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Abstrakt: Experiment�aln�� v�ysledky z��skan�e na urychlova�ci RHIC v BNL uk�azaly, �ze
potla�cen�� produkce t�e�zk�ych mezon�u v centr�aln��ch sr�a�zk�ach Au+Au p�ri

p
sNN = 200 GeV

je podobn�e potla�cen�� produkce leh�c��ch mezon�u. Z�am�erem t�eto pr�ace je studium inter-
akce t�e�zk�ych kvark�u s prost�red��m vytvo�ren�ym p�ri sr�a�zk�ach Cu+Cu p�ri energii

p
sNN =

200 GeV. T�e�zk�e kvarky mohou b�yt studov�any prost�rednictv��m elektron�u vznikaj��c��ch p�ri
slab�ych rozpadech t�echto kvark�u. V t�eto pr�aci jsme se zam�e�rili na studium zmeny tvaru
v azimut�aln��ch korelac��ch elektron�u s hadrony p�ri �uhlu 180o . Podobn�a struktrura byla
pozorov�ana v azimut�aln��ch korela�cn��ch funkc��ch lehk�ych hadron�u ve sr�a�zk�ach Au+Au.
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Title:
Study of Interaction of Heavy Quarks with Nuclear Matter in Cu+Cu at

p
sNN =

200 GeV

Abstract: The experimental results at RHIC in the BNL, shows that suppression of
heavy mesons production in the central Au+Au collisions at

p
sNN = 200 GeV is similar

to the suppression of production of lighter mesons. The aim of this work is to study
the interaction of heavy quarks with a medium produced in the Cu+Cu collisions atp
sNN = 200 GeV. Heavy quarks can be studied via electrons coming from their weak

decays. In this work, we have focused on the study of the modi�cation of the away-side
peak in the electron-hadron azimuthal correlations. Such modi�cation was observed in
light di-hadron correlations in Au+Au collisions.

Key words: heavy quarks, heavy avor, STAR, azimuthal correlations, non-photonic
electron, heavy ion collisions, quark gluon plasma, Mach cone
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Introduction

Experimental investigations of dense and hot nuclear matter produced in laboratory
in ultrarelativistic nucleus-nucleus collisions is common interest to nuclear physics,
particle physics, astrophysics and cosmology.

During last fifteen years there have been several dedicated experiments build at
SPS in CERN in Switzerland and RHIC in BNL in USA for systematic investigation
of signals related to this new state of matter - quark gluon plasma - to understand
its properties.

In this work we investigate the Cu+Cu collisions at
p
sNN = 200 GeV measured

in STAR at RHIC. We focuse on azimuthal correlations of non-photonic electrons
with hadrons in order to learn about medium response to passage of heavy quarks.

After the introduction to quark gluon plasma in Chapter 1 and introduction to
measure the heavy quarks in Chapter 2, we describe the RHIC facility and STAR
detector in Chapter 3. In Chapter 4, we present the details of the analysis and in
Chapter 5, we present the results and conclusion.
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Chapter 1

Quark Gluon Plasma

The fundamental theory describing interactions among quarks and gluons is called
Quantum Chromodynamics (QCD)[1]. Free quarks have never been observed, this
is a consequence of fact that the interaction between quarks and gluons is increasing
with their separation. This phenomenon is known as the confinement of quarks and
gluons inside hadrons. At very short distances (much shorter than size of hadrons)
the QCD coupling constant between the quarks decreases, this phenomenon is known
as asymptotic freedom [2, 3].

Figure 1.1: The QCD phase diagram. Taken from Ref. [4]

Lattice QCD1 (lQCD) predicts [5 - 7] a phase transition from hadronic gas (quarks
1Lattice QCD is formulated on a space-time discrete lattice and provides the framework for investi-
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are bound in hadrons) to a QGP (system of free quarks and gluons) at a critical tem-
perature Tc � 170 MeV� 1012 K (at �b = 02). The phase diagram is shown in Figure
1.1. The transition temperature corresponds to an energy density � � 1GeV/fm3,
almost an order of magnitude larger than that of normal nuclear matter.

In general, it is believed that the QGP existed in the early stages of our Universe
and the QCD phase transition from QGP to hadron gas occured about from 10�5 s
to 10�4 s after the Big Bang. In present day Universe, the QGP is expected to exist in
the cores of the neutron stars and/or in more exotic quark stars [8].

1.1 Heavy Ion Collisions

It was proposed that the QGP could be created and studied in laboratory by rel-
ativistic heavy ion collisions [9, 10]. Investigations of ion collision started at the
Bevalac in Berkeley [11] (1975-1985), and continued at the AGS [12] at BNL (1987-
1995), the SPS [13] at CERN (1987-present), the SIS [14] at GSI (1990 - present) the
RHIC [15, 16] at BNL (2001 - present). They will be studied at the LHC at CERN [17]
(from 2008) and the FAIR at GSI [18] (from 2014).

Figure 1.2: The chart of one-dimensional space-time evolution of matter created in
heavy ion collision.

The space-time evolution of QCD matter after heavy ion collision can be seen
in Figure 1.2. Immediately after collision, quarks and gluons are liberated from
nucleons due to the deposited energy and high temperature in collision. After the
lapse of 10�24 s, quarks and gluons thermalize and QGP is created and it expands.
After 10�23 s, the phase transition from QGP into hadronic matter occurs and the
hadronic gas continues in expansion. Final stage is so-called freeze-out. How the
matter expands, the inelasting scattering among hadrons stops. At this point, the

gation of non-perturbative phenomena such as con�nement
2baryonic chemical potential
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species of hadrons do not change anymore. This stage is called chemical freeze out.
Eventually also the elastic scattering is over and hadrons further do not interact, this
stage is called a kinetic freeze-out. What is observed in the detectors are hadrons
emerging from the kinetic freeze-out. Fortunately, the distributions of hadrons to
same extend remember the information about QGP formation in the early stages
after nuclei collision.

In Ref. [19, 20], several probes were proposed as possible signatures of QGP:

• direct photons [21, 22]

• low-mass dileptons [23]

• strangenes [24]

• charmonium suppression [25, 26]

• jet quenching [27]

• fluctuations [28, 29]

In the next sections, there are described the most important and expected but
also some surprising discoveries of heavy ion programme.

1.1.1 SPS era

Several experiments made observations providing evidence that a ”new state of
matter” was produced in heavy-ion collisions at SPS energies [30]. There was dis-
covered a collective behavior of nucleus-nucleus collisions, futhermore, several un-
expected discovers have been reported, such as J/ suppression, enhancement of
multistrange baryons, low-mass dilepton enhancement which are described in the
following section.

COLLECTIVE EXPANSION

HBT3 [31 - 35] interferometric mesurements of identical particles provide a tool with
which we can study the space-time evolution of collision. The interferometric mea-
surement using pions and kaons have been caried out at AGS nnd SPS. From three
dimensional analysis of two pions, the transverse radii at midrapidity can be seen to
increase with centrality4 of the collisions: larger radii are observed in larger colision
systems. In central Pb+Pb collisions, there was observed that the medium size is
about two times larger then the geometrical size of the colliding nuclei. The inter-
ferometric radii reflect the later stage of the collision, which is preceded by a large
expansion [36 - 38].

