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Abstrakt:
Kvark-gluónová plazma je stav vělmi hustej a horúcej jadrovej hmoty. Kvarky a gluóny

sa tu vyskytujú v neviazanom stave. Tento stav hmoty sme schopńı vytvorǐt pri zrážańı
dvoch jadier pri vysokých energiách. Najznámeǰsie experimenty, ktoré sa zaoberajú kvark-
gluónovou plazmou, sú ALICE na Vělkom hadrónovom urýcȟlovači LHC, a STAR na
Relativistickom urýcȟlovači tažkých jadier RHIC. QGP je možné študovať len nepriamo
porovnávańım vlastnost́ı vzniknutých čast́ıc v zrážkach s pŕıtomnosťou QGP a bez nej. V
tejto práci sa budem hlavne zaoberať štúdiom otvorených ťažkých vôńı, medzi ktoré patŕı
aj meranie nefotonických elektrónov.
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Abstract:
Quark-gluon plasma is a state of very hot and dense nuclear matter. Quarks and gluons

exist here in unbounded state. We are able to create this phase of matter by colliding
two heavy ions at very high energies. The well-known experiments that explore the quark-
gluon plasma, are ALICE at Large Hadron Collider, LHC, and STAR at Relativistic Heavy
Ion Collider, RHIC. We can study the QGP only indirectly by comparing the properties
of originated particles in collisions with presence of QGP and without QGP. In this work
I will describe mainly the study of open heavy flavor, among which also belongs the
measurement of non-photonic electrons.
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Introduction

One of the main research programms of these days is the study of hot and dense matter
called quark-gluon plasma (QGP). It is a state of deconfined quarks and gluons where these
can move almost as free particles. We suppose that QGP was created at the beginning of
the universe. If we want to study this state of matter we must create the same conditions
as were at the Big Bang. In order to do this, the Relativistic Heavy Ion Collider in
Brookhaven National Laboratory collides heavy nuclei such as gold or uranium at ultra-
relativistic energies.

In this thesis I will focus on heavy flavor physics that investigate what happens to
heavy quarks as c and b quark during the collision. These quarks are created at the
beginning of the collision in hard processes so they are influenced by all following stages
of the collision. Study of open heavy flavor is one of the possibilities to trace back how
does the QGP look like. This is topic of the first chapter.

In the second chapter I will describe the STAR detector, which is important for detect-
ing particles coming from the collision. The subsystems that are needed for my analysis are
Time Projection Chamber TPC, Time of Flight TOF, Barrel Electromagnetic Calorimeter
BEMC and finally newely installer Muon Telescope Detector MTD. Brief description of
composition and funcionality of these detectors is mentioned.

Third chapter is dedicated to description of the mechanism of analysis of non-photonic
electrons. These electrons come from semileptonic decays of D or B mesons, so they are
good probes for the study of QGP. I also presented latest results of nuclear modification
factor of NPE. The suppression is much larger than we expected, but for more precise
statements we have to wait for data with more statistics.

In the last chapter I will present my analysis of non-photonic electrons in UU collisions
at energy

√
s = 193 GeV in STAR experiment. I will describe all steps that I have worked

on during the first year of Master studies in detail.
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Chapter 1

Heavy flavor physics in STAR
experiment

1.1 Introduction to quark-gluon plasma

The main purpose of the STAR experiment is to investigate a hot and dense medium called
the quark-gluon plasma. The main building blocks of nature, quarks and gluons, are in
deconfined state in this medium. We still don’t know how to properly describe the QGP.
Perturbative quantum chromodynamics works well for matter created in proton-proton
collisions, that is not the QGP, but it fails at description of medium created in heavy-ion
collisions.

Nowadays we are able to create the quark-gluon plasma in heavy-ion collisions at high
energies. Such collisions take place in synchrotron accelerators, where beams of heavy
ions such as nuclei of gold or lead circulate in two independent beam pipes in opposite
directions, and at the point where a detector is located the beam pipes intersect and
heavy ions collide. These particles are accelerated at almost the speed of light, so as a
consecuence of Lorentz contraction along the direction of their movement they squeeze
and form the so called “pancakes”. At the moment of a collision, these pancakes pass
through each other and as they are drawning apart a “fire-ball” is created, where is a
great probability of formation of QGP. The created system is expanding during first fs
after the collision mainly in longitudinal direction because nuclei are receeding with almost
the speed of light.

The phase diagram of transition between quark-gluon plasma and hadron gas is still
object of intense research. On the Figure 1.1 the phase transition diagram is shown
in terms of tepmerature of the system T and baryo-chemical potential µb. The quark-
gluon plasma phase exists below the transition line, which represents the first order phase
transition. For low baryo-chemical potentials and high temperatures the so called rapid
cross-over takes place. Modern accelerating facilities, for example LHC in CERN or RHIC
in BNL, can reach points of this diagram that lies at the cross-over region or even higher.
For low µb the critical temperature of phase transition is estimated to be Tcrit = 175 MeV
[4].

Right after the collision of heavy ions at sufficient center of mass energy, the quark-
gluon plasma can be created. We can divide the evolution of the created system into
various stages. The diagram on Figure 1.2 illustrates different moments of the collision
that are described below. As was mentioned before, the created system is expanding
mainly in longitudinal direction that allows us to describe the space-time evolution of the
collision in terms of time t and direction of the incoming beam of particles z. The proper

8
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Figure 1.1: The phase diagram showing the phase transition between quark-
gluon plasma and hadron gas. For low µb and temperature ∼ 175 MeV a
cross-over takes place, from critical point towards higher µb there is a first
order phase transition. Taken from [7].

time τ is situated on hyperbolas of the diagram.

Figure 1.2: The space-time diagram of different stages of a heavy-ion colli-
sion. At proper time τ0 the system comes to thermal equilibrium and QGP
is present. At Tc the phase transition to hadron gas takes place. Tch is the
temperature of chemical freeze-out and Tfo temperature of kinetic freeze-out.
Taken from [4].

We can divide the evolution of the system after the collision in the following stages [4]:
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• Right after the collision of the nuclei the system is composed of excited virtual quanta
and it will take time to deexcite and form quarks and gluons. Heavy quarks can be
created in hard scatterings with large transported momentum. The system is in the
pre-equilibrium phase.

• At proper time τ0 ≈ 1 fm/c the system comes to thermal equilibrium and quark-gluon
plasma is created. This stage of the collision is well described by hydrodynamics.

• At critical temperature Tc ≈ 175 MeV the system undergoes a phase transition from
QGP to hadron phase, quarks and gluons are no longer free but connected by the
strong force into hadrons.

• At high baryo-chemical potential we can distinguish between two types of freeze-
out. At τch < τfo there is a chemical freeze-out after which particles no longer
suffer inelastic scatterings, but they can still lose their energy by elastic collisions
with other particles of the system. The ratio of different particle species remains
constant. At τfo the kinematic freeze-out takes place. At this point elastic collisions
cease, particles do not lose their energy and fly away into the vacuum. For low values
of baryo-chemical potential these two freeze-outs occur at same proper time.

1.2 Clasification of heavy-ion collisions

Particle accelerators can collide various heavy ions, for example gold, lead or uranium.
Both have very big atomic numbers, so if they collide, many nucleon-nucleon collisions
occur. Collisions where all nucleons participate, the so called central collisions, do not
happen all the time. It is clear that the more nucleons participating in collision, the bigger
is the probability of formation of QGP. Therefore we need to clasify collisions according
to their centrality.

