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Abstract

The goal of the Relativistic Heavy lon Collider (RHIC) at Brookhaven National Labo-
ratory is to produce "Quark Gluon Plasma (QGP)”, which is a new state of matter of decon-
fined quarks and gluons and to investigate a property of the matter. Charm quark is believed
to be produced in initial collisions via gluon fusion therefore it is a powerful probe for study-
ing the early stage of the medium created in the collisions. Elliptic flow, which is defined as
a second harmonic parameterof the Fourier expansion of the azimuthal distribution with
respect to the reaction plane. Elliptic flow is also sensitive to the initial stage of the collision,
since it originates from the initial geometrical overlap of colliding nuclei as well as the later
elliptical collective expansion.

Charm quark production has been studied by measuring electrons from their semi-leptonic
decays in the PHENIX experiment at RHIC. We define measured inclusive electron sample
into two components: (1)'non-photonic’ - primarily semi-leptonic decays of charmed- (and
bottom-) mesons and (2)'photonic’ - Dalitz decays of light neutral mesans)( n’, w and
@) and photon conversions in the detector material. Two independent techniques 'cocktail’
and 'photon converter’ methods are used to subtract the 'photonic’ electrons backgrounds
from the measured inclusive electron in order to extract the 'non-photonic’ electron sig-
nal from the heavy flavor decays. More than%0of measured inclusive electrons come
from 'non-photonic’ sources above 1.5 GeWhich is given by the relative ratio of those
'photonic’ and 'non-photonic’ sources and materials in the PHENIX experiment.

In this thesis, we study the elliptic azimuthal anisotropy of charm quark via electron
measurement. We first measure the transverse momentum dependence of the azimuthal
anisotropy parametes for inclusive electrons at mid-rapidityrf| < 0.35). The data are
taken with the PHENIX detector in Au+Au collisions glsyn = 200 GeV during the fourth
experiment period at RHIC run (2004 - 2005). Taeof electrons from heavy flavor decays
is then extracted by subtracting thre of 'photonic’ electrons. This ’photonic’ electron
V> is determined with a Monte Carlo simulation using measwednd pr distributions
of these 'photonic’ sources, which is same as the 'cocktail’ method, and this has also been
confirmed by the 'converter’ method. The extractedf the 'non-photonic’ electron clearly
shows positive value belopr = 3.0 GeVE, which is slightly smaller to piom, though. The
Vv, increases withpr up to about 1.5-2.0 Ge¥/and then saturate or slightly reduces with
increasingpr.



The main source of the 'non-photonic’ electron®isneson decay at relatively lopr
below 2-3 GeV¢. The non-zeros, for the 'non-photonic’ electrons automatically gives a
non-zerov, of D meson according to the decay kinematidsnesonv, is estimated with a
Monte Carlo simulation using the measured 'non-photonic’ electpovarious pr depen-
dent shape oD mesonv, are assumed in the simulation and the peakalue is obtained
to be 0.09+ 0.03 at about 2-3Ge¢/ This corresponds to a non-zerpmeasurement dd
meson in Au+Au collisions af/syn = 200 GeV. Based on a quark coalescence model, the
charm quarky is finally estimated. The sam@ dependent shape fop of charm quark
are assumed as for the light and strange quarks. The effective mass of charm quark is used
for coalescing them at similar velocity. Simultaneous fitting of measusgxdrameters for
pion, Kaon, proton and 'non-photonic’ electron are done with parameters for light and
heavy quarks including the quark coalescence effecttamgeson decay kinematics. The
extracted charm quank has similar magnitude compared with the light quark. Besides the
binary collision scaling of 'non-photonic’ electron yield at relatively I region below 2
GeVLc, the strong elliptic anisotropy of the heavy quark, which is similar to the light quark,
indicates a collectivity of different mass quarks during the quark phase of the high density
matter created in the ultra-relativistic heavy-ion collisions. The collectivity of the heavy
guark is one of the strong evidence of the quark gluon plasma. The presented resslts on
measurement of 'non-photonic’ electron give a strong support of this scenario.
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Chapter 1
Introduction

The goal of high energy nucleus collisions at the Relativistic heavy ion collider (RHIC) it to
create "Quark-Gluon plasma” (QGP) which is a plasma state of quarks and gluons. In this
chapter we introduce QGP and review the experimental results at RHIC. Finally, we present
the thesis motivation, why we study elliptic flow of charm quark.

1.1 Quantum Chromodynamics and Quark Gluon Plasma

"What is the fundamental particle ?is one of the longstanding questions for mankind. At
the present day, the fundamental particle is thought to be "quark”. Quark was introduced
by M. Gell-Mann and G. Zweig to classify hadrons. They proposed that all hadrons are
made from quarks and the model based on the proposition is called quark model. In the
model hadron made from two quark and anti-quark pair is called meson and made from
three quarks is called baryon. One of the most interesting features of the quark is that they
are confined in hadron and they can not be observed outside hadron. The strong interaction,
one of the fundamental interactions in the nature, is the interaction which binds quarks
and makes hadrons. The remarkable feature of the strong interaction is that the interaction
is weak at shorter distances or large momentum tran§ié. (The feature of the strong
interaction is called &symptotic freedofn Due to the feature quarks move as free, non-
interacting particles, in the depth of hadrons. Experimentally such feature has been observed
in the deep inelastic scattering between leptons and hadrons in 1969. On the other hand, the
interaction is strong with distances or small momentum transfer therefore quarks are pulled
back by the strong force if they try to move from hadrons. It is the reason why single quark
has not been observed alone.

The strong interaction is described by the field theory of Quantumchromo dynamics
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(QCD). QCD is based on non-Abelian gauge theory and the gauge theory represents asymp-
totic freedom. In the theory, the filed is given as color charge and gluons are gauge bosons
that mediate strong color charge interactions between quarks. As results of QCD calcula-
tion, the effect of confinement for quarks is broken and a matter becomes a plasma state of
guark and gluons under the very high temperature and high density circumstance. Such the
state of the matter is called "Quark-Gluon plasma” (QGP). Lattice QCD predicts the phase
transition to a QGP at a temperatdre- 170 MeV which corresponds to an energy density

£ ~ 1.0 GeV/fr? [1] at zero baryon density, nearly an order of magnitude larger than that of
normal nuclear matter. It is thought that such a state of matter existed in the early universe,
a fewpusafter "Big Bang” which is thought the origin of the universe. Now we have already
known that the universe has been expanding since Big-Bang. If we extrapolate the universe
to Big-Bang, dawn of the universe can be extremely high dense and temperature. Therefore
the research of QGP is an important topic not only testing QCD but also astrophysics.

1.2 Quark Gluon Plasma and Relativistic Heavy lon Colli-
sions

Figure 1.1 shows the phase diagram of nuclear matter as a function of temperature and
baryon chemical potentigk. Ordinary nuclear matter exist &t~ 0 andug ~ 1. Itis
predicted that the nuclear matter becomes QGP state by raising temperature or density. Rel-
ativistic heavy ion collisions are powerful tool to achieve high temperature (or density) be-
cause a large amount of energy is deposited in the collision zone.