3Hanbury-Brown and Twiss
4Centrality of collision is de�ned through impact parameter b, where b is the distance of centres of

colliding nuclei. The collision is central (centrality = 0%), if b = 0, e.g. for centrality 0-100%, b goes
from bmin = 0 to bmax = Rnucl . For instance, centrality 0-20% means 20% of the most central events.
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Figure 1.3: The enhancement factor for mid-rapidity yields per participating nucleons
in 158 AGeV Pb+Pb relative to p+Pb collisions for strange and non-strange hadrons.
Taken from [43]

This results shows that the fireball is in a state od tremendous explosion, with
an expansion velocity of half the speed of light and temperature of about 120 MeV.
Such an explosion would be driven by strong pressure built up in the early stage of
collision.

STRANGENESS

The strangeness enhancement [39, 40] in Pb+Pb collision with comparision with
p+Pb was observed at SPS and AGS [41] (see Figure 1.3). The abundance of strange
and multistrange particles and their antiparticles suggests the chemical equilibrium.
Since they have got small cross sectionw with medium, they can not have enough
time to reach equilibrium if they are only produced by parton interaction.

However it is perfectly consistent with a statistical hadronization picture [42],
where multi-strange particles profit more from the global strangeness enhancement
than singly strange hadrons.

LOW-MASS DILEPTON ENHANCEMENT

The CERES experiment [44] measured low-mass electron-positron pairs in p+Be,
p+Au and Pb+Au collision. In the p+Be and p+Au [45, 46], exclusive �0 and �
measurements was carried out and then compared with production of inclusive
electron-positron pairs. It was shown that the observed spectra corresponds to the
direct vector meson decays and �0 and � Dalitz decays (see Figure 1.4). The relative
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meson abundances of these meson in p+Be and p+Au collision looks to be the same.
However, in Pb+Au. there is seen significant excess in the region below the peak of
� meson (see Figure 1.5).

Figure 1.4: Inclusive invariant electron-positron spectrum observed in p+Be collisions.
The solid line shows electron-positron yield from hadronic decays. The contributions of
particular decays are shown as dashed lines. Taken from ref. [45]

J/ SUPPRESSION

At SPS, there was observed the suppresion of J/ production yield [47, 48] in com-
parison with the ordinary nuclear absorption (in central Pb+Pb collision about 70%
[49]). The formation of QGP would have the effect of screening the color binding
potential [26], preventing the c and �c quarks from forming of charmonium state.

mT SCALING

Single particle spectra (or invariant cross-sections) plotted as a function of mT � m
(see Figure 1.7) can be described by exponential decreasing function, except for low-
mT

5 region of pions. A steeper component of the �’s for mT �m < 0,2 GeV contains
contributions from the decay of the (mainly �) resonances. The distributions are re-
stricted tomT �m < 1 GeV due to experimental limitations of particle identification.

To compare their slopes, the distributions are fitted to the function exp(�mT
T ),

where T is the inverse slope parameter.
The inverse slope parameter is proportional to the mass of the particles [51, 52],

and this effect becomes larger in heavy nuclei collisions (e.g. Pb+Pb) than light ones

5mT =
√
m2 + p2

T , where m is particle rest mass, and pT is transverese momentum, ~pT = ~px + ~py ,
where xy-plane is perpendicular to beam axis.
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Figure 1.5: Inclusive invariant electron-positron spectrum observed in Pb+Au collisions.
The solid line shows electron-positron yield from hadronic decays. The contributions of
particular decays are shown as dashed lines. Taken from ref. [46]

Figure 1.6: Measured J/ production yields, normalised to the yields expected assuming
that the only source of suppression is the ordinary absorption by the nuclear medium.
The data is shown as a function of the energy density reached in the several collision
systems. Taken from ref. [50].
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Figure 1.7: mT spectra of various particles. Taken from ref. [51]

(e.g. S+S). The T parameter for pions is similar to those for both pp collisions and
AA collisions, the slopes of heavier particles become flatter in AA than in pp colli-
sions. The mass dependence of the slope parameter provides evidence of collective
transverse flow from expansion of the system in heavy ion central collisions.

1.1.2 RHIC Era

This section alludes to main, up to now, discoveries at RHIC such that elliptic flow,
high pT -particle suppression, perfect liquid behavior of created nuclear matter. Sum-
mary and critical overview of first 5 years of RHIC programme has been reported
by each experiment in [53].

ELLIPTIC FLOW

One of the first observables measured at RHIC was the so called elliptic flow [54].
Any strong scattering in early stage after collision converts the spatial anisotropy
(Figure 1.8) to a momentum anisotropy of particles which are emitted from non-
central heavy-ion collisions. Elliptic flow is characterized by the second harmonic
coefficient v2(y ; pT )6 of an azimuthal Fourier decomposition of the momentum dis-
tribution [55, 56].

Elliptic flow is a self-limiting phenomenon, which is readily understood in the
thermodynamic limit. If strong scattering is sufficient to establish local thermal equi-

6E d3N
d3p = 1

2�pT
d2N
dpT dy

(
1 +

1∑
n=1

2vncos [n (���R)]
)

, where vn is n-th component of Fourier expan-

sion, � is particle track azimuthal angle, �R is the azimuthal angle of the reaction plane in the laboratory
frame, and y = 1

2 log
E+pz
E�pz is rapidity.
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Figure 1.8: Spatial asymmetry with respect to the reaction plane of the produced
"�reball" in non-central nucleus-nucleus collisions

librium, then the pressure gradient is largest in the shortest direction of the ellipsoid.
This produces higher momenta in that direction, quickly reducing the spatial asym-
metry.

Elliptic flow is especially sensitive to the early stages of system evolution [57,
58]. A measurement of v2 thus provides access to the fundamental thermalization
time scale in the early stages of a relativistic heavy-ion collision [59, 60].

Figure 1.9 shows the collective flow at baryon and meson level and Figure 1.10
show the collective behavior at quark level. The elliptic flow of charged particles
(�, K, p, �) at RHIC is well described by a hydrodynamical model up to pT �1,2
GeV [62]. The agreement of measured data and this model is shown in Figure 1.11.
The hydrodynamic models assume the nuclear matter is a perfect liquid with zero
viscosity.