Centrality of the collision is defined with the impact parameter b that is the distance
between centers of colliding nuclei. When b = 0 the collision is central, for 0 < b < 2R we
call the collisions periferal, and for b > 2R ultraperipheral. On the Figure 1.3 there is an
illustration of different types of centrality of heavy-ion collisions.

However, we are not able to measure the impact parameter b. One way in which
we can define the centrality is through Glauber model. This model assumes a nucleus-
nucleus collision as a multiple nucleon-nucleon collisions. The nucleon-nucleon collision is
characterized by total inelastic cross section σine.

We can divide the multiplicity distribution i.e., the number of particles produced,
into various bins of centrality and then correlate them through the model with impact
parameter and number of participants. A participant is a nucleon that undergoes at least
one inelastic collision. In the Figure 1.4 can be seen the multiplicity distribution cut into
centrality bins, where the maximum values of charged particles corresponds to top 5 %
central collisions. On the upper side of the figure there are axes labeled as Npart and b
that are assigned to this plot by Glauber model.

1.3 Heavy flavor physics

Quark-gluon plasma is the main field of study of the STAR experiment. Unfortunately, it
exists only for few fs after the collision and we are not able to study it directly. Heavy flavor
quarks are created during the first stages of heavy-ion collisions in hard processes, when
partons transfer large amount of momentum between themselfs. These quarks are then
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Figure 1.3: Illustration of different types of centrality of a collision of heavy
nuclei. From left to right: central, peripheral and ultraperipheral collisions.

Figure 1.4: Multiplicity distribution with assigned bins of centrality through
Glabuer model to impact parameter and number of charged particles that
participated in collision. Taken from [6].
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present during all following stages of the collision. They are affected by the interactions
with fields and forces in quark-gluon plasma and so are particles formed of heavy quarks
created during last stages of the collision. Heavy flavor particles composed of heavy quarks
are therefore appropriate probes that help us to look back at what happened in QGP. First
I will present here some useful observables and processes that occur in QGP.

1.3.1 Nuclear modification factor

As we cannot study the quark-gluon plasma directly, we must rely on the properties of the
particles coming out to our detectors after the freeze-out. If we want to know the effects
of QGP on particle production, we have to compare this production to a system in which
no QGP is formed. Such a system is a proton-proton collision.

An observable suitable for studying the effects of QGP on particle production is nu-
clear modification factor RAB defined as ratio of particle production in heavy-ion collisions
to proton-proton collisions. To get relevant information, we must compare the produc-
tions always at the same conditions, that is the energy, centrality (impact parameter),
transverse momentum pT and rapidity η. The ratio is scaled by nuclear overlap function
〈TAB〉(b) from Glauber model that represents number of nucleon-nucleon collisions in a
single nucleus-nucleus collision at given impact parameter [4].

RAB(pT , y, b) =
d2NAB/dydpT

〈TAB〉(b)d2σpp/dydpT
(1.1)

We expect that in QGP quarks and gluons suffer some energy loss by interactions with
the strongly interacting medium. Therefore for example particles at pp collisions that are
observed with high pT will not be detected at the same pT bin when coming from heavy-ion
collisions. These particles would loose some energy in QGP and will be observed with low
pT . Thus, comparing the particle production from heavy-ion collisions to proton-proton
collisions at high pT we should see less particle production. Also due to color screening
some particles that would have been formed are decomposed and we cannot observe them
which causes a particle production suppression too. More about this phenomena will be
discussed below.

If the RAB is equal to one, that means no QGP is formed and heavy ion collisions
are just a superposition of nucleon-nucleon (proton-proton) collisions. If RAB > 1 we call
it an enhancement which can be caused by Cronin effect. It can be seen in assymetric
collisions, for expample deuteron-gold, where no QGP is formed, but multiple scatterings
are present which leads to higher number of particles with low momentum than in pp
collisions. Finally, if RAB < 1, we are talking about suppression. Particles lose energy
or are melted in QGP, so the final production is smaller than the production from pp
collisions. I illustrate this situation on Figure 1.5. In d-Au collisions we can see a Cronin
effect and in Au-Au collisions a strong suppression is present.

If we do not have the reference data from pp collisions, we can use other form of nuclear
modification factor, RCP , defined as ratio of production of particles in central collisions
with respect to peripheral collisions. As it was said, in central collisions the existence of
QGP is more probable, so we should see some suppression. The bigger the centrality is
in numerator and smaller in denominator, the bigger the factor of suppression is. The
fraction is again scaled by overlap functions from Glauber model.

RCP (pT , y, ) =
d2Nh(b1)/dydpT
d2Nh(b2)/dydpT

〈TAB〉(b2)
〈TAB〉(b1)

(1.2)
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Figure 1.5: Nuclear modification factor of charged hadrons in dAu and AuAu
collisions from STAR experiment. In dAu collisions a Cronin effect can be
seen and in heavy-ion collisions a suppression is observed. Taken from [10].

1.3.2 Jet quenching

As was mentioned before, the quark-gluon plasma cannot be observed directly. We have to
rely on appropriate probes that can reveal us some consecuences of interaction of particles
with this kind of matter. One of these useful probes is jet quenching.

Two energetic partons are created in hard processes with large transferred momentum.
In case they are created close to the surface of the fireball, one of them flies out of this
medium and the second one goes in the opposite direction through the medium. As the
parton passes through QGP, it can lose energy by interactions with strongly interacting
medium. Experimentally we observe a jet of particles created from fragmentation of the
parton. A scheme of this process can be seen on the Figure 1.6. On the left picture there
is a proton-proton collision, where no QGP is created. As two quarks collide in a hard
process, two partons originate in opposite directions forming a jet of particles as they are
flying away. There is no medium that could cause strong interactions, so there are two
fully evolved jets in both directions. On the other side, on the right picture there is a
nucleus-nucleus collision where a QGP is formed. In hard process two partons are created
near the surface of the fireball from which one propagates through the medium and flies
quenched out, and the second jet is almost unquenched.

When we study azimuthal distribution of hadrons with high pT in heavy-ion collisions,
we should see that associated opposite jets are quenched after passing through QGP. An
example of this distribution is shown on Figure 1.7. We select a hadron with transverse
momentum pT ≥ 4 GeV/c in azimuth angle ϕtrigg and we study the distribution of hadrons
with pT ≥ 2 GeV/c dependent on ∆ϕ = ϕ − ϕtrigg. We define as “near-side” azimuthal
domain around angle ϕtrigg and as “away-side” the opposite domain around ∆ϕ ≈ π,
where in case of no QGP formed we can find the associated opposite jet. On the Figure
1.7 we can see a clear opposite signal in pp and dAu collisions, while in AuAu collisions
the opposite jet totally disappears. We interpret this as a consecuence of energy loss of
opposite parton passing through strongly interacting medium [4].
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Figure 1.6: Jet quenching - a scheme of a pp and AA collision. In pp collisions
there is no QGP, outgoing particles are not quenched by the interaction with
QGP. In AA collisions a strongly interacting medium is created and as a
consecuence the production of particles with high pT is suppressed. Taken
from [12].

