore obtained by the
photonic background subtraction method.

NPE cross-section as a function of pr from proton-proton collisions at /s =
200 GeV can be seen in Fig. In this case the D and B mesons are not
distinguished. Comparison to FONLL model is provided in panel (b) of Fig.
[3.6] which shows that the measurement is in agreement with the model within
uncertainties.

STAR also performed NPE measurement for Au+Au collisions and compared
them to the proton-proton collisions. Example of such measurement is shown in
Fig. @ where nuclear modification factor R4 as a function of pr is plotted.
Several models are also show in the plot for reference. The suppression observed
in central Au+Au collisions is consistent with presence of the QGP. On the other
hand, practically no suppression is observed in peripheral Au+Au collisions.

Another interesting NPE measurement is observation of elliptic flow vy of
open-heavy flavor mesons (NPE) in Au+Au collisions at \/syy = 200 GeV, as
shown in Fig. 3.8l Method of cumulants was used in the analysis. Comparison
with several models is provided and the data is in relatively good agreement
with most of the models within errors.
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Fig. 3.7: Nuclear modification factor R4 of NPE as a function of pp for Au+Au
collisions at /syy = 200 GeV measured by STAR. Several models are also
plotted. Taken from Ref. [28§].
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50

CHAPTER 3. NON-PHOTONIC ELECTRONS




Chapter 4

NPE in Au+Au at
\/SNN — QOOGeV

4.1 Data and software

Analysis of Au+Au collisions at /syy = 200 GeV is introduced in this chap-
ter. The primary goal of this analysis is to obtain invariant yield NPE spectra
from decay of D and B mesons using the DCA method. Runl4 (year 2014)
data measured by STAR detector were used, more specifically Run14 PicoDst,
version P15ic, produced centrally by HF PWG (Heavy-Flavor Physics Working
Group). The PicoDst are ROOT-tree-like files generated from STAR MuDst
files by applying specific event and/or track quality cuts in order to reduce size
of analysed data. The specific cuts used for Run14 P15ic PicoDst can be found
in [30]. In addition the PicoDst contain all the necessary information about all
accepted tracks from individual subdetecors of the STAR detector.

The code used to analyse the data is based on code written by Kunsu OH
from Pusan National University and Mustafa Mustafa from Lawrence Berkeley
National Laboratory (LBL). The code was built at NERSC PDSF using STAR
library SL15c. The base code is able to extract required information from Pi-
coDst with additional track cuts defined by user. The result are stored in ROOT
histograms, also defined by user, to reduce size of the final files compared to
ROOT trees.

4.2 Preliminary results

The initial step into the NPE analysis was to get acquainted with the base code
and to be able to use it to obtain relevant results in form of histograms. The
first attempt was to obtain electron-positron low invariant mass Mj,, spectrum
in order to have information about photonic background to the NPE. Example
of such spectrum measured by STAR is shown in Fig.
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Fig. 4.1: Low invariant mass spectrum of electron-positron pairs measured by
STAR in Au+Au collisions at \/syn = 200 GeV. Blue points represent unlike-
sign pairs, the red are like-sign pairs and the black are the signal (like-sign minus
unlike-sign). Taken from Ref. [16].

nTPChitPoints > 20
nTPChitFit > 10
DCA > 1.5 cm

Inl < 1.0 (Fig. [£2)

[n| < 0.7 (Fig. |4.3)

Tab. 4.1: Additional track quality cuts to the cuts used in PicoDst production.

There are two types of cuts applied in analysis presented in this thesis. The
first are additional track quality cuts to the cuts applied in PicoDst production
and are listed in Tab. The second type of cuts are electron identification
cuts, which should provide pure inclusive electrons spectrum, i.e. get rid of
hadron contamination. Information from HFT, TPC, TOF and BEMC+SMD
was used for "leading” electron, only information from TPC was used for re-
constructed partners. Requirement of the HFT in this analysis means at leas
one hit in inner layer of the PXL, one hit in outer layer of the PXL and one
hit in the IST (i.e. minimum of three hits in three different layers of the HFT).
TOF was used for tracks with pr < 2 GeV/c only, BEMC+SMD was used for
tracks with py > 2 GeV/c only. Just tracks with 0.3 GeV/c < pr < 5 GeV/c
were accepted. The specific values of electron identification cuts are listed in

Tab. 4.2

The low invariant mass electron-positron pair spectrum obtained in this
analysis is shown in Fig. This spectrum was obtained by analysing approx.
1M events in 150 PicoDst files. This is therefore relatively small sample, but
purpose of this figure was to validate that the code and the cuts are working
properly. The final (black stars) and the like sign spectrum (red stars) seems to
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pr <2GeV/e pr >2GeV/c
—1<no<3 —1<no<3
~1| <0025 | 01ct < g <2
|d¢| < 0.02 cm
|dz| < 10 em
ITOW dist| < 0.02
BSMD |¢| > 1; |n| > 1

1
B

Tab. 4.2: Electron identification cuts.

be correct, but the unlike-sign spectrum is missing the significant increase for
My < 0.2 GeV/c? (compare to Fig. [4.1)).
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Fig. 4.2: Low invariant mass spectrum of electron-positron pairs measured in
Au+Au collisions at /syn = 200 GeV for approx. 1M events. Blue points
represent unlike-sign pairs, the red are like-sign pairs and the black are the
signal (like-sign minus unlike-sign).