HIGH pT SUPPRESSION

At RHIC was observed the suppression of production of hadrons with high-pT (5
- 10 GeV) in central Au+Au collisions as compared to scaled production from p+p
collisions [63 - 66]. This is related to energy loss of ligh partons in created dense nu-
clear matter. The suppression is characterized by nuclear modification factor RAA7.
In the absence of medium effects, the nuclear collisions can be viewedat high pT as
a superposition of elementary hard nucleon-nucleon collisions. Consequently we

7The nuclear modi�cation factor is obtained from the particle pT distributions in A+A collisions
(d2NAA=dpT dy) and in p+p collisions (d2Npp=dpT dy) as: RAA = d2NAA=dpT dyhNcol l id2Npp=dpT dy , where hNcol l i is
the average number of nucleon-nucleon collisions corresponding to a given centrality.
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Figure 1.9: (a) v2 vs pT and (b) v2 vs KET for identi�ed particle species obtained in
minimum bias Au+Au collisions. Taken from [61]

Figure 1.10: (a) v2=nq vs pT=nq and (b) v2=nq vs KET=nq for identi�ed particle species
obtained in minimum bias Au+Au collisions. Taken from [61]
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Figure 1.11: Comparison od particle elliptic ow v2 with hydrodynamical model. Taken
from [62]

expect RAA � 1 at high pT (see Figure 1.12). For pT < 2, where the particle pro-
duction is scaled by the number of participants of collision, RAA is less than one. In
fact, it is found that RAA > 1 for pT > 2 GeV in nuclear reactions at lower energy.
This enhancement, first observed by Cronin, is associated with multiple scattering
of partons [67, 68] in nuclear matter.

Surprisingly, RAA < 1 at high pT for central collisions was observed at RHIC (see
Figure 1.13), while RAA � 1 for more peripheral collisions. The observed suppres-
sion is of factor of � 5 for pT > 6 GeV.

Energetic partons propagating through a dense medium are predicted to lose
energy [69 - 77] thus producing a suppression in the yield of high-pT hadrons pro-
duced from the fragmentation of these partons. Au+Au measurements at RHIC [64
- 66, 78 - 80] demonstrated such a suppression. The results of d+Au measurements
[86 - 89] showed that the suppression was not due to initial-state effects (see upper
point in Figure 1.13).

The suppression of the yield of high-pT hadrons is generally believed to provide
a direct experimental probe of the density of color charges in the medium through
which the parton passes [81 - 83]. The observed suppression of high-pT particle pro-
duction at RHIC is a unique phenomenon that has not been previously observed in
any hadronic or heavy ion collisions at any energy. The suppression provides direct
evidence that Au+Au collisions at RHIC have produced matter at extreme densities,
greater than ten times the energy density of normal nuclear matter and the highest
energy densities ever achieved in the laboratory. Medium-induced energy loss, pre-
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Figure 1.12: Chart of expected trend of RAA without nuclear e�ect. At low pT , RAA is
less than one because particle production is scaled by number of colliding nucleons. At
high pT , the binary collisions are expected therefore RAA should be equal to one.

0 2
 (GeV/c)Tp

4 6 8 10
0

0.5

1

1.5

2
d+Au FTPC-Au 0-20%

d+Au Minimum Bias

 p
T
 (GeV/c)

Au+Au Central

R
A

B
 (
p

T
)

Figure 1.13: Binary-scaled ratio RAB of hadron inclusive yields from 200 GeV Au+Au
and d+Au relative to that from p+p collisions, from STAR [53].
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Figure 1.14: Two particle azimuthal correlations of high pT hadrons. Taken from [53].

dominantly via gluon bremsstrahlung emission [84, 85], is the only currently known
physical mechanism that can fully explain the magnitude and pT dependence of the
observed high-pT suppression.

HIGH pT SUPPRESSION OF AWAY SIDE PEAK

Direct reconstruction of jets in nuclear collisions is currently impossible due to the
presence of the large background of soft partons. Nevertheless STAR [90, 91] and
PHENIX [92, 93] have directly observed the presence of jets by studying two particle
azimuthal correlations8(e.g. for Figure 1.14 ptr iggT > 4 GeV and 2< passocT < ptr iggT ).
The peaks observed at �� = 0 (”near side peak”) reflect the correlation between
particles which are produced within the same jet while usualy the broader peaks
observed at �� = �(”away side peak”) reflect the correlations between hadrons pro-
duced in oposite direction jet. In the Au+Au collision, the jet angular correlations are
modulated by the elliptic flow of particles in the combinatoric background. How-
ever, this contribution has got only little effect on the shape of near-side peak in the
�� distribution. The azimuthal correlations were performed for both p+p collisions
and Au+Au collisions but also for d+Au collisions used as benchmark of initial state
[90, 91, 94]. The near-side peak is similar in all three systems [91] that is typical of
jet production, and a back-to-back (�� = �) peak similar to that seen in p+p and
peripheral Au+Au collisions [91]. This is typical of di-jet events.

However, the back-to-back peak in central Au+Au[6] shows a dramatic suppres-
sion relative to p+p and d+Au or peripheral Au+Au (see Figure 1.14). The contrast

8For more details of azimuthal correlation techniques see Appendix A.
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Figure 1.15: Correlations for di�erent orientation of the trigger hadron in relation to
collision reaction plane. Taken from [53].

between d+Au and central Au+Au collisions indicates that the strong high pT sup-
pression is observed and is associated with the produced medium in Au+Au but
not in d+Au collisions. This means that in the central collision the backward jet was
quenched in the dense medium and this phenomenon is known as jet quenching.

General interpretation of these results is that, in the final state following the hard
scattering, energetic partons traverse the dense medium in the central region of the
collision lose energy, and the observed jets, primarily, comes from partons produced
near the surface and directed outwards [91].

In non-central collisions, the suppression should depend on the relative orienta-
tion of the back-to-back pair with respect to the reaction plane [95] (see Figure 1.15).
In the region around �� = �, we observe an excess for the inplane distribution, but
no excess is found for the out-of-plane distribution. the path length in medium for
a dijet oriented out of the reaction plane is longer than in the reaction plane, leading
to correspondingly larger energy loss.

SOFT pT STRUCTURE OF AWAY SIDE PEAK

In jet quenching the energy of away side jet did not disappear and is distributed to
particles with smaller momentum. In order to study such particles and correlation
function, the soft pT (1; 0 < passocT < 2; 5 GeV and 2; 5 < ptr igT < 4; 0 GeV)hadrons
have to be measured.

MACH CONE Correlation data with lower pT -threshold for associated particles
show a broader peak or even a double-peaked structure in the backward region [96



14 CHAPTER 1. QUARK GLUON PLASMA

Figure 1.16: Azimuthal distributions for 1; 0 < passocT < 2; 5 GeV and 2; 5 < ptr igT < 4; 0
GeV shown the double hump structure in central Au+Au collisions (blue). d+Au results
(black) are shown for reference. Taken from [103]

- 102] (see Figure 1.16).

The experimental azimuthal dihadron distributions at RHIC show a double peak
structure in the away side (�� = ��1,2 rad) for intermediate pt particles. A variety
of models have appeared trying to describe this modification.

The observed shape could be a consequence of the emission of sound by a su-
personic high momentum particle propagating in the hot dense medium. The hy-
drodynamical behavior of the medium leads to collective effects, for example, to the
formation of a Mach Cone [105 - 107] (see Figure 1.17).