Figure 1.7: Azimuthal di-hadron correlation from di-jet production in STAR
at energy

√
sNN = 200 GeV. Trigger particle with pT ≥ 4 GeV/c is at angle

Φ = 0, “away-side” signal measured for particles with pT ≥ 2 GeV/c is at
angle ∆Φ = π. Taken from [4].
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As a consequence of jet quenching we observe a suppression of production of particles
with high transverse momentum (pT & 2 GeV/c). High-energetic partons lose their energy
via interactions with the QGP before they can hadronize, so they lose some of their
transverse momentum. Particles formed of these partons also have smaller values of pT .
Thus they no more belong to a group of particles with high transverse momenta which
leads to suppression of these particles in comparison with system where no QGP is present.
This behaviour should be seen in terms of nuclear modification factor RAA. It is defined
according the formula 1.1 as ratio of particle production in heavy-ion collisions to pp
collisions. Thus when studying the production of particles with high pT this ratio should
be below 1 that is called suppression.

1.3.3 Dead-cone effect

There are mainly two types of energy loss of quarks in QGP: collisional and radiative.
In radiative losses a gluon bremsstrahlung is an important feature. The statement of the
dead-cone effect is that for heavy quarks the amount of gluon radiation is smaller then
that of light quarks [13].

The radiation of gluons is suppressed at angles smaller than the ratio of its mass and
energy θ < m/E. The distribution of gluons with energy ω and transverse momentum k ≈
ωθ emmited off a heavy quark is suppressed in comparison with standard bremsstrahlung
spectrum by a factor

ω
dIrad
dωdk2

(1 +
θ20
θ2

)−2 (1.3)

where θ0 = m
E [13].

The bigger the mass of a quark is, the bigger is the angle θ0 and the bigger is the
number we divide the distribution with, resulting in suppressed distribution of emitted
gluons. Therefore, the bigger the quark mass is, the smaller is the radiation of gluons and
the smaller is the energy loss of the quark.

1.4 Why is the study of heavy flavor important

As was mentioned at the beginning of this chapter, heavy quarks are created mainly
in hard processes during first stages of a heavy-ion collision which makes them a good
probe for the study of QGP. The strongly interacting medium affects the production of
particles composed of heavy quarks. Main effects studied in heavy flavor are sequential
suppression of quarkonia and suppression of open heavy flavor at high pT in comparison
with suppression of light hadrons composed of light quarks. Each of this effects is described
below in separate sections.

1.4.1 Quarkonia

Quarkonia are particles that consist of one heavy quark and antiquark with the same
flavor. Particles composed of charm quarks are called charmonia, and hadrons composed
of bottom quarks are bottomia. Quarkonia that are at their ground state are strongly
coupled e.g., J/ψ for charmonia and Υ(1S) for bottomia. There are other less bounded
states of quarkonia in higher states. In the Table 1.1 the basic types of quarkonia are
shown.

Because of the shape of the confining potential that is described by relation 1.4 where
σ = 0, 2 GeV2 is the string tension and α = π/12 is the gauge coupling, quarkonia with
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quarkonium content mass [MeV/c2] quarkonium content mass [Mev/c2]

J/ψ cc 3096,92 Υ(1S) bb 9460,30

χc cc 3510,66 Υ(2S) bb 10023,26

ψ′ cc 3686,11 Υ(3S) bb 10355,2

Table 1.1: Properties of quarkonia. Taken from [1].

different confining potential have different radius rc [4].

V (r) = σr − α

r
(1.4)

Quarkonia that are strongly confined, have smaller radius and viceversa. This feature
is important because we can use quarkonia as a thermometer of nuclear matter. For
temperatures T > Tc the potential of quarkonia changes due to Debeye screening of free
color charges as

V (r) = −α
r

exp [−r/rD(T )], (1.5)

where rD(T) is Debeye screening radius [4]. When the screening radius is smaller than
the radius of quarkonia, heavy quarks coupled in pairs cannot see each other because of
the color screening. As the tepmerature increases, the Debeye screening radius decreases,
and more tightly bounded states melt in QGP. As J/ψ and Υ(1S) are the ground states
and have smallest radius rc, they will melt last at temperatures T ∼ 2Tc [4].

We should see this behaviour in the nuclear modification factor plot. In the Figure
1.8 on the left there is a scetch of sequential suppression for charmonia. The nuclear
modification factor decreases with increasing temperature, and moreover, there are steps
at temperatures when rD = rc and corresponding type of charmonium is deconfined. We
can see the behaviour of bottomia in real data from ALICE experiment on the Figure 1.8.
The Υ(2S) is more suppressed than Υ(1S) because it is less bounded, so it deconfines at
lower temperatures and its final production will be lower. Also there can be seen that as
we are going to higher number of participants, that is, higher centralities and therefore
higher probability to form a QGP, we can see more suppression of quarkonia.

Figure 1.8: Left: Scetch of sequential suppression of different states of char-
monia against T/Tc. Taken from [5]. Right: RAA of Υ(1S) and Υ(2S) against
centrality in Pb-Pb collisions at energy

√
sNN = 2, 76 TeV. Taken from [15].
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Except the suppression caused by color screening in QGP, we can also observe the so
called “normal suppression” of quarkonia observed in proton-nucleus collisions. This fea-
ture is caused by re-scattering dissociation of the primordially produced quark-antiquark
pairs when traversing cold hadronic matter. We have to pay attention to this suppression
in nucleus-nucleus collisions. In this case, the particle yield in AA collisions to “normal
yield” is studied [4].

1.4.2 Open heavy flavor

Open heavy flavored particles are those composed of one c or b quark and one light quark.
Among these particles there belong D and B mesons containing one charm quark and one
bottom quark, respectively. In Table 1.2 there are some examples of D and B mesons,
their masses and what quarks are they formed of.

meson content mass [MeV/c2] meson content mass [Mev/c2]

D0 cu 1864,86 B0 dd 5279,58

D+ cd 1869,62 B+ ub 5279,25

D+
s cs 1968,49 B0

s sb 5366,77

Table 1.2: Properties of open heavy flavor mesons. Taken from [1].

An important part of the study of open heavy flavor is the suppression of high pT
particles caused by interactions of heavy quarks with quark-gluon plasma. According to
dead-cone effect heavy quarks should lose less energy in this strongly interacting medium
than light quarks because the gluon emission is suppressed in angles smaller than m/E.
This should be seen in nuclear modification factor. The bigger the energy loss is, the
smaller is the RAA.

Ideally we should study the difference between nuclear modification factors of light,
c and b quarks, that is of light hadrons, D and B mesons. Unfortunately the STAR
experiment was not able to see tracks or even decay vertices of these mesons until year
2014. For that reason we have to rely on undirect measurement of daughter particles
coming from decay vertices of open heavy flavor mesons.

D and B mesons can decay via hadronic or semileptonic decay channels. For hadronic
decay channel of D mesons we select pions π and kaons K and by calculating their invariant
mass we can get final distribution of these mesons. For hadronic decay channel of B mesons
we select J/ψ coming from decay vertex. On the Figure 1.9 we can see the measurement
of RAA of light hadrons, D mesons obtained via hadronic decay channel analysis and B
mesons analysed through decays to J/ψ from ALICE experiment in PbPb collisions at
energy

√
sNN = 2, 76 TeV. According to dead-cone effect we should see the following

relation: Rch
AA < Rc

AA < Rb
AA. As ALICE experiment can recognize the decay vertices of

open heavy flavor mesons, their analysis is more precise and so they claim that they can
see an indication that this statement is approved.