Bigger data sample of approx. 30M events in 5,000 PicoDst files was anal-
ysed, which resulted in Fig. [f.3] It is important to note that the n cut was
different than in previous case as listed in Tab. Even though the statistics
is increased compared to the Fig. the result is no closer to expected shape
of the dependence. The cause of these problems still remains unresolved and it
is one of the main goals of further analysis to identify the source of the issues.

For that reason, the same 30M events as before were analysed, but this
time without HFT required for the "leading” electron track. The result of this
analysis is shown in Fig. Compared to Fig. the main difference is that
there is much more events, which passed the cuts, which is natural, as the cut
is not that restrictive this time. The other noticeable thing is that the final
spectrum is more smooth than the one in Fig. [I.3] which is most likely caused
by increased statistics.

Therefore it can be assumed, that if the statistics is increased even further,
the result will be noticeably better. It is therefore planned to run the analysis
on sample of approx. 100M events. This should provide sufficient number of
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Fig. 4.3: Low invariant mass spectrum of electron-positron pairs measured in
Au+Au collisions at /syny = 200 GeV for approx. 30M events. Blue points
represent unlike-sign pairs, the red are like-sign pairs and the black are the
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Fig. 4.4: Low invariant mass spectrum of electron-positron pairs measured in
Au+Au collisions at /syny = 200GeV for approx. 30M events without HF'T
required for the ”leading” electron track. Blue points represent unlike-sign pairs,
the red are like-sign pairs and the black are the signal (like-sign - unlike-sign).

events, which pass the cuts and the plots will be better as a result. Another
thing, which will be done, is plotting cuts check histograms to ensure correctness
of currently preset cuts.

So to conclude, these results are still very preliminary and have to be consid-
ered just as working plots. Cuts will be checked in further analysis by plotting
appropriate cuts-check plots and, in addition, the statistics will be increased by
analysing at least 100M events.

4.3 Runl4 PicoDst data reproduction

It was discovered by the FH PWG, that the HFT efficiency is too low (1/3 of
expected value) in Au+Au at \/syny = 200 GeV Runl4 PicoDst, version P15ic.
Fortunately the problem was caused by error during the PicoDst production
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and not by the HFT itself. For that reason a reproduction of Runl4 Au+Au at
VsnN = 200 GeV started in April, 2016. The new version is denoted P16id.

New Runl4 PicoDst have also updated inner structure. It is therefore nec-
essary to adapt existing NPE analysis code to the new PicoDst standard. This
step can not be avoided, as the old, version P15ic, data will be deleted as soon
as the reproduction is finished.
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Chapter 5

Discussion and conclusion

The analysis of non-photonic electrons in heavy-ion collisions was briefly intro-
duced in this thesis. In the first chapter general properties of the heavy-ion
collisions were described, the second chapter was about the STAR detector and
the RHIC, the third chapter summarised recent results in NPE analysis from
ALICE, PHENIX and STAR experiments and the fourth chapter contained in-
troduction to NPE analysis in Runl4 Au+Au collisions at /syy = 200 GeV
measured by STAR.

First attempt of this analysis was to reconstruct the photonic electron-
positron pair invariant mass spectrum. As already discussed in previous chapter,
the resulting plots are not completely consistent with the expectation. The sig-
nificant increase in the unlike-sign spectrum for M;,, < 0.2 GeV/c, as shown in
Fig. is not observed in this analysis plots. This might be caused partly by
relatively low statistics of current plots and also by cut problem.

For that reason the statistics will be increased from approx. 30M events
to 100M events and cuts-check plots will be generated. These two precautions
should provide sufficient correction of the results. Further step is to proceed
to the NPE analysis itself, i.e. to obtain D and B mesons spectrum, using the
DCA method.

Existing code will be also adapted to the new PicoDst version, P16id, of
the Runl14 Au+Au at \/syny = 200 GeV data production. The reproduction
is necessary as it was discovered that there is an HFT efficiency problem in
older PicoDst version, P15ic, of this dataset. Newly produced PicoDst should
improve the statistics as the HF T efficiency should be three times better in new
production than in the old one.
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