The redistribution of the jet energy and momentum is reflected in the correla-
tions of particles associated with the jet. In fact, the experimental dihadron corre-
lation function shows, at intermediate pt, a double peak structure in the away side
with the maximum of the correlation at �� = ��1,2 rad. [108, 109]. The study of
three particle correlations also indicates that the structure responsible for this mod-
ification is conical [104].

The interference of sound waves from a supersonic source leads to the Mach
Cone, a conical flow directed at an angle from the jet cos�M = cs

The medium expansion also affects the direction of propagation of the shock.
As the RHIC fireball cools down the speed of sound of matter changes from c2

s =
1/3 in the QGP phase to cs = 0 in the mixed phase and to c2

s = 0,2 in the hadron gas
[110, 111].
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Figure 1.17: A schematic picture of the origin of the Mach cone and the double hump
structure in away side peak. The trigger jet (A) travels a short distance in the medium
while the backward jet (B) propagates though the entire medium. When it travels by
supersonic velocity, the Mach shock wave is created and the shock wave interaction
with the medium leads to emission of particles at an angle �E = 1,2 rad from the
backward jet axis. A similar picture describes the Cherenkov and large angle gluon
radiation scenarios. Taken from ref. [104]

CHERENKOV CONE The same angular pattern, like for Mach cone, could also
be a result of Cherenkov gluon radiation [112 - 114]. Cherenkov and Mach waves
have got different physical principles. However, it is not easy to reveal this feature
in experiment. Their common feature is the radiation cone. Cherenkov radiation
must result in two humps of the one-dimensional pseudorapidity distribution and
in ring-like structure of two-dimensional plots. They have been observed.

Pure Cherenkov radiation leads to energy loss which, however, is too small
to account for the jet suppression observed in RHIC experiments. On the other
hand, collision-induced Cherenkov-like bremsstrahlung [115] can explain both the
observed energy loss and the emission pattern of soft hadrons in the direction of
quenched jets.

DEFLECTED JETS All the previous scenarios are characterized by conical emis-
sion of particles in around the axis of jet. However, some authors have proposed
mechanisms in which the away side peak structure observed in the azimuthal cor-
relations is due to a shift of the entire jet to a finite angle off the jet axis.

However, the scenarios based on jet deflection [116, 117] seem disfavored by the
recent Mach Cones in QGP results on three particle correlations [104].

RIDGE

The observed ��-�� correlation [118 - 123] of particles reveals the new surprising
feature known as ridge (see Figure 1.18). There are particles associated with the
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Figure 1.18: The �� � �� dihadron correlation function in central Au+Au collisions
for 3 < ptr igT < 4 GeV and ptr igT > passocT > 2 GeV. Taken from ref. [120]

trigger jet within a small cone of (��,��) � (0, 0) which belong to the remnants
of the near-side jet component. In addition, there are particles associated with the
trigger jet within a small range of �� around �� = 0 but distributed broadly in ��.

While many theoretical models have been proposed to discuss the jet structure
and related phenomena [117, 124 - 129], the ridge phenomenon has not yet been
fully understood.

1.1.3 Future Heavy Ion Program

In the near future, the LHC [130] at CERN will start with p+p and/or Pb+Pb colli-
sions at 5,5 ATeV (Pb+Pb)and 14 TeV (p+p). There will be three experiments capable
to investigate heavy ion collisions - ALICE [131], ATLAS [132], and CMS [133]. The
detector ALICE is directly dedicated for research to hot dense nuclear matter or even
QGP. One is believing that, at LHC, there will be discovered the weakly interacting
and long lived QGP, started b quark and W and Z bosons production in QGP.

Nowadays also the upgrades of RHIC are planed. The first upgrade is RHIC-
II [134] (2012) with beam cooling (probably stochastic) for reaching higher lumi-
nosity. Both STAR and PHENIX will be upgraded, too. Vertex detectors will be
installed inside both ones: Heavy Flavor Tracker [135], for STAR, and Silicon Ver-
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tex Tracker [136], for PHENIX. The second upgrade of RHIC called eRHIC [134] is
electron-heavy ion collider dedicated for research of pre-initial collision state is also
proposed.

Another experiment in preparation is the CBM (Compressed Baryon Matter) at
FAIR at GSI [137]with U+U collisions. This fixed target experiment will invesigate
another region of QCD phase diagram in the baryon rich region (see Fig. 1.1). The
FAIR facility is expected to come operation in 2014.
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Chapter 2

Heavy Quarks

Heavy quarks can be produced by quark antiquark interaction forming a virtual
gluon that is then decaying into c �c (charm) or b�b (beauty/bottom) pair. However,
the most important production mechanism of these quarks is gluon fusion [138, 139].
Because of their large masses, their production can be calculated by pQCD [140]
and also one expects that their thermalization time is much longer than for light
quarks. Since heavy quarks are primarily produced during early stages of a collision
of nuclei and then they interact with the medium, they can be used as a probe of
space-time evolution of the medium arising from heavy ion collision.

The study of heavy flavors in relativistic nuclear collisions follows two different
approaches:

• direct reconstruction of heavy flavor mesons,

• identification of electrons and muons from semileptonic decays (see Figure
2.1) of open charm mesons (that is such that contain one heavy and one light
quark).

Direct reconstruction of heavy flavor mesons is being performed by STAR using
the decay chanell D0 ! K��+ (BR = 3,83 %) in d+Au and Au+Au collisions [141].

The use of semileptonic decays of open heavy flavor mesons (e.g. D0 ! e+K��e)
over broad pT range, provide more efficient measurement of charm and bottom pro-
duction. The major dificulty in the electron analysis is the fact that there are many
sources of electrons other than semileptonic decays of heavy flavor mesons, for in-
stance photon conversion of decaying light mesons.

Theoretical models predicted that heavy quarks have smaller energy loss than
light quarks when they propagate through hot nuclear matter due to the suppres-
sion of gluon radiation into small angles (”dead cone” effect [142]).

However, RHIC data for electron spectra from semileptonic decays of heavy
quarks (charm) in Au+Au collisions show a strong suppression (RAA � 0; 2 � 0; 3
- similar to light hadrons - see Figure 2.2). Moreover nonzero elliptic flow (about
10%) was observed [143 - 150]. This is indicating substantial collective behavior and
thermalization of charm quarks in the expanding fireball.
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Figure 2.1: Left:The chart of c quark (D0 meson) decay kinematics. Right: The chart
of b quark (B0 meson) decay kinematics.