On STAR experiment we have also measured the RAA of D mesons via hadronic decay
channel. On the Figure 1.10 there is the nuclear modification factor of D mesons compared
to RAA of light hadrons in AuAu collisions at energy

√
sNN = 200 GeV. We do not see any

difference between nuclear modification factors of light hadrons and D mesons beacuse of
large error bars on the plot.

D and B mesons can also decay via semileptonic decay channel D(B) → eνeX. On
STAR experiment we also perform this study of open heavy flavor. In this measurement we
try to select electrons coming from the decay vertex of open heavy flavor mesons, called
non-photonic electrons. It has one advatnage over the hadronic decay channel studies.
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Figure 1.9: Nuclear modification factor of charged hadrons, D mesons and
J/ψ coming from B mesons. The measurement is done by ALICE experiment
in PbPb collisions at energy

√
sNN = 2, 76 TeV. Taken from [16].

Figure 1.10: Nuclear modification factor of D mesons in central collisions
compared to RAA of light hadrons. Taken from [17].
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During data taking we are able to trigger on high-energy electrons in the Electromagnetic
Calorimeter. This kind of trigger is called NPE trigger. It is fired only when the Calorime-
ter detects a hit with a deposited energy higher than a certain threshold. However, this
measurement has a lot of disadvantages too. Due to inability of detecting the neutrino
we cannot reconstruct the invariant mass of D and B mesons which makes the analysis a
little bit harder to perform. The momentum of the electron does not correspond to the
momentum of D or B meson, so we cannot directly compare the RAA with RAA of other
particles. The non-photonic electron spectrum is accompanied with a large background
composed of electrons coming from γ conversions or decays of quarkonia. Also, the re-
constructed NPE is a mixture of c and b quark contributions. This kind of analysis is the
core of my research work.



Chapter 2

The STAR Experiment

The Solenoidal Tracker at RHIC is one of two detectors that are operating at Relativistic
Heavy Ion Collider (RHIC). It is located at one of the six intersection points of RHIC beam
pipes. It covers all azimuth around the beam pipe and is composed of various subsystems.
The most important parts for heavy flavor physics are the Time Projection Chamber,
Time of Flight, Barrel Electromagnetic Calorimeter and lately added new detectors Heavy
Flavor Tracker and Muon Telescope Detector. A magnet is wraping them all except the
MTD. The magnet is needed for creating a magnetic field of 0,5 T to bend trajectories of
charged particles. A picture of the STAR detector is shown on the Figure 2.1.

Figure 2.1: Picture of STAR detector.

20
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2.1 Time Projection Chamber

The Time Projection Chamber is the main subdetector of STAR. It is designed to detect
trajectories of particles and according to their energy loss help particle identification. TPC
is cylindrically shaped gas detector with long response. Its inner radius is 50 cm and the
outer radius 200 cm. It is 420 cm long and covers all azimuth 2π and pseudorapidity
|η| ≤ 1 [22]. It can distinguish pions from kaons up to p ∼ 0, 6 GeV/c, as can be seen
from the picture 2.2.

When a particle traverses some material, it loses energy by ionization or radiation.
In case of TPC the ionization losses are important and can be described by Bethe-Bloch
formula [1]

−〈dE
dx
〉 = K

Z

A

z2

β2
[
1

2
ln

2mec
2γ2β2Tmax

I2
− β2 − δ(βγ)

2
], (2.1)

where K is a constant, Z and A are proton number and atomic number of the material
respectively, z is proton number of incoming particle, I is mean excitation energy, Tmax is
maximum transfer energy for one collision and the last member δ(βγ)/2 is a correction for
density effects at high energies [1]. Every particle loses different amount of energy when
traversing the same material. So by investigating the shape of Bethe-Bloch function we
can perform particle identification. On Figure 2.2 an example of particle identification is
shown. The colored curves are fits with Bethe-Bloch formula for different particles.

Figure 2.2: Energy loss as function of momentum. The colored curves repre-
sent a fit with Bethe-Bloch formula for different particles.

2.1.1 How does TPC work

Time Projection Chamber is composed of central high voltage cathode and of two anodes
located at both sides. A schematic picture of TPC can be seen on Figure 2.3.

There is an electric field parallel to the beam pipe and also a parallel magnetic field
created by the magnet that is wraping every subdetector of STAR except MTD inside. The
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Figure 2.3: Time projection chamber. Taken from [20].

TPC is filled with gas, so when a particle traverses this medium, it ionizes the molecules
of gas and electron-ion pairs are formed. Created charges are gathered by electrodes
of corresponding opposite charge. Right before the anodes the electric field is stronger.
Incoming electrons will then have enough energy to ionize the gas and create even more
electron-ion pairs. A Townsend avalanches are created that are needed for signal readout.
During avalanches there are a lot of positively charged ions created that cause the decrease
of the intensity of electric field. For that reason there is a ground grid that collects positive
ions and it also divides the space of avalanches from the rest of TPC [23].

Anodes consist of endcap wire chambers, where anode wires are distributed uniformly.
Parallel to these wires there are series of cathode square stripes. This configuration allows
us to determine the projection of particle track on x − y plane. The x coordinate is
obtained by the position on the anode wire, the y coordinate by a cathode strip from
parallel line to the anode wire and finally the z coordinate is given by the time in which
electrons reach the anode. By this way we obtain the points of a particle trajectory that
we can reconstruct [23].

The gas that the TPC is filled with is a compound of 90% of Argon and 10% of
Methan. The noble gas is good because it does not need to attach another electrons so we
will not have problems with electron losses due to binding with molecules. The organic
gas is important because it is able to quench UV photons so they do not cause molecule
excitations and adjacent creation of electron-ion pairs. There will be a change of gas
mixture from Argon-Methane to Helium(50%) and Ethane(50%) as it will increase the
efficiency [20].

2.2 Time of Flight

The Time of Flight (TOF) detector is an important subsystem of STAR because it helps
with particle identification. It is capable of distinguishing pions from kaons up to p ∼ 1, 5
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GeV/c and protons from p ∼ 1 GeV/c up to p ∼ 3 GeV/c. In the Figure 2.4 en example
of particle identification is shown. The colored curves represent a theoretical predictions
of inverse β according to fromula 2.2. Comparing to Bethe-Bloch functions obtained from
TPC 2.2 it is clear that TOF can distinguish better between the particles up to higher
momentum than TPC.

Figure 2.4: Particle identification from Time of Flight. The colored curves are
theoretical values for calculation of the inverse β.

With TOF we can measure the time of flight of the particle, where the starting time is
determined by Vertex Position Detector (VPD) and the end time by TOF. From the time
difference and known distance the particle travels it is possible to calculate the velocity
β. Together with the momentum obtained from TPC one can identify the particle, i.e.
calculate its mass according to following formula [21]

m = p

√
1

β2
− 1. (2.2)

The Time of Flight detector surronds the TPC, so it covers full azimuth 2π and pseu-
dorapidity |η| ≤ 1. It works on the base of Multi-gap Resistive Plate Chambers (MRPC)
which has good time resolution around 100 ps and high detection efficiency of more than
95%.