Since 1980 attempt to create QGP has been performed at AGS (Alternating Gradient
Synchrotron) in Brookhaven National Laboratory and Super Proton Synchrotron (SPS) in
European Laboratory for Particle Physics (Table 1.1). The AGS accelerates Si ions up to
the center of mass energy per nucleQrs(n) 5.4 GeV and Au ions up to 4.8 GeV. The
SPS accelerates O ions up to 19.4 GeV and Pb ions up to 17.4 GeV. The relativistic heavy
ion collider (RHIC) at BNL is the world’s first head-on collider and the maximum center
of mass energy per nucleon pair is 200 GeV. RHIC has been operated from June 2000 and
achieved the center of mass energy per nucleon 200 GeV in 2001. LHC is the future high
energy heavy ion collision program and it will be operated from 2007.

The initial energy density of the collision region can be estimated by the Bjorken energy
density [3] as

o 1 dEr(Trorm)
sBJ

— 1.1
TfromAL dy 4D
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Figure 1.1: A schematic phase diagram of nuclear matter as a function of temp@&ratue
baryon chemical potentigl. The figure is taken from [2].

whereTsorm IS @ proper time that the secondary particles can be consider "formded’s

the nuclei transverse over rap area dfft /dy is the transverse energy per unit rapidity. In
PHENIX experiment, the value afEr /dn has been measured and obtained 600 GeV for
0-5% centrality [4]. This leads t@gjTtorm = 5.4+ 0.6 GeVc 1 fm~2for ,/Syn = 200 GeV

(A, was 140 fnd and a scale factor of 1.25 was used for the transformation @&mm'dn to
dEr/dy[4]). Figure 1.2 showsgTtorm @s a function of the number of participant nucleons
(Npart) measured at PHENIX [4]. Historicallygj has been calculated by choosingm

=1 fm/c. As described in [5], more realistic value oform from experiment is 0.35 fro/
which is larger than the crossing time of the nucléR(f = 0.13 fmkt) and this leads to
ggj~ 15 GeV/fn? in central Au+Au collisions at/sun = 200 GeV. This energy density is
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Accelerator Location lon beam /Syn Start
AGS BNL 160, 28g;j 5.4 Oct. 1986
1974 4.8 Apr. 1992
SPS CERN 160,32 19.4  Sep. 1986
208pp 17.4  Nov. 1994
RHIC BNL  ¥7Au+%’Au 130 2000
Yiau+1®7au 200 2001
LHC CERN 298pp+08pp 5600 2007(project)

Table 1.1: List of heavy ion accelerator facilities with the ion beams, the center of mass
energy.

larger than 1 GeV/fiiwhich was predicted by the lattice QCD, therefore the matter created
at RHIC might be above the threshold for QGP formation.

A key issue of QGP formation at the relativistic heavy ion collisions is the thermalization
of the matter created by the collisions. At the very early stage of the collisions among quarks
and gluons scatter each other in the collision zone. If they scatter over and over again, the
matter made from quarks and gluons can be achieved a thermal equilibreunguark
gluon plasma. Once thermal equilibrium is achieved, the evolution of the matter would
be described by the hydrodynamical framework. Figure 1.3 shows the illustration of the
space-time evolution of the medium created by heavy ion collisions at RHIC as a function
of temperatures and times calculated by the hydrodynamical framework [6]. At the center of
the collision zone, pressure is larger than the surrounding area thus the medium expands and
temperature is drop. At the expanding process medium passes through the mixed phase of
QGP and hadron gas then the medium becomes hadron gas state. In the hadron gas, inelastic
scattering of hadrons continues until chemical freeze-out temperature where hadron species
and ratios are fixed (Chemical equilibrium). During this time the system is still expanding,
finally elastic scattering of hadrons finishes at kinetic freeze-out temperature where hadron
momentum are fixed (Kinematical equilibrium).

Various measurements have been proposed to study QGP and the property in the rela-
tivistic heavy ion collisions. Here we introduce some of them.

1. Particle ratio - chemical freeze-out
Measurement of particle ratios give us information about chemical equilibrium due to
particle species are fixed at the point of chemical freeze-out.

2. Elliptic flow
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Elliptic flow, collective motion in azimuthal space, is thought sensitive to the early
stage of collisions. In the hydrodynamical frame work, elliptic flow is arised as a
result of pressure gradient in thermal equilibrium system. If strong elliptic flow is
observed, it indicates thermal equilibrium status is achieved at the RHIC energy.

3. Suppression of highr particle- energy loss
QCD predicts that the partons (quark and gluons) lose their energy when they prop-
agate the dense matter [7]. As the result, jet productions are suppressed. One of the
good methods to study parton energy loss in the matter is a comparison of the yield
for high pr particles in Au+Au collisions with the yield ip+ p collisions. The origin
of the highpr particle production is jet, therefore high particle production is sup-
pressed compared with the productionpir- p collisions if partons lose their energy
in the matter.

4. Charmed hadrons
Charm quark is believed to be produced in initial collisions via gluon fusion and it
propagates through hot and dense medium created in the collisions. At RHIC energies,
charm quark energy loss [8], charm quark coalescence [9] and charm quark flow [10]
has been proposed to study the properties of the medium created by Au+Au collisions.
Such topics can be observed via charm hadirenD meson, mesurement.



CHAPTER 1. INTRODUCTION 6

time,

free streaming
freeze-out

< t=16fmic, T = 100 MeV

hadron gas

t = 8 fm/e, T~ 160 MeV

mixed phase
hydrodynamical expansion

t=4fmlc, T = 160 MeV
equilibrated QGP

t=0.6fmle, T = 350 MeV
deconfined quarks apd gluons

r

pre-equilibrium parton cascade

-

coordinate space

beam beam

Figure 1.3: Space-time evolution of a nucleus-nucleus collisions. The time and temperature
are calculated by the hydrodynamical framework [6]

1.3 Thermalization

1.3.1 Chemical Equilibrium

Measurement of particle ratios give us information about chemical equilibrium due to parti-
cle species are fixed at the point of chemical freeze-out. A simple statistical model which as-
sumes local thermal equilibrium reproduces well the measured ratios. The statistical model
is based on a grand canonical ensemble to describe the partition function and hence the
density of the patrticles of speciean equilibrated fireball is given as by

dp 1
n =g , 1.2
=9 2m ex[(E — p)/T]) £ 1 (2
with particle densityn;, spin degeneraay;, momentump, total energye and chemical po-
tential y = usBj — Us§ — u|3Ii3. The quantitied;, § andli3 are baryon, strangeness and
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isospin quantum numbers of the particie$n this model, the temperatufieand the bary-
ochemical potentialig are the two independent parameters. Figure 1.4 shows the particle
ratios measured in Au+Au collisions gfsyn = 130 GeV and 200 GeV. The results are well
reproduced by the thermochemical model witk 176 MeV andu = 41 MeV for,/Syn =

130 GeV ,T =177 MeV andu = 29 MeV for,/syn = 200 GeVEt. As described in Chapter

1.1, the lattice QCD predicts that the phase transition from a hadronic phase to QGP phase,
which takes place at a temperature of approximately 170 MeV. The temperature obtained
from particle ratios with thermochemical models has a good agreement with the prediction.
It indicates that the medium created at RHIC is achieved chemical equilibrium.
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1.3.2 Kinematical equilibrium and the collective flow
Radial flow