Figure 2.2: The non-photonic electron suppression in central Au+Au collisions com-
pared with models of interactions of heavy quark. Taken from ref. [53]
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In Ref. [151, 152], there is suggested that one of the basic assumptions of models
is the fact that the collisional energy loss is negligible compared to radiative [153], is
probably incorrect and for a several parameters relevant for RHIC, radiative and col-
lisional energy losses for heavy quarks are comparable. Therefore collisional energy
loss can not be neglected in the computations of jet quenching mechanism. How-
ever even after inclusion of collisional energy loss the heavy flavor suppression in
the medium cannot be explained. Theoretical attempts to explain the non-photonic
electron suppression are not yet succesfull.
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Chapter 3

RHIC Facility and Detector STAR

3.1 RHIC

The Relativistic Heavy Ion Collider (RHIC) is located at Brookhaven National Lab-
oratory. The whole RHIC complex is shown in Figure 3.1. Heavy ions started their
acceleration in the Tandem Van de Graaff that accelerates ions at about 5% the speed
of light (1 AMeV). There is gold foil that stripes electrons. Then only +32 charged
gold ions are selected and feed them to the Booster. The Booster synchrotron is a
small circular radio frakvency accelerator. It accelerates these gold ions to about
37% the speed of light (95 AMeV). At the end of the Booster, there is another gold
foil where other electrons are stripped. The +77 charged gold ions are sent into
the Alternating Gradient Synchrotron (AGS) to be accelerated further up to around
99,7% the speed of light (10,8 AGeV). At the end of AGS, there is the last foil to strip
the last two electrons off each gold ion and makes it +79 charged. After this, the gold
ions are going toward the AGS-To-RHIC (ATR) transfer line. At the end of this line,
there is a switching magnet sending the ion bunches down to one of the two beam
lines in RHIC. RHIC can accelerate these ions up to 100 AGeV and collide them in
any of the six intersection points on RHIC ring.

In four intersection points, there are located the detectors - two large (STAR [155]
and PHENIX [156]) and two smaller ones (BRAHMS [157] and PHOBOS [158]).
The STAR detector utilizes a solenoidal geometry with a large cylindrical Time-
Projection Chamber (TPC) as a main tracking detector. The PHENIX detector con-
sists of three magnetic spectrometers - one Central Spectrometer with an axial mag-
net field and two detector arms, and two Muon Arms located in forward and back-
ward direction along the beam axis. The PHOBOS detector consists of a two arm
magnetic spectrometer as its central detector and a series of ring multiplicity detec-
tors that are located around beam pipe. The BRAHMS detector consists of a two
arm magnetic spectrometer, one in forward direction for measurement of high mo-
mentum particles but with a small solid angle and the other on the side of collision
point for mid-rapidity region. PHOBOS and BRAHMS have recently finished data
taking.
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Figure 3.1: RHIC overview illustration. Taken from ref. [154]

3.2 STAR

The Solenoidal Tracker at RHIC (STAR) (see Figure 3.2 and Figure 3.3) is large de-
tector at RHIC. STAR [159] was primarily designed for measurements of hadron
production over a large solid angle, and for high precision tracking, momentum
analysis, and particle identification at the center of mass rapidity.

A solenoidal magnet [160] with a uniform magnetic field of maximum value 0,5
T allows the analysis of momentum of charged particle.

The main part of STAR detector is Time Projection Chamber (TPC) [?, 162] as
main tracking system for charged particle tracking and their identification. Around
TPC, the Barell Electromagnetic Calorimeter [163] with the Shower Maximum De-
tector (SMD) is located.

Other detectors are the Forward TPC [164] for extending the tracking to forward
region (2; 5 < j�j < 4; 0), Endcap Electromagnetic Calorimeter (EEMC)[165], Time
Of Flight (TOF) detector [166], and Photon Multiplicity Detector (PMD) [167]. The
fast detectors that provide input to the trigger system are a Central Trigger Barrel
(CTB) surrounding the TPC at j�j < 1 and Zerodegree Calorimeters (ZDC) [168]
which covers 1 < j�j < 2. Both detectors are used for centrality measurement.
And the ZDCs are used for determining the energy of particles going in the forward
directions.

Inside the TPC was located Silicon Vertex Tracker (SVT) [169]. In the future, the
Heavy Flavor Tracker [135] will be installed closest to the interaction point

3.2.1 TPC

STAR [159 - 171] uses the TPC (see Figure 3.4) as its primary tracking device [162
- 172]. The TPC measures 4m in diameter by 4,2 m long. It cover 2� in azimuthal
angle and from -1,8 to 1,8 in pseudo-rapidity. It can record the tracks of particles,
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Figure 3.2: STAR detector overview. Taken from Ref. [155]

Figure 3.3: Side view of STAR detector. Taken from Ref. [155]
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measure their momenta, and identify the particles by measuring their ionization
energy loss (dE/dx). Particles are identified over a momentum range from 100 MeV
to greater than 1 GeV, and particles momenta are measured over a range of 100 MeV
to 30 GeV. The TPC is set in a solenoidal magnet field of 0,5 T [173].

TPC’s central membrane is operated at 28 kV. The end caps are at ground, they
are divided on the 12 readout sectors. The readout system is based on Multi-Wire
Proportional Chambers (MWPC) with readout pads. The track of an infinite-mo-
mentum particle passing through the TPC at mid-rapidity would be sampled by
45 pad rows, but a finite momentum track may not cross all 45 rows. The tracks
are reconstructed from the pad signals (x, y coordinates) and z coordinate from the
electron drift time. The dE/dx is extracted from the energy loss measured on up to
45 pad rows.

Figure 3.4: Schematic illustration od STAR TPC. Taken from [161].

The x and y coordinates of a cluster are determined by the charge measured on
neighbouring pads in a single pad row. The z coordinate of a point inside the TPC is
determined by measuring the time of drift of a cluster of secondary electrons from
the point of origin to the anodes on the endcap and dividing by the average drift
velocity.
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3.2.2 BEMC

The barrel electromagnetic calorimeter (BEMC) (see Figure 3.5) allows the recon-
struction of the �0 and isolated (mainly direct) photons and is also able of identi-
fying single electrons and electron-positron pairs against large hadron background.
The BEMC covers �1; 0 < � < 1; 0 and 2� in azimuthal angle. The inner surface
of the BEMC has a radius of about 220cm and the outer radius is about 250 cm.

Figure 3.5: Side view of calorimeter module showing the orientation of towers toward
interaction region. Taken from Ref. [163]

The BEMC is segmented into 4800 towers and every tower is oriented in the
direction of the interaction point. Since measurements, mentioned above, require
precise reconstruction with high spatial resolution of electromagnetic shower. The
shower maximum detectors (SMD) was implemented within the BEMC. The SMD
provides this resolution of shower distributions.

3.2.3 BSMD

While the BEMC towers provide precise energy measurements for isolated electro-
magnetic showers, the high spatial resolution and shower profile information pro-
vided by the SMD (see Figure 4.8) is essential for �0 reconstruction, direct gamma,
and electron identification. The SMD is a wire proportional counter-strip readout
detector using gas amplification. The strips are perpendicular to each other.
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Figure 3.6: Schematic illustration of the double layer BEMC SMD. Two independent
wire layers image the shape of electromagnetic showers in the �- and �-directions.
Taken from Ref. [163]



Chapter 4

Analysis of Non-photonic Electrons in
Cu+Cu Collisions at psNN=200 GeV

The collision system measured in 2005 at RHIC was Cu+Cu at
p
sNN = 200 GeV. The

total amount of collected events by STAR was 51,6M events with minimum bias
triggered and 23M so-called High Tower triggered events1.