2.3 Barrel Electromagnetic Calorimeter

The Barrel Electromagnetic Calorimeter (BEMC) is important part of STAR because it
measures the energy of particles and it also serves for high-tower triggers. High-tower
trigger is fired when there is an event with at least one hit with energy higher than some
given value.
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The BEMC again covers all azimuth 2π, pseudorapidity |η| ≤ 1 and its inner radius
is 220 cm. It consists of 120 calorimeter modules and each module is compoed of 40
towers so the entire BEMC has 4800 towers total. Inside every module there are lead and
scintillator plates alternating. When particle passes through, in the lead plate a shower is
created, and in the adjacent scintillator plate the signal is read out. There are also shower
maximum detectors (SMD) at a distance of 5X0 from the front face. X0 is radiation
length i.e., the distance in which the electron loses its energy to 1/e of its original value.
For the analysis of NPE the SMD detectors are important for electron identification. We
distinguish the SMD detector in η direction and SMD detector in φ direction. These
detectors are needed to provide good spatial resolution because the towers are larger than
the size of EM shower. On the Figure 2.5 a picture of one BEMC module is shown.

Figure 2.5: Picture of a module of BEMC Taken from [25].
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2.4 Heavy Flavor Tracker

The Heavy Flavor Tracker is a silicon pixel detector, that is designed to improve the heavy
flavor analysis. It will be able to distinguish decay vertices of D and B mesons, which will
significantly help in the precision of the analysis i.e., the systematic errors will decrease.
On the Figure 2.6 a scheme of this detector is shown. It is placed close to the beam pipe,
and it consist of approximately 2 cm x 2 cm silicon plates [26]. On the Figure 2.7 there is a
reconstruction of D0 meson signal from simulation. Various selection criteria on secondary
decay vertices of D meson are applied and are shown on different pictures. The signal is
clearly visible among the background. We are not able to see such good signal in D meson
reconstruction in present analysis.

Figure 2.6: Scheme of Heavy Flavor Tracker - transverse cut. Taken from [26].

2.5 Muon Telescope Detector

The Muon Telescope Detector (MTD) is a newely installed detector that is located on top
of the magnet. Main advantage of this detector is very low hadronic background due to its
position. Mainly muons will pass through the magnet and steel backlegs to MTD almost
without any hadron background, so we will be able to see clear peaks with low noise.
An example is shown on the Figure 2.8. With MTD we can study J/ψ and Υ through
muonic decay channel. Because of small background we will be able to distinguish between
different Υ states.

The MTD detector will be placed 400 cm away from the interaction point on the steel
backlegs. However MTD trays are not installed on all 30 backlegs because it was required
to leave a free space for operations on BEMC. On 3 backlegs there are three trays located
and on the others there are 5, so in total there are 117 trays of MTD. The time resolution
is < 100 ps and spatial resolution is ∼ 1 cm. MTD uses the same electronics as TOF
do, namely LMRPC (Multi-gap Resistive Plate Chamber with Long Strips). MTD covers
∼ 40% of azimuth and |η| < 0, 5 [27].
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Figure 2.7: Reconstruction of D0 meson signal with included HFT. Various
selection topological criteria are applied. Taken from [26].

Figure 2.8: Jψ signal as it would look like with MTD. Taken from [27].



Chapter 3

Measurements of Non-photonic
electrons

Non-photonic electrons come from semileptonic decays of D and B mesons (D,B → lνlX).
They are one of the good probes that can serve us in study of the quark-gluon plasma.
Generally we divide all electrons that are created in a collision into two groups:

• Photonic electrons that always come out in pairs e+e−

– Conversions γ: γ → e− + e+

– Dalitz decays, e.g. π0 → e+ + e− + γ, η → e+ + e− + γ

• Non-photonic electrons produced together with (anti)neutrino through weak inter-
action of a W± boson

– Decays of D and B mesons D(B)→ eνeX

The analysis of non-photonic electrons is accompanied by large background coming
from photonic electrons and electrons from Dalitz decay of π0 and η mesons. It is a different
way of studying open heavy flavor mesons (it can also be studied by reconstruction of π
and K created in hadron channel decays of D and B mesons). In this analysis, however,
we are not able to reconstruct directly the open heavy flavor mesons because we can’t
detect the neutrino coming from the decay vertex. Therefore we call it an indirect way of
open heavy flavor study.

First step in the NPE analysis is to select all electrons that are produced in a collision
i.e., inclusive electrons N(inc). It is also necessary to extract the photonic electron yield
N(phe) which forms the above mentioned background. According to the relation 4.1 we
get the raw non-photonic electron yield N(npe).

N(npe) = N(inc).εpurity −N(pho)/εpho (3.1)

In this relation εpurity is a purity that indicates the hadron contamination of the sample
of inclusive electrons and εpho is the efficiency of photonic electrons reconstruction [28].

Second, the raw spectra have to be corrected on the cut efficiencies, and finally the
contribution from vector mesons or J/ψ and Υ decays has to be subtracted.

The cross section of NPE can be calculated from the following relation [28]:

E
d3σ

dp3
=

1

L

1

2πpT∆pT∆y

Nnpe

εrecεtrigεeidεBBC
, (3.2)
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where Nnpe is raw yield of non-photonic electrons, εrec is the product of the single electron
reconstruction efficiency and the correction factor for momentum resolution and finifte
spectrum bin width, εtrig is the high-tower trigger efficiency, εeid is the electron identifica-
tion efficiency, L is the integrated luminosity and εBBC is the BBC trigger efficiency [28].
In NPE analysis using central triggers (which is the case of my analysis discussed in the
last chapter 4) we don’t need to divide the raw spectrum with trigger efficiency because
we suppose the trigger is 100% efficient.

In the NPE analysis in heavy-ion collisions we are interested in the nuclear modification
factor distribution because we expect a suppression pattern in high-pT region. In my
analysis of NPE in UU collisions at energy

√
sNN = 193 GeV described below, I will only

use the central triggers for 1% and 5% of the most central events. As NPE measurement
in AuAu collisions have been already carried out, the physical motivation of NPE analysis
in UU collisions is to compare the NPE yield in the most cental events with NPE yield in
AuAu collisions and see if there will be a suppression or not. More about the motivation
can be found in chapter 4.

3.1 B meson contribution

The selected NPE electrons can come either from D or B meson decays. The STAR detec-
tor didn’t have any reliable detector to select the open heavy flavor mesons decay vertices
until the year 2014. Therefore we have to rely on other methods that can disentangle the
D and B contributions. To differ these contributions to the NPE cross section we use
the electron-hadron azimuthal correlations. In the Figure 3.1 the FONLL calculations of
corresponding contributions to NPE cross section are shown. It can be seen that under
pT ∼ 5 GeV/c the charm contribution is dominant. At higher pT the B meson contribution
becomes larger than D meson contribution [30].

Figure 3.1: FONLL calculation fo D and B meson contributions to the NPE
cross section. Taken from [30].

To separate charm and bottom contribution experimentally, azimuthal correlations
between non-photonic electrons and hadrons are needed. One example of e-h correlations
in 200 GeV pp collisions is shown in Figure 3.2. The correlation from B meson decay
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have broader near-side peak (∆Φ ∼ 0) because as B meson have bigger mass, it can give
more energy to its decay products. The data are fitted with a function that represents
a combination of simulated charm and bottom distributions by PYHTIA [31]. The basic
function shape is y = x ∗D + (1 − x) ∗ B where D and B are the relative contributions,
and by adapting it to the data we can extract the parameter x.

Figure 3.2: Non-photonic and hadron correlations in pp collisions at E = 200
GeV. Taken from [31].