Transverse momentum spectra is one of the most basic measurement not only in heavy ion
collisions but also proton-proton or proton-nucleus collisions to study the particle produc-
tions in the collisions. If the system created by collisions is a thermal equilibrium state of
hadron gas, the momentum distribution of particles should follow Maxwell-Boatman dis-
tribution and the transverse momentum distribution is given as an exponential function of

transverse massr (= |/ p% +m?) as

1 dN —my

whereAis a constant and is the inverse slope parameter of the distribution. Itis known that
the transverse momentum spectra is well described with the equation in the pggidh0

GeV/lc and it is calledny scailing The inverse slope paramefercorresponds to the tem-
perature of the system at the kinetic freeze-out. In high enprgyp collisions the slope
parameters are independent of particle species T}2}(Tk ~ Tp ~ 150 MeV). On the other

hand, it has been observed that these parameters depend on the particle mass in heavy ion
collisions [13] [14]. Fig.1.5 shows inverse slop paramdteas a function of particle mass
measured imp+ p, S+S and Pb+Pb collisions [15]. As we see, the slope parameters mea-
sured in S+S and Pb+Pb collisions are not independent of particle species. The feature of
the slope parameters in heavy ion collisions is that the larger mass particle have larger slope
parameter T < Tk < Tp) and it also increases with mass of collided nucleus. The feature
indicates that the existence of the outward collective motion (collective radial flow). Most
successful description of the difference slope parameters in heavy ion collisions is given by
a model including the common transverse expanding velocity (collective flow) field together
with a moderate temperature of a thermalized system. If the system is a expanding system,
particles have a common transverse expanding velocity, not only their thermal motion. In
the framework, the slope parameter is given as;

T NTfo+%mﬁ2 (1.4)

whereTs, is the thermal temperaturey is particle mass anfl is the collective velocity. At
RHIC we have obtained;, = 177.0+ 1.2 andB = 0.48 4+ 0.07 in most central Au+Au
collisions at,/syn = 200 GeV [16] [17] from the fitting of transverse momentum spectra for
identified particlesq, K, p).
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mid-rapidity in p+ p, S+S and Pb+Pb collisions [15].

Azimuthal anisotropy

As describe in the previous section, the measurement of transverse momentum spectra gives
us information about the existence of the outward collective motion. The measurement of
particle production in the azimuthal space can be more information about collective motion
in heavy ion collisions. The azimuthal distribution of the particles is very influenced by
the mean free path. When the mean free path is larger than the size of the system, the
particle emmision is isotropic in the azimuthal space. On the other hand, the mean free
path is much shoter than the size of the system (thus hydrodynamical description apply), the
emission pattern is affected by the shape of the system. In heavy ion collisions at RHIC, the
mean free path is about 1bfm and it is smaller than the system sizR= 6fm). In the
hydrodynamical framework, the driving force of the collective flow is the pressure gradient,

A P. In the non-central collisions, the initial medium shape created by the collisions is an
almond like shape (Fig. 1.6). If the medium becomes equilibrium (or local equilibrium),
the pressure ix — z plane is larger thay direction. Therefore the particles produced by
collisions are emitted more to the— z plane than toy direction and it is measured as an
anisotropy in the azimuthal distribution. Thus the initial spatial anisotropy in the early stage
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Figure 1.6: An illustration of non-central Au-Au collisions. The plane defined as the di-
rection of the impact parameter (x) and direction of the beam axis (z) is called “reaction
plane”.

of the collisions transfer to the momentum space anisotropy in the final stage. Therefore the
azimuthal anisotropy is sensitive to the early stage of the collisions, in contrast to transverse
momentum spectra which is sensitive to the expanding velocity in the final stage of the
collision.

Experimentally the azimuthal anisotropy has been studied using Fourier expansion of
the azimuthal distribution. The azimuthal anisotropy is defined by

d—N:No{1+22vncos(n(<p—WR.p))}, (1.5)

do
whereNy is a normalization constani is the azimuthal angle of particles, altkp is
the direction of the nuclear impact parameter ("reaction plane”) in a given collision. The
harmonic coefficientsyy, indicate the strength of th@" anisotropy. Especially the second
harmonic coefficient of the Fourier expansion of the azimuthal distribution is called "elliptic
flow” and it is sensitive to the early stage of the collisions [18]. Indeedyhich is the
strength of the elliptic flow scales with the geometrical eccentricity which is defined as;

o) — () (1.6)
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Figure 1.7: Beam energy dependence-ofimeasured at AGS, SPS and RHIC.

Elliptic flow has been measured in the early stage of the experiment of heavy ion col-
lisions. Figure 1.7 shows the energy dependence ofieasured at AGS, SPS and RHIC
experiments. At RHIC, strong elliptic flow has been measured and the valgesa? times
larger tharnv, measured at SPS. The transverse momenphdependence o, has been
measured for identified particles at RHIC [19, 20, 21, 22]. Figure 1.8 showgrtldepen-
dence ofv, for T, K, p. In low pr region 1.5 GeVE), v, increases witlpt and show the
clear mass dependence,

VI > Vs >, (1.7)

This behavior is consistent with a hydrodynamical model calculation [23] which is shown as
solid lines in Fig. 1.8. The model assumes that the initial time when the local equilibrium
is occurred is 0.6 m/c and the phase transition is first-order phase transition with a freeze-
out temperature of 120 MeV. The agreement suggets as evidence that the collective motion
develops in the very early stages of the reaction. In addition, the model assumes that the
viscosity of the matter is very low, therefore the property of the matter created in Au+Au
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collisions is thought like a liquid. The other featurewgffor identified particles is that,
for meson,rand K, is saturated arourgr = 2.0 GeV/c, on the other hand for baryon,
p, is still increasing. The difference between mesgand baryons, is well explained by a
guark coalescence model. The detail is described in the 1.5.

1.4 Suppression of highpr particle

One of the good probes for studying the medium is to measure higbarticles. In the

RHIC energy range, the dominant process of the particle productionpyith 2.0 GeVEt

in nucleon-nucleon collisions is hard scattering. Typically, particles with- 2 GeVk are
produced from states with two roughly back-to-back jets which are the result of scattering
of constituents of the nucleons (partons) as described by the perturbative QCD. The hard
scattering will occur before the medium creation, therefore the pigparticles propagate
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high pr patrticles.

through the medium. It has been predicted that the Ipigiparticles are suppressed com-
pared withp+ p collisions at RHIC due to the energy loss of partons, which called "jet
guenching”.

One of the methods to study the suppression of lpghhadrons is to measure two
particle azimuthal angluar correlations. Due to the hpgghparticles are produced from
back-to-back jets, we can expect peaks aralirggl~ 0° (nearside) and ¢ ~ 180° (away
side). Figure 1.9 shows the two particles(4t < 6) azimuthal anglular correlationA )
for inclusive charged hadrons measuregir p, d+Au and Au+Au in 200 GeV collisions
[24]. Two particles are chosen such that one "trigger” particle and the other "associated”
particles. In this plot, other sources of angular correlations, elliptic flow, are subtracted. We
can see clear peaks around\ap ~ 0° in p+ p, d+Au and Au+Au which is expected from
the highpr particles production. On the other hand, the away side peAkgat- 180° is
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[25]. The bands around the data points show systematic errors, while the shade band around
unity indicates the normalization uncertainty.

vanished in Au+Au collisions, whil@ + p andd+Au collisions make peaks &t ¢ ~ 180°.