Since Cu ions are smaller then previously measured Au ions, the analysis of
the Cu+Cu collision system can provide the system size dependence of previously
observed effects related to heavy flavor physics such as the suppression of the non-
photonic electron production. The non-photonic electrons in Cu+Cu collision atp
sNN = 200 GeV has been studied in [174]. In this chapter, we would like to present

the study of possible modification of the away-side peak in the electron-hadron cor-
relation function in this system. Similar studies using different method has been
recently reported in [175]. In following sections, the details of all steps in the analy-
sis and preliminary results are presented.

4.1 Event Selection

The non-photonic electron analysis was restricted to events with Z axis component
(along beam axis) of primary vertex (vertex Z) from -20 cm to 20 cm from the detec-
tor mid-point. Figure 4.1 shows this distribution together with selection cuts. The
reason for this cut is an observation that, in a larger distance than 20 cm, a huge
amount of photon conversion electron is produced due to interactions in support
construction [176].

The reference multiplicity2 cut is another event selection criterion. The reference
multiplicity determines the collision centrality. In Cu+Cu collision, the reference

1High Tower triggered events contains the subset of events with so-called High Tower (HT) trigger
events. In there events at least one segment of the BEMC (tower) has to have deposited energy above
de�ned threshold.

2The reference multiplicity is de�ned as the number of tracks satisfying the following requirements:
Flag> 0 (a basic track reconstruction quality requirement); distance to closest approach to the primary
vertex < 3 cm; number of �t points in the TPC � 10; -0,5 < � < 0,5
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multiplicity larger than 14 particles defines centrality 0 - 60%. Figure 4.2 shows the
reference multiplicity distribution. For final analysis we select 0 - 20 % most central
events with reference multiplicity > 98.

Figure 4.1: The primary Z vertex distribution.

In our analysis, we have used subset of events: High Tower triggered event,
that contains events with special High Tower trigger. In High Tower data, over
3,6M events was measured with this trigger and about 2,2 M events passed above
mentioned event selection.

4.2 Track Selection

The TPC is the main tracking detector in STAR. The tracks are reconstructed from
registered hits in the readout system of the TPC. These points are used to fit the
trajectory. In the order to ensure of the good track quality, the Number of fit points
(Nfit) cut is used. The distribution of Number of fit points is depicted in Figure 4.3.
The tracks reconstructed from more than 20 points are accepted. There is the upper
limit of fit points (50 points) due to eliminating double counting of split tracks. For
the elimination of double counting of split tracks, the Number of fit points/Number
of maximum points cut is also used (Nfit/NmaxPoins > 0,52).

Additionally in order to avoid the large conversion background from the de-
tector material, only the tracks with j�j < 0,7 are selected, since conversion back-
ground comes mainly from other vertices than primary vertex. The global DCA3 cut
(gDCA < 2,0 cm) is used also for elimination of the photonic electron background.

3gDCA is a distance to primary vertex
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Figure 4.2: The reference multiplicity (refmult) distribution. The shaded area is the
refmult > 14 and after application of the vertex Z cut. The area right of line shows
the 20% most central events (refmult > 98)

Figure 4.3: The distribution �t points used to reconstruction of tracks with the selection
cuts 20 < Number of �t points < 50.



32
CHAPTER 4. ANALYSIS OF NON-PHOTONIC ELECTRONS IN CU+CU

COLLISIONS AT
p
SNN=200 GEV

4.3 Electron Selection

The main goal of electron identification is to distinguish electrons and other hadrons,
mainly pions. The TPC measurement of the ionization energy loss, dE=dx , for
charged tracks is utilized to identify electrons. The distribution of dE=dx against
momentum is plot in Figure 4.4. How we can see the electron band crosses the
hadron bands. In order to avoid this crossing, for easier distinguishing electrons
and hadrons, we select only particles with momentum p > 1; 5 GeV. The TPC
alone cannot deliver definitive information for the electron identification. Therefore
the BEMC is also used for the identification of electrons.

In the BEMC, particles deposit specific amount of their kinetic energy. Electrons
create wide electromagnetic showers in the BEMC towers and deposit almost theis
entire energy therein, while hadrons deposit only its small part and create narrow
showers therein.

Figure 4.4: Charged particle ionization energy loss in TPC.

The TPC tracks are projected onto the BEMC. However, more than one recon-
structed BEMC hit (tower) can be associated with one TPC track. On the other hand,
more than one TPC track can share one BEMC tower. We selected those tracks that
have at least one associated tower with non-zero deposited energy (i.e. cut BEMC
projection > 0).

The ratio p=E, where p is the TPC track momentum and E is the energy de-
posited in the BEMC, is used as an electron identifier. How it was mentioned above,
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electrons deposit almost whole their energy, therefore electron p=E should be ap-
proximately equal to one. For hadrons, p=E is much larger then one, due to the
small deposited energy in the BEMC. The p=E cut (0 < p=E < 2) can keep most
of the electrons going into the BEMC and reject a large amount of hadrons. The p=E
distribution is depicted in Figure 4.5.

Figure 4.5: The p/E distrubution. The electron p/E distribution is red shaded and the
hadron impurity of the electron sample is blue shaded. The vertical line shows the upper
limit of the p/E cut.

From the signals in SMD, clusters are reconstructed. Size of the cluster is related
to the size of the electromagnetic shower. Electrons and pions are distinguished also
in accordance with the cluster size of their electromagnetic showers created in the
BEMC. The distribution of cluster size in � and � direction for electrons and hadrons
are plot in Figure 4.6 and Figure 4.7.

For distinguishing electrons and hadrons, the SMD cluster size cut is utilized
(SMD cls � 2) in � and �.

The distribution dE=dx against momentum after all selectrion cuts is depicted
in Figure 4.8.

Figure 4.9 shows, how the dE=dx distribution changes when the BEMC and
SMD cuts are used cut-by-cut. We can see that these cuts strongly reduced the
hadron contamination, however, number of electrons stayed almost unchanged.
The dEdx distribution can be fit with Gaussians representing hadrons and electrons
in final sample. The fit is depicted in Figure 4.10. The hadron impurity of electron
sample can be determined (shaded area in Figure 4.10 -� 3; 3%). Now, electrons can
be distinguished from hadrons by dE=dx cut: 3,31 keV/cm< dE=dx < 4,64 keV/cm.
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Figure 4.6: The SMD cluster size in � and � direction for electrons.

Figure 4.7: The SMD cluster size in � and � direction for hadrons.
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Figure 4.8: Charged particle ionization energy loss in TPC after all selection cuts.

Figure 4.9: The evolution of the dE/dx distribution after applying selection cuts. The
red curve shows dE/dx of all TPC tracks. The blue curve is dE/dx after p > 1; 5 GeV
cut, the green after the BEMC projection cut. Yellow curve after p/E cut, and violet
curve is dE/dx after SMD cluste size cut.
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Figure 4.10: The dE/dx distribution �t by Gaussians to distinguish hadrons (green),
pions (blue), and electrons (red) contribution in track sample.