Plotting the relative contribution of B mesons to all NPE yield, i.e. B/(D+B) against
pT we can see the rise of bottom contribution with increasing pT and also with increasing
energy (see Figure 3.3), as was expected and discused above.

Figure 3.3: Relative bottom yield contribution to total NPE yield. Depen-
dence on pT and energy can be seen. Black points represent data from energy
200 GeV and red points from energy 500 GeV. Taken from [31].
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3.2 NPE spectra in pp collisions

In this section I will present results from a STAR paper dedicated to the analysis of NPE
in pp collisions at energy

√
s = 200 GeV from data taking in years 2005 and 2008. On

the Figure 3.4 the NPE cross section is shown for combined run2005 and run2008 data
together with run2003 data. Also the FONLL theoretical calculations are plotted with
its uncertainties. For better comparison the ratio of data to theory is shown in the lower
picture of the Figure 3.4. Results from PHENIX experiment are also shown. Data agree
with FONLL within its uncertainties and are consistent with each other [28].

Figure 3.4: (a) Invariant cross section of NPE from combined run 2005 and run
2008 data together with corrected run 2003 results. Data are compared with
FONLL theoretical calculations. (b) Ratio of data to theoretical predictions.
Taken from [28]

After the calculation of B meson contribution to the NPE production, separate NPE
cross section from D and B meson decays are shown on the Figure 3.5. The non-photonic
electron cross section originating from B meson decays agrees well with FONLL calcula-
tions. The NPE cross section coming from D mesons is consistent with the upper boundary
of theoretical calculations [28].

3.3 Suppression of non-photonic electrons

After extracting the NPE yield from heay-ion collisions, it should be compared to yield
from pp collisions to see the degree of suppression. As it was mentioned in the chapter 1,
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Figure 3.5: (Upper left: Invariant cross section of NPE coming from B mesons.
Upper right: Invariant cross section of NPE originating from D mesons. Both
data points are compared to FONLL calculations. Lower left and right: Ratio
of data and theory. Taken from [28].

we expect smaller suppression of particles formed of heavy quarks than particles formed
of light quarks i.e., Rch

AA < Rc
AA < Rb

AA. I present here results from two different analysis
of NPE in heavy-ion collisions in STAR experiment.

3.3.1 Au-Au collisions at
√
sNN = 200 GeV, 2007

In the Erratum [34] from year 2011 there is nuclear modification factor of NPE in AuAu
and dAu collisions at energy

√
s = 200 GeV plotted against pT (see Figure 3.6). On the

Figure 3.6 the RAB of dAu collisions is consistent with the Cronin effect. This is an effect
of cold nuclear matter caused by multiple scatterings in final stages of the collision.

The RAA of NPE in AuAu collisions at
√
sNN = 200 GeV is also shown on the Figure

3.6. The suppression of NPE does not differ much from suppression of light hadrons for
pT > 6 GeV/c that is shown as the grey band. There are also various models that try to
describe the data. Curves I and II use radiative energy losses and they predict much less
suppression than observed. Curve III and IV includes both radiative and collisional energy
losses of heavy quarks. Curve V describes the radiative losses but only to D mesons. This
curve describes data better because in these pT ranges theD meson contribution dominates
[34].

3.3.2 Au-Au collisions at
√
sNN = 200 GeV, 2010

During run 2010, thanks to large statistics, we were able to divide the NPE yield in
5 centrality bins, see Figure 3.7. The production at pp collisions is fited with FONLL
calculations. This yield is consistent with the upper limit of these calculations. The yields



CHAPTER 3. MEASUREMENTS OF NON-PHOTONIC ELECTRONS 32

Figure 3.6: Nuclear modification factor of NPE in dAu and AuAu at
√
s = 200

GeV. Also the theoretical predicitons from various models are included. Taken
from [34].

of NPE in different centralities are compared to pp produciton. i.e., the upper FONLL
limit. It can be seen that with increasing centrality the NPE yield from heavy-ion collisions
is getting lower in comparison with pp collisions.

The nuclear modification factor of NPE vs. pT can be seen on Figure 3.8. The grey
band represents the suppression of light hadrons and red points represent RAA of NPE.
The suppression of NPE is consistent with the suppression of light hadrons within the
error bars. Also some theoretical models are included. Models that use only radiative
energy loss do not describe the data well.

The amount of suppression of NPE seems to be much larger than we expected, actually
almost the same as the suppression of ligh hadrons. Because of the dead-cone effect the
suppression of heavy quarks should be lower than than of light quarks. Analyses that have
been done until now do not have enough statistics to prove this statement. We also cannot
divide relative D and B contributions to NPE because of low statistics. It is necessary to
wait for new data [33].
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Figure 3.7: Invariant yield of NPE divided into 5 centrality bins. An invariant
yield in pp collisions is plotted too. The yields are compared to upper limit
of FONLL calculations. Taken from [33].

Figure 3.8: Nuclear modification factor of NPE together with various theo-
retical models. Also the suppression of light hadrons is included. Taken from
[33].



Chapter 4

Analysis of non-photonic electrons

In this section I will describe my analysis of non-photonic electrons in UU collisions at
energy

√
sNN = 193 GeV in STAR experiment. The data were taken in year 2012. In my

analysis I process the central triggers, namely the 1% and 5% of the most central events.
I also analyze here only high pT particles with pT > 1.2 GeV/c. The plots presented in
this chapter are obtained from 9,6 milion events. Due to lack of statistics, I plotted the
figures only in 5 pT bins from 1.2 GeV/c to 4 GeV/c.

The nucleus of Uranium is, in comparison to nucleus of Gold, deformed due to non-
spherical charge density distribution that is, non zero quadrupole electric moment. For
that reason we can accomplish various energy densities when colliding the Uranium nuclei
at the same centrality. We can clasify the type of the collision of Uranium nuclei according
to different rotation of nuclei. The first one is “tip-on-tip” which corresponds to situation
when the main axis of a nucleus is parallel to the beam direction. The second one is called
“body-on-body” when the main axis of nucleus is perpendicular to the beam direction. In
the “tip-on-tip” collisions we can achieve higher partile multiplicity and energy density,
and thus the formation of QGP is more probable [35].

The physical reason why I have chosen triggers mentioned above is that at these very
central events we suppose that almost all collisions are “tip-on-tip”, so we will deal with
about 30 % higher energy denisty [35]. For that reason we expect that the suppression
of high-pT particles will be higher with respect to other nucleus-nulceus collisions using
more symmetric nuclei.

4.1 Selection of Inclusive electrons

As was already mentioned in previous chapter, production of non-photonic electrons is
computed according the following formula:

N(npe) = N(inc).εpurity −N(pho)/εpho. (4.1)

First task is then to get the inclusive electron sample, which means to extract all
electrons that are created in a collision. For this we need to apply first some event cuts.
I want the event to occur at the centre of the STAR detector so that all tracks coming
from that event will be in the detector acceptance. For this reason I apply a cut for
event vertex position along the z direction: |Vz| < 30 cm. The event vertex is located
via reconstruction of tracks in the TPC which are then extrapolated to find a point from
which they originate. This method is however not very precise. Therefore I use another cut
on difference between the position of event vertex obtained from TPC and VPD detector
which can also locate the event vertex. The applied cut is |V TPC

z − V V PD
z | < 3 cm. On

34
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the Figure 4.1 the distributions of Vz from TPC and the difference between position of
vertices from TPC and VPD are shown.
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Figure 4.1: Left. Distribution of event vertices. Right: Distribution of the
difference between the position of event vertices obtained from TPC and VPD
detectors.