The different results between Au+Au addAu indicate that the suppression of the away

side yields in Au+Au is due to the final state interactions with the medium created in Au+Au
collisions. Because the same suppression of the away side yields should be also observed in
d+Au if the it is due to the initial state interaction.

The other method to study the suppression is to compare yields between Au+Au col-
lisions andp + p collisions. The hard scattering cross section usually have a small cross-
section (point like), therefore the yields are proportional to the number of a binary scaled
nucleon-nucleonN + N) collisions,Ngo. The yield ratio between Au+Au ang+ p, nu-
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clear modification factoRaa, is expressed as;

doaurau
Raa= ) 1.8
<Nbinary> X dopyp (1.8)

wheredoauau anddapp is the cross section in Au+Au angl+ p collisions. (Npinary)

is the number of primary nucleon-nucleon collisions which is estimated by using Glauber
model. If there is no medium effect, the rate of hard processes scales linearly with the
number of binary collisions{Nginary). ThereforeRaa is unity (Raa = 1.0). Figure 1.10
shows theRaa for charged hadron and neutral pion in Au+Au collisions, &y = 200

GeV, together with the nuclear modification factor measured+Au collisions Ryay) at

VSN = 200 GeV [25]. TheRyay is consistent with unity for neutral pions and greater than
unity for charged particles at highyr region. TheRyay is greater than unity means the yield

is enhanced compared to thatpa- p collisions. It is known that the particle production in
p+A collisions is enhanced compared e+ p collisions due to "Cronin effect” [26]. On

the other handRaa is much smaller than unity in Au+Au collisions. It means that the yields
of Au+Au are suppressed. Such the suppression is not obsenateAn collisions, the
suppression in Au+Au is due to the final state interactions. The fgbarticle suppression

is thought that partons lose their energy through gluon bremsstrahlung [27] in the dense
matter , rescuing the momentum and depleting the yield [28] [29].
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1.5 Quark coalescence/recombination

1.5.1 Baryon excess

One of the most striking observations in RHIC is that the yield of proton (anti-proton) is
larger than that of pion at intermedigte region (2< pr (GeVic) < 5). Figure 1.11 shows

p/ T ratio as a function opr for central (0-10%), mid-central (20-403%) and peripheral
(60-92%) collisions [17] [30]. As we see, the ratios increase with centrality and the ratio in
the central collisions is enhanced by almost a factor of three compared with the peripheral
results. The dashed and dotted lines are proton and anti-proton to pion ratio in gluon and in
quark jets [31]. In the higlpr (pr > 3.0 GeVk), these ratios are consistent with the ratio
measured in peripheral Au+Au collisions. Thus fiyetratio at the peripheral Au+Au colli-

sions can be well describe by the fragmentation. On the other hand, the ratio at most central
collisions is much larger than the ratio which is expected by the fragmentation. This result
indicates that there is an additional mechanism for hadron production at the internpgdiate
region.

o C proton/pion 1E anti-proton/pion
é:s 1'62_ B [} Au+Au 0-10% __
1 4'_ | A Au+Au 20-30% -
E 1F [e} Au+Au 60-92% ]
1 2F | * p+p,Ns =53 Gev, ISR ]
r r ---- e*e’, gluon jets, DELPHI ]
1 gt L s L JF e e*e’, quark jets, DELPHI
0.8F
0.6F
0.4F
0.2F
ot
(0]

Figure 1.11:p/mratio as a function ofr for central (0-10%), mid-central (20-4®%6) and
peripheral (60-92%6) collisions [30]. The dashed and dotted lines are proton and pion ratio
in gluon and in quark jets [31].
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1.5.2 Quark coalescence model

A quark coalescence (recombination) model is one of the models for hadron production. In
the model, hadrons are produced by valence quarks from the thermal medium when they are
close together in the phase space. In the framework, mesons are formed from coalescence
of a quark and anti-quark and baryon are formed of three quarks. If the model can explain
the data, it implies that there is a larger thermalized source of quarks and anti-quarks and it
is a strong evidence for a QGP formation at RHIC [32].

In a simplified version of the model, the production rates of mesons and baryons are
evaluated as,

d3N 3
= d3|vI D/dx"\é(XpT)Wb((l—X)pT)lwab\z, (1.9)
p
d3N ,
= d3pB - /dXdXV‘é(Xp”Wb(X P )We((1—x—X)pr)|Wand?, (1.10)

wherew( pr) is a parton distribution functiomxis a fraction of the momentum atiélp(Wapc)
is a meson (baryon) wave function. In case of an equal momentum fraetitine effective
masses of constituent quarks are simikas 1/2 for mesons and = X' = 1/3 for baryons
and above equations can be written as;

| PHENIX proton/Tiratio |

L\i 1'6: e proton/Tt
14 = proton/T®
T Duke
124 < e Oregon
I R I SRR TAMU w/ shower
1 . TAMU no shower
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Figure 1.12: prtratio measured by PHENIX [30] and quark coalesnce model calculations
for the comparison. This picture is taken from [5].
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d>N
dTgl = Cuwa(pr/2)%, (1.11)
d>N
dT; = Cawa(pr/3)°, (1.12)

whereCy andCg correspond to the coalescence probabilities for mesons and baryons, re-
spectively [33]. The coalescing parton distribution is assumed to be exponential, thermal.
Under this assumption, lower momentum quarks are much more abundant than those for the
high pr quarks. As the result, the chance for lovwegrquarks to recombine is much higher
than the chance for highgxr quarks from a hard scattering to fragment into the final state
hadrons. Thus baryons at modergaieare enhanced relative to mesons as their transverse
momentum is the sum of three quarks rather than two. Figure 1.12 shows several quark co-
alescence model calculations for proton and pion ratio compared to the data as a function of
pr measured at PHENIX [30]. These calculations well reproduce the strong enhancement
of proton at intermediater.

The model also predicts that the elliptic flow of hadrons reflect the elliptic flow of con-
stituent quarks. The parton distribution functiav( pr)) for v, is given as;

W= 1-+2v, qCog2¢), (1.13)
Then we can obtain following equation for meson and banyoas;
Vom = 2V24(P1/2), (1.14)

Vo = Vo q(PT/3). (1.15)

wherev, q is quarkv,. The model predicts that elliptic flow for mesons and baryons are
scaled with the number of constituent quarks. Fig. 1.13 showsvihad a function ofpt
scales via the number of quarks, thatig/n as a function ofpr /n wheren is the number

of constituent quarks plus anti-quarks=€ 2 for meson ana = 3 for baryon). As we can
see v, of identified hadrons after scaling with number of quarks falls on same curve. This
suggests that the already develops in the partonic phase for hadrons which made of light
quarks.
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1.6 Charm quark production in RHIC

Charm quark is believed to be produced in initial collisions via gluon fusion. Due to the large
mass of charm quarky( 1.5 GeVt?), the charm production rate is calculated by pQCD [34]
[35]. Measurements of charmed hadr@hmesons, are good tools for the study of charm
production. But the directly measurement and the reconstructibrmoéson P° — K~ )

is difficult due to the small short lifetimedC ~ 124 um), the small yield of charm quarks

and the large background of other hadrons. Table 1.2 shows the main decay modds3 of the
meson. In PHENIX experiment charm quark production has been studied by measuring sin-
gle electrons from semileptonic decays of charmed particles at mid-rapidity rdgip# (