After applying all selection criteria we found 3968 inclusive electrons in the 0
- 20% most central collisions. This is 0,018 electrons/per event. The pT spectrum
of reconstructed inclusive electrons4 is plot in Figure 4.11. The spectra are not nor-
malized and also not corrected for electron identification efficiency. This was not
necessary for further analysis of azimuthal correlations.

4.4 Photonic Electron Background Rejection

The inclusive electron sample consist of both the non-photonic electrons and a large
amount of the background electrons not arising from the heavy mesons decays.
There are several sources of the background electrons:

• photon conversion ( ! e+e�) in detector and support structure material,
the conversion photons come dominatly from �0 and � decays (�0; � ! ).

• scalar mesons (�0 and �) Dalitz decays: �0; � ! e+e�

• vector mesons (�; !; �) Dalitz and/or dielectron decays: �; !; � ! e+e�

• weak kaon decay Ke3 : K ! �0e�

• Drell-Yan: ? ! e+e�
4in this analysis by electrons we mean both electrons and positrons.
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Figure 4.11: Transverse momentum spectrum of all TPC tracks (black), track that
could trigger High Tower event (violet), all identi�ed inclusive electrons (red).

• other: direct photon conversion, heavy quarkonium decays, thermal electrons

The dominant sources of photonic electron background are photon conversion,
�0 and � Dalitz decays [177], others are negligible [178, 179].

Since background photonic electrons are always produced in e+e� pairs, we
try to reconstruct the yield of this pairs. Therefore we are looking for the electron
partner with the opposite charge sign (unlike-sign electrons) and then the invariant
mass of such pair is calculated as

Minv = 2
p
p1p2sin

�
2
; (4.1)

where p1, p2 are particle momentum magnitudes, and � is the angle between two
tracks.

Firstly, we tag one electron (to use the electron identification criteria) and we are
looking for the partner track satisfying the following conditions:

• opposite charge

• p > 0; 1 GeV

• dE/dx: 2,97 - 4,64 keV/cm

• dca5 < 2 cm
5dca here mean distance of closest approach of two tracks
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This conditions for particle track are chosen to suppress the same combinations
with hadron, but keep the most of true electron partners.

The invariant mass is computed for all possible partners satisfying these crit-
era. The invariant mass distribution of electron-positron pairs is plot in Figure
4.12. This distribution contains both the true photon conversion pairs (further pho-
tonic electrons) and also the fake combinations. This combinatorial background
rises from combinations of electrons with hadrons, but also uncorrelated electron-
positron pairs (i.e. from two independent photon conversions) and/or also from the
non-photonic electrons which can be falsely identified as photonic electrons.

Figure 4.12: The electron-positron invariant distribution. The invariant mass of the
unlike-sign electrons is red shaded and the combinatorial background (i.e. like-sign
pairs) is blue shaded.

The combinatorial background can be determined by the calculation of the in-
variant mass of the same-sign (like-sign) electron pairs (i.e. e+e+ and e�e�).

The invariant mass of the photonic electrons is given by the subtraction of the
like-sign electrons from the unlike-sign electrons. The photonic invariant mass is
depicted in Figure 4.13. The high peak about zero comes from the photon conver-
sion. The broad tail comes from the �0 Dalitz decays and it is ending about the rest
mass of �0. As the photonic electrons, we accepted the electrons in pairs with the
invariant mass less than 150 MeV. In Figure 4.13, this is highlight by the vertical line.

Because the reconstruction of all conversion pairs is impossible (e.g. one mem-
ber of the electron-positron pair is not reconstructed in the detector, i.e. it is forward
directed or it can be absorbed in detector material), the real number of the photonic
electrons NPHOT is given by
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Figure 4.13: The photonic electron invariant mass distribution. The peak about zero
comes from photon conversion and the broad tail comes from Dalitz decays of �0. By
vertical line, the invariant mass cut is highlight.

NPHOT =
NRECO
"

=
NUNLIKE � NLIKE

"
; (4.2)

whereNRECO is the number of reconstructed photonic electrons,NUNLIKE is the num-
ber of the unlike-sign electrons, NLIKE is number of the like-sign electrons, and " is
the reconstruction efficiency which can be determined by the numerical simulations
[knospe]. We use " = 0,65.

4.5 Non-photonic Electron - hadron Correlarions

The main goal of this work is the study of properties of the hot nuclear matter by
two-particle azimuthal correlations of the non-photonic electrons (3 GeV < pT < 6
GeV) with charged hadrons (e-h correlations) with low momenta: 0,15 GeV < pT <
1,00 GeV in the most central Cu+Cu collisions (centrality 0 - 20%). The background
to the non-photonic e-h correlations is given by photonic e-h correlations.

The non-photonic e-h correlations are given by
(
dN
d��

)

NON
=

(
dN
d��

)

INC
�

(
dN
d��

)

PHOT
; (4.3)

where
(
dN
d��

)
INC

is the inclusive e-h correlations, and
(
dN
d��

)
PHOT

is the photonic e-
h correlations.
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The inclusive electrons include all tracks passed the electron identification cuts.
The inclusive e-h correlations are depicted in Figure 4.14.

Figure 4.14: Inclusive electron-hadron correlation (3; 0GeV< pelectrT < 6; 0GeV and
0; 15GeV< phadrT < 1; 00GeV),the most central (centrality 0 - 20%) Cu+Cu collisions
at
p
sNN=200 GeV

The photonic e-h correlations are given by

(
dN
d��

)

PHOT
=

(
dN
d��

)
UNLIKE

� (
dN
d��

)
LIKE

"
; (4.4)

where
(
dN
d��

)
UNLIKE

is the unlike-sign e-h correlations (see Figure 4.15),
(
dN
d��

)
LIKE

is
the like-sign e-h correlations (see Figure 4.16), and " is the photonic electron recon-
struction efficiency. For clarification: unlike-sign (like-sign) e-h correlations are the
correlations of electrons with the oposite (same) charged tracks that build the pair
with invariant mass < 150 MeV.

The non-photonic e-h correlations are depicted in Figure 4.17.

4.6 Correction to Azimuthal Correlation Function

There are several important correction to measured e-h azimuthal correlation func-
tion that has to be made. The read-out section of TPC is segmented into twelve
segments. The connections between two segments make ”dead regions” of TPC
(see Figure 4.18).
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Figure 4.15: Unlike-sign electron hadron correlation (3; 0GeV< pelectrT < 6; 0GeV and
0; 15GeV< phadrT < 1; 00GeV), the most central (centrality 0 - 20%) Cu+Cu collisions
at
p
sNN=200 GeV

Figure 4.16: Like-sign electron hadron correlation (3; 0GeV< pelectrT < 6; 0GeV and
0; 15GeV< phadrT < 1; 00GeV), the most central (centrality 0 - 20%) Cu+Cu collisions
at
p
sNN=200 GeV
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Figure 4.17: Non-photonic electron hadron correlation (3; 0GeV< pelectrT < 6; 0GeV and
0; 15GeV< phadrT < 1; 00GeV), the most central (centrality 0 - 20%) Cu+Cu collisions
at
p
sNN=200 GeV, no corrections

Figure 4.18: The central collision tracks in the STAR TPC viewed in the plane per-
pendicular to the beam axis. There are clearly seen dead regions between two read-out
segments and also in the particle azimuthal distributions.
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Figure 4.19: Azimuthal distribution of associated hadrons with 0,15 GeV < pT < 1,00
GeV.