After the selection of good events I can procced to trajectory cuts. First I cut on the
transverse momentum of tracks pT > 1.2 GeV/c. As I want to study the suppression of
high-pT particles, I don’t need to include the low-pT ones yet. Another reason is that in
the analysis of low-pT particles it is very hard to distinguish non-photonic electrons.

I applied another cuts on the track quality reconstruction in TPC detector. Tracks
are reconstructed on the basis of fitting the points that are created by gas ionization in
the TPC chamber. I required the track to have nHits ≥ 20 so that the fit would be
trustworthy. Another cut on the ratio of fitted points to the maximum number of points
nHits/nPossHits > 0.52 is applied. This is to avoid the double counting of one trajectory:
Sometimes the trajectory points can be splitted and read out as two different trajectories
which leads to small nHits/nPossHits ratio. I also used a cut on the so called number of
dEdx hits in TPC. Not all points that are used to fit the trajectory have ideal signal and
for that reason not all TPC points are used for the calculation of the particle’s energy
loss. The cut I applied is thus dEdxHits ≥ 15.

Trajectories that I use have to originate in the same event vertex and for this reason a
cut for distance of the closest approach of the track to the vertex is used. As the vertex is
obtained by track extrapolation, they don’t need to end up directly at one point. However
those that really originate in the vertex should be at least close to it. Thus I apply a cut
|DCA| < 1.5 cm.

The pseudorapidity of tracks has to be |η| < 0.7 because I want to be sure that the
track will fall in the detector acceptance and therefore it will be fully detected in TPC and
also in the BEMC. The last trajectory cut is applied on the first point in TPC detector
in transverse direction. As non-photonic electrons will originate almost directly at the
collision point, I want to avoid tracks that are created in the gas chamber mostly due to
γ conversions. So the cut applied is firstPoint < 73 cm.

4.1.1 Electron identification cuts

The cuts described above were only for track quality assurance. When I want to select
the electron tracks, I have to use the specific ionization energy loss in the TPC chamber.
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The normalized energy loss is defined as 4.2

nσe =
ln 〈dE/dx〉mea

dE/dxth

σdE/dx
, (4.2)

where the indices “mea” and “th” mean measured and theoretical values, respectively.
σdE/dx is the experimental uncertainty. The normalized dEdx distribution should have a
Gaussian pattern centered around 0. However, I use a cut −0.5 < nσe < 2.5, because at
negative values there is a large contamination coming from pions.

The rest of electron identification cuts are using the information from BEMC detector.
A clustering algorythm was used to group together 4 towers that are closest to the one
tower that was actually fired by a particle. We call this group of towers a BEMC point. In
the algorythm we project a track toward BEMC. We determine then the energy of the most
energetic tower, the adc value of this tower and its SoftId and also the positions of SMDs
from projected track and actually fired SMDs. The cuts that I am about to describe
below, were determined using the pure electron sample, which can be accomplished by
reconstruction of photonic electrons. To obtain the photonic sample, I loop first over
primary tracks on which I applied all electron identification cuts, and then loop over
global tracks. On the global partner track I used very mild cuts, that are: nHits ≥ 20,
nHits/nPossHitss > 0.52, pT > 0.2 GeV, |nσe| < 3. Normally the tracking cuts are not
applied on global partner tracks, but in heavy-ion collisions they are needed so that the
photonic electron tracks are not lost in very high background. Electrons that are created
in γ conversions are always in pairs with very small invariant mass and also with opposite
charges. I reconstructed first pairs with unlike sign, then pairs with like sign, which should
describe background very well, and then I subtracted the like sign pairs from the unlike
sign ones. When I apply additional cuts on invariant mass mee < 0.24 GeV/c2 and on
the distance of closest approach of the pair |pDCA| < 1 cm, I should get pure photonic
electrons spample, on which I can study the EMC electron identification cuts as follows.

As electron is a very light particle and almost all of its energy is deposited in the
calorimeter, I apply a hadron rejection cut 0.3 < p/E0 < 2, where E0 is the energy of the
most energetic tower from the BEMC point. On the Fig. 4.2 the p/E0 cut is shown in
various pT bins.

In this analysis, also SMDs are used to determine electron tracks. These detectors are
distributed in η and ϕ direction. We denote them as SMDE and SMDP, respectively. I
don’t want a track on which I can’t apply cuts using SMD, so first thing is to constrain
the tracks to have more than 1 hit in both SMDE snd SMDP detectors.

When projecting a track toward BEMC using the clustering algorythm, the result is not
always perfectly matched with actually fired SMDs. I applied a cut on difference between
the projected track SMDE and actually fired SMDE in η (z) direction, and between the
projected track SMDP and actually fired SMDP in ϕ direction. As SMDE has good
resolution only along the η direction and SMDP only along ϕ direction, it is not needed to
cut on difference between SMDE in ϕ direction, or SMDP in η direction. On the Figure
4.3 are shown ∆Z distributions for various pT bins for like-sign pairs, unlike-sign pairs,
and unlike-like pairs, which correspond to pure electron sample. On the Figure 4.4 the
∆ϕ distributions are shown. I used SMD cuts as follows: |∆Z | < 0.3 cm and |∆ϕ| < 0.015
rad.

4.1.2 Photonic electrons sample

After the BEMC cuts determination I have to verify that I get a pure electron sample with
these cuts. There are two ways of verifying this. First is to look at the invariant mass
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Figure 4.2: Distribution of p/E0 for unlike sign electron pairs (blue dots), like
sign electron pairs (red dots) and the unlike-like sign pairs (black stars).



CHAPTER 4. ANALYSIS OF NON-PHOTONIC ELECTRONS 38

 [cm]#z∆
-8 -6 -4 -2 0 2 4 6 8

C
ou

nt
s

210

310

unlike sign
like sign
unlike-like

 < 1.4 [GeV/c]
T

1.2 < p

 [cm]#z∆
-8 -6 -4 -2 0 2 4 6 8

C
ou

nt
s

210

310

unlike sign
like sign
unlike-like

 < 1.6 [GeV/c]
T

1.4 < p

 [cm]#z∆
-8 -6 -4 -2 0 2 4 6 8

C
ou

nt
s

10

210

310
unlike sign
like sign
unlike-like

 < 1.8 [GeV/c]
T

1.6 < p

 [cm]#z∆
-8 -6 -4 -2 0 2 4 6 8

C
ou

nt
s

10

210

310
unlike sign
like sign
unlike-like

 < 2.0 [GeV/c]
T

1.8 < p

 [cm]#z∆
-8 -6 -4 -2 0 2 4 6 8

C
ou

nt
s

1

10

210

310 unlike sign
like sign
unlike-like

 < 4.0 [GeV/c]
T

2.0 < p

Figure 4.3: Distribution of difference between the projected track SMDE and
actually fired SMDE in η direction for unlike sign electron pairs (blue dots),
like sign electron pairs (red dots) and the unlike-like sign pairs (black stars).
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Figure 4.4: Distribution of difference between the projected track SMDP and
actually fired SMDP in ϕ direction for unlike sign electron pairs (blue dots),
like sign electron pairs (red dots) and the unlike-like sign pairs (black stars).
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distribution for unlike sign, like sign and unlike-like sign pairs. Photonic electrons come
from γ conversion or Dalitz decays of π0 and η. The invariant mass of these electrons
shouldn’t be higher than 0.24 GeV/c2. The like sign distribution of invariant mass should
completely describe the combinatorial background, thus after subtracting the like sign
pairs from the unlike sign pairs, the region of high invariant mass (mee > 0.24 GeV/c2)
should be equal to zero. On the Figure 4.5 the invariant mass distributions are shown
for various pT bins. It can be clearly seen that the like sign distribution describes the
background well: the unlike-like sign point are fluctuating around zero at high mee.
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Figure 4.5: Distribution of electron pairs invariant mass for unlike sign (blue
dots), like sign electron pairs (red dots) and the unlike-like sign pairs (black
stars) for different pT bins.