0.35). Electrons from charm were observed at the CERN-ISR experiment in early 1970
[36] [37] before charm discovery and later it has interpreted as a signal of open charm [38].
Thus the measurement of single electron is also a powerful tool to study the charm produc-
tion in heavy ion collisions. PHENIX has two independent techniques, “cocktail” method
and “conversion” method to remove electron backgrounds from other sources, mainly con-
versions and light hadron decays. In the cocktail method, background electrons are calcu-
lated by a Monte Carlo simulation and they are subtracted from inclusive electrons. In the
converter method, background electrons are experimentally determined with and without a
converter that increases/decreases background electrons. Figure 1.14 shows the invariant
differential cross section of electrons from heavy flavor, charm and beaupy-ip colli-

sions at,/Syn = 200 GeV measured at PHEXNIX experiment [39]. The curves in the figure
are a fixed-order-plus-next-leading-log (FONLL) pQCD calculation [40]. The bottom figure
shows the ratio of the data and the FONLL. The upper and lower curves are the theoretical
upper and lower limits of the FONLL. The pQCD calculation describes the cross sections of
heavy flavor decay electrons within uncertainties.

Decay mode branching ratio
DO — K~ mrt 3.80%
D0 — et +X 6.87%
D* — et +X 17.2%

Table 1.2: The branching ratio &f meson decay

In the relativistic heavy ion collisions there would be three stage of charm quark pro-
ductions if the matter is thermalized: (1) the first stage is the initial collisions which is same
as the production ip+ p collisions, (2) the second stage is the pre-equilibrium production
from secondary parton cascade, and (3) the third stage is the thermal production. Figure
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Figure 1.14: (a) Invariant differential cross section of electrons from heavy flavor, charm and
bottom, inp+ p collisions at,/Syn = 200 GeV measured at PHEXNIX experiment [39].
The curves are the FONLL calculations. (b) Ration of the data and the FONLL. The upper
and lower curves are theoretical upper and lower limit of the FONLL.

1.15 shows the theoretical prediction for charm quark productions in Au+Au collisions at
VSuN = 200 GeV [41]. The theory predicts that the most largest contribution is also initial
collisions in Au+Au collisions and the thermal production is very small even if the matter is
thermalized. In Au+Au collisions the total yield of heavy-flavor decay electrons was found
to scale with the number of nucleon-nucleon collisions as expected for pQCD [42]. Thus the
dominant process of charm quark production in Au+Au collisions is also initial collisions
via gluon fusion.
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Figure 1.15: Theoretical prediction @f distributions of initial (solid), prethermal (dot-
dashed) and thermal (dashed) charm production for central Au+Au collisions at RHIC en-

ergy,/snn = 200 GeV [41].

1.7 Thesis motivation

As reviewed in this chapter, there are various hints for QGP formation in Au+Au collisions
at,/Sun = 200 GeV. The initial energy density of the medium created in Au+Au collisions
is about 15 GeV/fri and the value is large enough to create the QGP, which 1.0 G&V/fm
predicted by the lattice QCD. The yield of higi particles is strongly suppressed with
regard to the yield irp+ p collisions Raa < 1.0). The origin of the suppression is thought
that energy loss of partons in the dense medium. Thus the density of the medium would be
very high. The particle ratios are well reproduced by a statistical thermal model calculation,
which assumed chemical freeze-out temperature of 170 MeV. Collective flow, especially a
large elliptic flow has been observed. The strength of elliptic flewfor various particles

has been measured. Thgfor identified particles shows a clear mass dependence and it is
well explained by the hydrodynamical model calculation which assumes a very early time
thermal equilibrium ¢ = 0.6 fmk) and very low viscosity. These, are scaled with the
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number of quarks. It indicates that partonic collectivity has been developed for light quarks
in Au + Au collision at RHIC. If charm quarks also flow same as light quarks, it indicates

a quark level thermalization is achieved at RHIC energies. Because it is needed that charm
guarks are scattered over and over again due to their large mass. Thus it would be a strong
evidence of QGP formation at RHIC.

In this thesis we study elliptic flow, which is defined as a second harmonic of the Fourier
expansion of the azimuthal distribution, of charm quark via electron measurement. We
measured the transverse momentum dependence of the azimuthal anisotropy patameter
for electrons at mid-rapidity| § | < 0.35) with the PHENIX detector in Au+Au collisions at
VNN = 200 GeV during the fourth experiment period at RHIC run (2004 - 2005). From
the result, we have measured theof electrons from heavy flavor decay after subtraction
of thev, of electrons from other sources such as photon conversions and Dalitz decay from
light neutral mesons. Based on the result, we discuss charm guarkAu+Au collisions

at.,/syn = 200 GeV.



Chapter 2

The PHENIX experiment

This analysis is based on the data measured at the RHIC-PHENIX experiment. In this chap-
ter, the Relativistic Heavy lon Collider complex and PHENIX detector system are presented.

2.1 The Relativistic Heavy lon Collider (RHIC)

Figure 2.1: A picure of RHIC complex.

The Relativistic Heavy lon Collider (RHIC) at BrookHaven National Laboratroy is the

24
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Circumference of rings (km) | 3.834
No. Intersection Regions | 6
No. Bunches/ring 60
Bunch Spacing(nsec) 213
No. Particles/Bunch 1x 10°
Top Energy(GeV/u) 100
Luminosity, averagem 2secl) | 2x 1076
Lifetime(h) 10

Table 2.1: RHIC performance for Au ions

world’s first head-on collider for heavy ions. RHIC consists of two rings which are made
up of 1,740 superconduction magnets and each ring has about 3.8 km circumference. Any
nuclear species from proton to Au can be accelerated and collided at interaction points at
RHIC. The maximum energy is 100 GeV per nucleon for Au ions and the center of mass
energy (/Sun) is 200 GeV. The stored beam lifetime for Au is expected to be approximately
10 hours. The designed luminosity of RHIC for Au+Au is about 20°° cm~2 sec! at

top energy. A total of 60 bunches are injected into each ring. Table 5.1 shows the summary
of RHIC parameters.

Figure 2.2 shows the RHIC acceleration scenario for Au. Tandem Van de Graff accelera-
tors, the Booster synchrotron, and the Alternating Gradient Synchrotron (AGS) serve as the
injector for RHIC. The negative Au ions (-1) injected to Tandem Van de Graff are acceler-
ated at the kinematic energy of 1MeV/u and with Q=+12 charge state. Exiting from Tandem
Van de Graf, ions are further stripped to the charge state +32. Then they are injected into
the Booster synchrotron through heavy ion transfer line (550m). The Booster synchrotron
accelerates the beam up to 95 MeV/u. In the Booster to AGS line, the ions are stripped
to charge state +77 and injected to AGS. At AGS the beam is accelerated to 10.8 GeV/u.
Then the ions are stripped to charge state +79 at the start of AGS to the RHIC transfer line
tunnel. The intensity of the beam injected to RHICLis 10° ions/bunch. Finally, the beam
is accelerated to 100.0 GeV/u at RHIC. Four experiments (PHOBOS, BRAHMS, STAR and
PHENIX) are instrumented at the collision point. The detail of PHENIX is described in the
next section.
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Figure 2.2: RHIC acceleration scenario for gold. The tandem Van de Graff accelerators, the