Figure 4.20: Azimuthal distribution of trigger electrons with 3,0 GeV < pT < 6,0 GeV.
The reason that distribution is not at comes from holes in BEMC acceptance.
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The tracks overlaped with this connection cannot be reconstructed and this is
also reflected in azimuthal angle (�) distribution of hadrons (Figure 4.19) and elec-
trons (Figure 4.20). The �-distribution of electrons also reflect the BEMC acceptance
(i.e. non-working parts of the BEMC). Therefore the e-h correlations are affected by
these effect and they must be corrected on them. This can be done by the mixing
event method (further mixing events). We suppose, that the �-distributions are the
probability distribution functions (PDF). For mixing, we have randomly selected
one electron with �1 from the electron PDF and one hadron with �2 from the hadron
PDF. The azimuthal mixing event (�1 � �2) distribution is plot in Figure 4.21. The
number of randomly selected �1; �2 (electron-hadron) pairs should be minimally
about one order larger than the number of measured electron-hadron pairs. For
correction purpose the mixing event (�1 � �2)-distribution is normalized to one.

The mixing event corrections of e-h correlations are applied bin-by-bin by divid-
ing e-h correlations by the normalized (�1 � �2)-distribution. Figure 4.22 shows the
e-h correlations after the mixing event corrections.

Figure 4.21: The mixed event correction function.

Because we are interested only in the angle modification of the away-side peak,
that should be symmetrical distributed around the �-axis, we can mirror (and so
symmetrize) the e-h correlations around zero- and �-axis. By the symmetrizing of
correlations, we enlarge the statistics. After this, the double hump structure of the
away-side peak is clearly seen (see Figure 4.23).

The last step is the elliptic flow v2 subtraction. The flow contributing to az-
imuthal correlation is given by

dN
d��

= A
(

1 + 2v e2 v
h
2 cos (2��)

)
; (4.5)
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Figure 4.22: The non-photonic correlations after application the mixing event correc-
tion.

Figure 4.23: The non-photonic correlations after mixed event corrections. The corre-
lation function is mirrored around the zero and � axis. There is also �gured the elliptic
ow.
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Figure 4.24: The non-photonic electron - hadron azimuthal correlation function
(3; 0GeV< pelectrT < 6; 0GeV and 0; 15GeV< phadrT < 1; 00GeV) with the subtracted
elliptic ow for the most central (centrality 0 - 20%) Cu+Cu collisions at

p
sNN=200

GeV
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where v e2 is the electron flow and v h2 id flow of charges hadrons. We assume that
v e2 = v h2 = v2 = 0; 05 for 20% most central collisions. The parameter A is
determined by the ZYAM6 method [180, 181] (flow is going through the minimum
of the correlation function). The final azimuthal e-h correlations are depicted in
Figure 4.24. Final spectra are normalized to number of trigger event (number of
electrons with 3,0 GeV< pT < 6,0 GeV) and also bin size (bin size = 0,314115).

All error bars plotted in histograms are maximal statistical errors. The errors are
,in reality, smaller, because inclusive and photonic statistical errors are correlated.
The systematic errors will be further studied.

6Zero Yield At Minimum
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Chapter 5

Summary and Conclusion

The main aim of this work was the study of interactions of heavy quarks with the
medium produced in Cu+Cu collision at

p
sNN=200 GeV. Heavy quarks originate in

the early stages of heavy ion collisions, before the formation and thermalization of
the hot and dense nuclear medium, and they decay after the hadronization of this
medium. Therefore heavy quarks are the excellent probe of the medium proper-
ties and therefore it is important to know their in-medium interactions. We have
focused on that, how this interaction affects the form of the azimuthal correlation
function. Heavy quarks can be indirectly indentified via electrons coming from their
weak (semi-leptonic)decays. That is why the electron-hadron correlations were per-
formed in this work.

The nonphotonic electron-hadron correlations are plot in Figure 4.24. We can
see, the near-side peak around �� = 0 in the azimuthal correlation function. This
means that electrons coming from heavy quark decays are correlated with low-pT
hadrons from the near-side jet. The away-side peak modification is observed in the
azimuthal correlation function. The similar double hump structure was observed in
the azimuthal correlations of hadrons. This can indicate similar response of nuclear
matter to passage of heavy quarks as of light quarks. Preliminary studies presented
here will be continuing. We plan to extract the corrected nonphotonic electron yield,
study the systematics errors and extend this study to Au+Au collisions.

How it was discussed in the section 1.1.2, this double hump structure can be
explained by the creation of the super sonic shock wave and Mach cone by quark
passage through a dense medium. For example, for the QGP and its speed of sound
equal to 33% of the speed of light, it has been proposed that humps are located
at �� = � � 1; 2 rad. This is actually observed in the electron-hadron correlation
function. Our results are in very good agreement with results reported recently in
ref. [175].
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Appendix A

Azimuthal Correlations

In the proton-proton collision, the hadron jet can be directly observed and recon-
structed (see Figure A.1). However, in the central heavy ion collision due to a high
particle multiplicity, this is, in practice, up to now not possible (see. Figure A.2).
Therefore the properties of jets have to be studied otherwise. The two-particle az-
imuthal correlations allow the statistical jet observation. In this method, there is
assumed that particles with high pT (usually pT > 3 GeV) surely belong to jet.

Figure A.1: Left:The schematic view of the central p+p collision. Right: The p+p
collision recorded by the STAR TPC

In the first step, the so-called leading (or trigger) particle (i.e. particle with the
highest pT in event - pTRIGT ) is chosen and the angle (��) between this leading par-
ticle ant the other particles in event (so-called associated particles with pASSOCT <
pTRIGT ) is determined (see Figure A). If even other particles (associated ones in the
first step) have got their pT > 3 GeV, there are considered to be trigger particles
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Figure A.2: Left:The schematic view of the central Au+Au collision. Right: The cental
Au+Au collision recorded by the STAR TPC
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and the same procedure is applied. Finally, the azimuthal correlation function is
obtained (see Figure A.3). In this function, two peaks are seen. One peak, around
�� = 0, comes from the near-side jet, i.e. particles contributed to this peak and jet
trigger particle come from the same jet. The second peak, (away-side peak), around
�� = �, means that associated particles come from the opposite jet then the trigger
particle.

Figure A.3: The azimuthal correlation function usually contains two peaks. Particles
belong to one jet with the leading particle (depicted by vertical arrow) form the near-side
peak and particles belong to another jet then the leading particle form the away-side
peak. The background is formed by a correlation the leading particle with particles
belonging to no jet.
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