The second method for checking the pure photonic electron sample is to plot the nσe
distribution of the global partner track of a pair for unlike sign, like sign and unlike-like sign
pairs. After all electron identification cuts the unlike-like sign distribution should follow a
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perfect Gaussian. On the Figure 4.6 nσe distribution of the global partner electron track
is plotted in various pT bins. The unlike-like distributions are fitted with Gaussian. As
can be seen from the parameters of the fit, the unlike-like distributions follow a Gaussian
very well, although the mean is shifted towards negative numbers, which is caused by bad
calibration.
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Figure 4.6: Distribution of nσe of the global partner track for unlike sign (blue
dots), like sign electron pairs (red dots) and the unlike-like sign pairs (black
stars) for different pT bins.

4.1.3 Summary of cuts applied in NPE analysis

In the Table 4.1 there is a summary of all cuts I have applied in the analysis of non-photonic
electrons in UU collisions at energy

√
sNN = 193 GeV.

Using the above mentiones cuts a raw pT spectrum of the inclusive electron sample
and the photonic electron sample can be drawn. The plot can be found on the Fig. 4.7.
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Event cuts

|Vz| < 30 cm |V TPC
z − V V PD

z | < 3 cm

Track cuts

nHits ≥ 20 nHits
nPossHits > 0.52

dEdxHits ≥ 15 pT > 1.2 GeV/c
|η| < 0.7 firstPoint < 73 cm

Electron identification cuts

|∆Z | < 3 cm |∆ϕ| < 0.015 rad
0.3 < p/E0 < 2 −0.5 < nσe < 2.5

nSMDE > 1 nSMDP > 1

Global Partner Cuts

pT > 0.2 GeV/c |nσe| < 3

nHits ≥ 20 nHits
nPossHits > 0.52

Pair cuts

|pDCA| < 1 cm mee < 0.24 GeV/c2

Table 4.1: Sumary of all cuts applied in the analysis of non-photonic electrons
in UU collisions at energy

√
sNN = 193 GeV.
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Figure 4.7: Raw pT spectrum of the inclusive and photonic electron sample.
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4.2 Efficiency calculation

By selection of electron tracks we are not able to select all tracks that are created in a
collision. It is hard to reject the hadron contamination of the electron sample, as can be
seen for example in the nσe distributions of the global partner tracks of photonic electrons
(Figure 4.6), where there is a large π contamination. We have to decide well if we cut
on |nσe| < 3 with many π tracks included, or we cut −0.5 < nσe < 2.5 and then loose
many of real electron tracks. For these reasons I have to correct the final distributions of
non-photonic electrons using the efficiencies of cuts I applied during the electron tracks
selection.

4.2.1 nσe efficiency

For calculation of nσe cut efficiency I use the distributions of nσe of the primary electron
track of photonic electron pairs in various pT bins. I applied all cuts except the nσe cut
on primary electron track. If I don’t have this cut, a large hadron contamination will
appear. Therefore, to make sure that I will still have pure photonic electron sample, I use
much tighter cut on the invariant mass and on nσe of the global partner electron track:
mee < 0.01 GeV/c2, −1 < nσe(global) < 3. On the Figure 4.8 there are plots of nσe of
the primary electron tracks of photonic electron pairs in various pT bins, fitted with a
Gaussian function.

The efficiency of nσe cut is calculated then as the ratio of electrons that pass the nσe
cut to all electrons without this cut. It can be achieved by dividing the integral under
the Gaussian fit from nσe = −0.5 to nσe = 2.5 by integral in between |nσe| < 5 where I
am sure it will contain all electrons. On the Figure 4.9 the nσe efficiency is shown as a
function of pT .

The nσe distribution of the primary electron track of photonic electron pairs are also
used for calibration studies. Due to bad calibration during data taking, the nσe distribu-
tion does not have its mean at 0, but it is shifted towards negative values. Therefore, I
have to fit it with Gaussian and obtain the mean a width values of the distribution from
the fit, which I will use later for purity estimation.

On the Figure 4.10 means and widths of Gaussian fits of nσe distributions in various
pT bins are shown. The plots look reasonable, the widths are around 1 and the mean is
shifted to nσe = −0.4.

4.2.2 EMC efficiency

Efficiency of the cuts using BEMC detector is calculated together due to possible corre-
lations between them. The efficiency is calculated as the ratio of electron yield after the
EMC cuts to electron yield without EMC cuts. The EMC cuts I used in this analysis
are: |∆Z | < 3 cm, |∆ϕ| < 0.015 rad, 0.3 < p/E0 < 2, nSMDE > 1 and nSMDP > 1.
On the Figure 4.11 the EMC efficiency as a function of pT is plotted. Due to lack of
statistics at high-pT I only studied the efficiency at pT region from 1.2 to 4 GeV/c2. At
these intermediate pT values the EMC efficiency is low and increases towards higher pT .
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Figure 4.8: Distribution of nσe of primary electron track of photonic electron
pairs for unlike sign (blue dots), like sign electron pairs (red dots) and the
unlike-like sign paris (black stars) for different pT bins.
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Figure 4.9: nσe efficiency as a function of pT .
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Figure 4.10: Distribution of mean and width of nσe of primary electron track
of photonic electron pairs obtained from the Gaussian fit.
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Figure 4.11: EMC efficiency as a function of pT .



Conclusions

The aim of this work was to present in details the analysis of non-photonic electrons in
UU collisions at energy

√
sNN = 193 GeV in STAR experiment.

I presented here the purpose of heavy-flavor physics program, observables that help us
understand what is going on during the earliest stages of heavy-ion collisions. I explained
the reason why non-photonic electrons analysis is performed and in the last chapter I
presented in detail steps of my analysis of non-photonic electrons in UU collisions at
energy

√
sNN = 193 GeV.

The work that have been performed on the study of non-photonic electrons is the
following. The data sample in form of picoDst was obtained. Second, inclusive electron
sample using event, track cuts and the electron identification cuts was selected. The way
how these cuts were determined was explained and eventually it was verified that with the
used cuts the pure electron sample is obtained. In the last section of the last chapter the
calculation of cuts efficiencies was described. The efficiency of the nσe cut is about 50 %
and the efficiency of the EMC cuts starts at 20 % at pT = 1.2 GeV/c and increases up to
40 % at pT ∼ 4 GeV/c.

Next step in my analysis will be the purity determination, that is the fraction of real
electron tracks that are in my selected inclusive electron sample. In this work only a
fraction of the data was presented. The same plots need to be obtained using entire data
from UU collisions with central1 and central5 triggers. For subsequent analysis work it
necessary to obtain the efficiency of the photonic electrons reconstruction via simulation
that is called embedding. Finally the NPE yield has to be corrected on contributions from
other particles.
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