Booster synchrotron, and the Alternating Gradient Synchrotron (AGS) serve as the injector
for RHIC.
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Component An A Purpose and Special Feature
Magnet: central(CM) |n| <0.35 360° Upto1.15T- m.
muon (MMS) -1.1t0-2.2 360 0.72 T+ mforn=2
muon (MMN) l1to2.4 360° 0.72T- mforn=2
BBC 3.0<|n|<3.9| 360 start timing, fast vertex
ZDC +2 mrad 360 Minimum bias trigger
DC In| <0.35 90° x 2 | Good momentum and mass resolution
Am/m= 0.4% at m=1.0GeV
PC In| <0.35 90° x 2 | Pattern recognition,
tracking for nonbend direction
RICH In| <0.35 90° x 2 | Electron identification
TOF In| <0.35 45° Good hadron identificatiorgr or = 100ps
PbSc EMCal In| <0.35 | 90° +45° | For both calorimeters, photon and
electron detection
PbGI EMCal In| <0.35 45 Goode* /m* separatiorp > 2.0GeV/c
by EM shower ang < 0.35GeV/c by ToF
K=/ separation up to 1 GeV/c by ToF
U tracker:uTS) -1.15t0-2.25| 360 Tracking for muons
U identifier:uIDS) | -1.15t0-2.25| 360 Steel absorbers and larocci tubes for
(1IDN) -1.15t0-2.44| 360 muon/hadron separation

Table 2.2: Summary of PHENIX detector subsystems

2.2 Overview of PHENIX experiment

A prime goal of PHENIX experiment is to detect QGP and study its physical properties. In

order to achieve the goal, PHENIX is designed to measure various particle species produced
by the collisions especially photons, leptons and hadrons. These measurement are done with
11 independent sub-systems.

Figure 2.3 shows the setup of the PHENIX experiment in Run4. The acceptance of
PHENIX is shown in Fig. 2.4. PHENIX consists of four parts of spectrometers arms and
a set of global detectors. The spectrometers around mid-rapidity are called central arms
(west and east arms) and those around forward rapidity are called muon arms. Table 2.2
shows the summary of the PHENIX detectors. The global detectors consist of Beam-Beam-
Counters (BBCs) and Zero-Degree Calorimeters (ZDCs). These detectors provide a time
of beam-beam collision, collision vertex, event trigger and centrality. The central arms are
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Figure 2.3: PHENIX experiment setup in the 4th year of RHIC run (Run4). (Top:Cross
section perpendicular to the beam pipe. Bottom: East side view of the cross section along
the beam pipe.) PHENIX consists of four parts of spectrometer arms and a set of global
detectors. The spectrometers around mid-rapidity are called central arms (west and east
arm), and those around forward rapidity are called muon arms.
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designed to track particles emitted from collisions vertex, reconstruct momentum, and iden-
tify charged and neutral particles. The central arms cover the pseudo rapidity|range

0.35 and9(® in azimuthal angle. The central arms consist with several subsystems. The
Drift Chamber (DC) measure charged particle trajectories in th@lane. The Pad Cham-

bers (PC) measure 3-D space position along the straight line particle trajectories. The Ring
Imaging Cherenkov Counter (RICH) is the primary detector for electron identification, is
installed in each central arm. The Electro-Magnetic Calorimeter (EMCal) is used to mea-
sure the spatial position and energy of electrons and photons. The combination of the RICH
and the EMCal allows separation afe to less tharl0* at p < 4.7 GeV/c [43]. The
time-of flight detector (TOF) is the primary detector for charged hadron identification. The
performance of the RICH, TOF and EMCal is summarized in Table 2.3.

N\
PH:<ENIX Acceptance
|

120°

Figure 2.4: PHENIX acceptance of leptons and hadrons.

2.3 Magnet system

The PHENIX magnet system [44] is composed of three spectrometer magnets, Central Mag-
net (CM) and Muon Magnets (MMN and MMS), with warm iron yokes and water-cooled
copper coils. The transverse momentum of each particle is determined from its curvature
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Electrons| /e < 10~% at p<4.7GeV/c

RICH for <4.7 GeV/c

EMCal for > 0.5 GeV/c

Photons | p; < 1 GeV/c for 0.5 sr with PbGlI
pr < 1 GeV/c for 1.5 sr with PbSc.
Hadrons | < 2.3 GeV/crrfor 0.38 sr
< 1.6 GeV/c K for 0.38 sr
< 5.0 GeV/c p for 0.38 sr
TOF with o < 100 ps.

Table 2.3: Performance of the RICH, TOF and EMCal at Year-2 [43].

bend in the magnetic field provided in the central arms. The CM is energized by two pairs of
concentric coils and provides a magnetic field around the interaction vertex that is parallel
to the beam. The filed covers pseudo rapidity rediph< 0.35 and it allows momentum
analysis of charged patrticles in polar angle range fidfh< 6 < 110°. The magnetic field

for the central arms is axially symmetric around the beam axis. Its component parallel to the
beam axis has an approximately Gaussian dependence on the radial distance from the beam
axis, dropping from 0.48 T at the center to 0.096 T (0.048 T) at the inner (outer) radius of
the DC. The total field integral is about 0.8 Tesla-meters and that is minimized for the radius
of R> 2 m (the radius of the DC).
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Figure 2.5: Line drawings of the PHENIX magnets, shown in perspective and cut away to
show the interior structures.
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2.4 Global detectros

2.4.1 Beam-Beam counters (BBCs)

The main role of BBCs is to provide the time of beam-beam collision, to produce a signal
for the PHENIX LVL1 trigger, to measure the collision vertex point, to determine collision
centrality with ZDCs and determined a reaction plane.

RING ID

® inner ring
em dd e ring

s outer rmg

Figure 2.6: (a) A picture of BBC array comprising 64 BBC elements. (b) A picture of BBC
element which consists of one-inch mesh dynode PMT mounted on a 3 cm quartz radiator.
(c) The configuration of the 64 PMTs of each BBC.

Two sets of BBC are installed on North and South side of the collision point along the
beam axis. The BBCs are placed 144 cm from the center of the interaction region and
surround the beam pipe. This corresponds to a pseudo rapidity range from 3.0 to 3.9 over
the full azimuth. Each BBC is composed 64 BBC elements. A BBC element consists of
one-inch mesh dynode photomultiplier tubes mounted on a 3 cm quartz radiator. The BBC
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elements are grouped inner, middle and outer ring. The outer ring of the BBC is 30 cm
and inner ring is 10 cm with clearance between the beam pipe and the BBC of 1 cm. This
configuration is satisfied following requirements.

e Work in a high magnetic field environment due to the BBC is placed just behind the
CM.

e Radiation hard due to the BBC is placed in a very high-level radiation area around
beam pipe.

e The BBC have a large dynamic range from 1 Minimum lonizing Particles (MIP) to
30 MIP’s due to the BBC are operated with not only Au-Au collisiong/afn = 200
GeV but also p-p collisions up tg'syn = 500GeV

The BBCs measure the time and charge of leading charged patrticles from beam col-
lisions. The time information provides the time of beam-beam collision and the collision
vertex. The charge information is used for determinations of the centrality and the reaction
plane angles.

2.4.2 Zero-Degree Calorimeters (ZDCs)

The purpose of the ZDCs is to detect neutral beam fragments from collisions. The ZDCs
are installed in the four RHIC experiments and each ZDC covers 2 mrad of forward angular
cone which corresponds tp >6.0. In PHENIX two ZDCs are located 18 m downstream
and upstream from the interaction point along the beam axis. In front of the ZDCs, the DX
dipole magnets are installed. Charged particles emitted from collisions are deflected out of
the ZDC acceptance by the magnets. The ZDCs are hadron calorimeters. A single ZDC
consists of three modules and each module consists of Tungsten alloy plates and ribbons
of commercial optical fibers in a sampling layer. The coincidence signal from the ZDCs is
used for the minimum bias trigger of beam interactions, and it uses as an other type of event
triggers and the luminosity monitor. The total energy (multiplicity) of neutrons measured
by the ZDCs is to be correlated with event geometry therefore the information is useful to
determine the centrality in each events.
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Figure 2.7: (a) Top view of the beam geometry and ZDC location. (b) A picture of ZDC.
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2.5 Central arms detectros

2.5.1 Drift Chambers (DCs)

The main role of DCs is to measure charged particle’s momentum and provide position
information that is used to link tracks through the various PHENIX detector subsystems.
The DCs are located in the region from 2 to 2.4 m from the z axis and 2 m along the beam
direction.

In order to have good tracking efficiency for the highest multiplicities at Au-Au colli-
sions, the DC is designed to satisfy the below requests.

e single wire resolution better than 150 irgpr-

e single wire two track separation better than 1.5 mm.
¢ single wire efficiency better than 9®

e spatial resolution in the z direction better than 2 mm.

Each DC consists of two independent gas volumes located in the west and east arms. A
gas mixture of 506 Ar and 50% Ethan is chosen for the operation based on (1) uniform drift
velocity at the electric field - 1 kV/cm, (2) high gas gain (3) low diffusion coefficients.

The volume of the each detector is defined by a cylindrical titanium frame defining the
azimuthal and beam-axis limits of the detector volume. Each frame consists of 20 identical
keystones. The lay out of one of the keystone is shown in Fig. 2.8. Each keystone has six
types of wire modules: X1, Ul, V1, X2, U2 and V2. The modules contain 4 sense planes
and 4 cathode planes forming cells with a 2-2.5 cm drift space imptteection. The X1

and X2 wire modules give the track measurements-ip. In addition, the modules have

two sets of small angle U,V wire planes used in the pattern recognition. U1, V1, U2, and
V2 measure the z coordinate. These wires have stereo angles of 6 relative to the X wires to
minimize track ambiguities by matching the z resolution of the pad chamber.

Following performances are obtained.

¢ single wire efficiency 95-986
e spatial resolution 100-120 mkm

e angular resolutioda /a ~ 1 mrad
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Figure 2.8: (left) The layout of wire position of DCs. (right) Constriction of a DC frame.
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2.5.2 Pad Chambers (PC)

PCs are multi-wire proportional chambers which consist of a single plane of wires inside

a gas volume bounded by two cathode pad planes. One cathode pad is separated into an
array of pixels. Nine pixels are connected together electronically to form the pad, the basic
element of the detector. A cell is defined by three pixels and the area is<00884 cnf.

This provides a position resolution &éf 1.7 mm alongzand 2.5 mm irr — ¢.

The central arms have three layers of PCs (called PC1, PC2 and PC3). PCL1 is located
between the DC and RICH on the East and West arms. Also on both arms, PC3 is installed
just in front of EMCal. PC2 behind the RICH is in West arm only. PC1 determined the
three-dimensional momentum vector by providing the z coordinate at the exit of the DC.
The information of the DC and PC1 provides direction vectors through the outer detectors
of subsystems (RICH, PC2, PC3, EMCal and TOF). PC2 and PC3 are used to reject particles
produced by either secondary interactions and particle decays outside the aperture of the DC
and PC1 or low-momentum primary tracks that curve around PC1 in the magnetic field and
hit PC2 and PC3. The recognition of three points on a track through the whole detector
ensures that the response from electron identifying detectors (RICH and EMCal) and the
momentum from the DC is correlated for particle identification.

2.5.3 Ring Imaging Cherenkov Counters (RICHS)

The RICH is the primary device for identifying electrons among a very large number of
charged particles. The basic idea of RICH is a Cherenkov radiation. Cherenkov radiation
arises when a charged patrticle in a material medium moves faster than the speed of light in
that same medium. The speed of light in a medium is given by

v=c/n, (2.1)

wherec is light velocity andn is the index of the medium. Therefore a particle emits
Cherenkov radiation when it has a velocity

Vparticle > C/N. (2.2)
Cherenkov photons are emitted as a circular cone shape with antyragéned as;

cosO; = B_ln (2.3)
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Figure 2.9: A picture of the Pad Chamber system in PHENIX.

wheref is Vparticle/C and it is a threshold for Cherenkov radiation. A particle which has a
faster velocity than the light emits photons, and the emitted photons are optically focused
on the photon detectors, on which Cherenkov photons are detected on a ring in the RICH.

Figure 2.10 shows a cutway drawing of the RICH. Each RICH has a volume of40 m
with an entrance window area of 8.Fmnd an exit window area of 21.62mEach detector
contains 48 composite mirror panels which are formed two intersecting spherical surfaces.
The total reflecting area is 204nThe reflectivity of the mirrors is about 88 at 200 nm,
rising to 90% at 250 nm. Cherenkov light radiated in the RICH is focused onto two arrays of
1280 UV photomultipliers (Hamamats H3171S). The phototubes are fitted with 2 diameter
Winston cones and have magnetic shields. The phototube UV glass windows absorb photons
of wavelengths below 200 nm. Each phototube array is located on either side of the RICH
entrance window.

During Run4, CQ (n = 1.000410Q was used as the Cherenkov radiator. It has a pion
Cherenkov threshold of 4.65 Gead/and produces an average of 12 photons per ring for
B = 1 particle. The ring diameter for CQyas is about 11.8m

The /e discrimination capabilities of the RICH are determined by three factors.

¢ the value of the pion Cherenkov threshold
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¢ the statistical fluctuations in the number of photoelectrons produced by an electron in
RICH

¢ the background counting rates in the RICH

The combination of the RICH and EMCal allows a separatiom & to less tharl.0~* at
p < 4.7 GeVt.

bV NSLULATION SHEET
.'a'.l " AND BLOCKS

THROUGHS —/

ENTRANCE WINDOW

Figure 2.10: A cutaway view of one arm of the PHENIX RICH detector.
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2.5.4 Electro-Magnetic Calorimeters (EMCals)

The EMCal is used to measure the spatial position and energy of electrons and photons.
It covers the full central arm acceptance & < 6 < 110° with each of the two walls
subtending90® in azimuth. There are eight sectors of the EMcal in the East and West
arm. The West arm has four sectors of Pb-scintillator sampling calorimeter, and the East
arm has two sectors of Pb-scintillator and two of Pb-glass Cherenkov calorimeter. The
Pb-scintillator electromagnetic calorimeter is a shashlik type sampling calorimeter made of
alternating tiles of Pb and scintillator consisting of 15,552 individual towers. Figure 2.11
shows a Pb-scintillator electromagnetic calorimeter module consisting of four towers. The
Pb-scintillator electromagnetic calorimeter has a nominal energy resolution &68/E
(GeVYp2.1%. A Pb-glass calorimeter sector consists 192 super modules. Each super mod-
ule comprises 24 Pb-glass modules. The Pb-scintillator electromagnetic calorimeter has a
nominal energy resolution of &/+/E (GeV).

The EMCal is designed to identify and measure the total energy of electrons and photons.
Electrons deposit all of their energy in the the EMCals , therefore the energy E measured
by the EMCasl and the momentum p measured by the DCs should match, i.e. E/p 1.0 for
electrons. On the other hand hadrons deposit only a small fraction of their total energy in
the calorimeter.

2.5.5 Time of flight (TOF)

The TOF provides flight time of particles. Using the flight time of particles, the particles are
identified by calculating the mass as;

P = () (2.4)

whereL is a flight path length which is the distance between TOF and vertex position in the
magnetic field andig is a flight of the particles. It is designed to have a timing resolution
of 100 ps in order to separate particles in the high momentum raege/K separation up
to 2.4 GeVt andK/p separation up to 4.0 Gevd!/

The TOF is located at a radial distance of 5.06 m from the interaction point, between
PC3 and the EMCal in the east arm, and it cojgris< 0.35 andA ¢ = 45 in azimuthal
angle. The TOF system consists of 10 panels of TOF walls and the wall consists of 96 TOF
elements. One TOF element consists a plastic scintillator slat and PMTs are equipped at
the both ends of the scintillator. The Schematic diagram of the components of a single TOF
panel are illustrated in Fig. 2.12.
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Figure 2.11: Interior view of a Pb-scintillator calorimeter module showing a stack of scintil-
lator and lead plates, wavelength shifting fiber readout and leak fiber inserted in the central
hole.
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Figure 2.12: Schematic diagram of the components of a single TOF panel which consists of
96 plastic scintillation counters with PMTs at both ends, light guides and supports.



Chapter 3
Data analysis

The analysis of the elliptic flow for electrons originating from heavy quarks is based on the
experimental data of Au+Au collisions gfsyn = 200 GeV in the fourth year of RHIC run
(2004 ~ 2005) at RHIC. About 700M minimum bias events are used in this analysis after
the vertex cut is applied. In this chapter, we present the event selection, track reconstruction,
electron identification, reaction plane determination and determination of the electrons from
heavy quarks.

3.1 Event selection

The collisions which meet following conditions are used in this analysis. The first condition
is the number of hits in the BBC and the ZDC. For the BBC, a coincidence between the
north and south BBC with at least two PMTs fired in each BBC is required. For the ZDC,
at least one forward neutron has to be register in each of two ZDCs. In addition, a cut for
the collision vertex point along the beam line is also required. The collision vertex point is
determined by the timing difference of the BBCs. A event vertex position along the beam
axis Evertey IS reconstructed from the time information from BBCs as;

Zyertex= @, (3.1)
wherec is the light velocity,T; and T, are the observed values of arrival time for prompt
particles at the each side of BBC. The resolution is ako0t6 cm. Based on a simulation
of the BBC, the efficiency for above condition is92 % in Au+Au /Syn = 200 GeV.

We requiredzsere < 20 cm to eliminate electrons originating from the conversions at the
central magnets [42].

43
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3.2 Centrality determination

In collisions with non-zero impact parameter, charged particles produced by the collisions
are detected by the BBC, and spectator neutrons which do not participate in the collisions
are detected by the ZDC. For central collisions charged particles detected by the BBC are
more than spectator neutrons detected by the ZDC. On the other hand, spectator neutrons
measured by the ZDC are more than the charged particles detected by the BBC in peripheral
collisions. Therefore combining information of the spectator neutrons measured by the ZDC
and the charge sum information measured by the BBC provides the event centrality. Figure
3.1 shows the correlation between the charge sum of charged particles and the energy sum
of spectator neutrons. For more peripheral collision, the spectator neutrons measured by
the ZDC are decreasede. spectator neutrons miss the ZDC. It is due to the intrimsic

from their Fermi motion inside the Au nuclei or they may bound in deuterons of heavier
fragments and thus swept away by the magnet. It has been reported by the NA49 experiment
that such spectator neutrons missing has an approximately liner relationship as a function of
the impact parameter [45], and the missing is larger in peripheral collisions. The lines in the
figure present the definition of centrality classes in the ZDC vs. BBC plot. The centrality
classes are obtained by calculating the anglef a given (BBC,ZDC) point with relative

to (BBCy,ZDCp) = (0.2,0.0) on the ZDC vs. BBC plane. The fyglirange which covers
centrality 0% to 92 % is divide to 92 with the same number of counts in each bins. The
first bin is defined as centrality @, therefore then th bin represents centrality— 1 %.

Thus we obtain the one-to-one correspondence betwesrt and the centrality ranges in
percentages.

3.3 Track Reconstruction and momentum determination

Charged particle tracks are reconstructed by using the hit information at the DCs (X1, X2,
UV1 and UV2) and the PC1. In the process of the reconstruction, tracks that traverse both
X1 and X2 wires are looked then the remaining tracks that traverse the X1 or X2 regions
are looked. Using a combinatorial Hough transform (CHT), tracks are found from the hits
information of X1 and X2 wires. In this method all possible combinations of hits at X1 and
X2 wires are transferred into a feature space defined by the polar angle at the intersection
of the track with a reference radius near the mid-point of the drift changpeand the
inclination of the track at that poiret which is proportional to the inverse of the transverse
momentum. Figure 3.2 provides a schematic illustration of these variables. Assuming
tracks are straight line in the DCs, tracks are appear as peaks in the Hough transform feature
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Figure 3.1: Correlation between the charge sum measured by BBC and energy of spectator

neutrons measured by the ZDC. The lines in the figure present the definition of centrality
classes in the ZDC vs. BBC plot.
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space, because all hit pairs for a given track will have s@rarda.
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Figure 3.2: Definition of the Hough transform parametegsida) for the drift chamber
track reconstruction. The X1 and X2 hits in the drift chamber are shown as small circles.

After the reconstruction of the track by using CHT method, thenztbeordination of
tracks is determined by using PC1 and UV wires. If there is a PC1 association, then a
straight line connecting,er and PC1z fixes the direction of the track in If there is more
than one PC1 association, the one with more associated UV hits is accepted to be the correct
track. As a result of the reconstruction, variety possible tracks are made. These tracks are
identified by the quality bits which are defined by the hit information at X1, X2, UV and
PC1.

Tracks reconstructed by the DC-PC1 are then associated outer detectors (detectors after
PC1). These detectors provide hits information at the detectors and the one with the closed
distance to the track intersection point is identified as the hit associated with the track (track
matching). Then the distance mandz directions between the track projection point and
the associated hit position are calculated. In this analysis, following the track matching is
required.

i \/E IvlCd%lectrons—i_ E IVlcckoezlectrons< 2'01
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hereEMCdzjectrons (EMCd@iectrond IS @ 1 0 deviation of the distance im (@) direction
between the track projection point and the associated hit position at the EMC, after electron
identification (See Chapter 3.4).

Momentums for charged particles are determined by measuring the track’s angular de-
flections from a straight linen,, The o measured in the drift chamber is closely related to
the field integral along the track trajectory. For tracks emitted perpendicular to the beam
axis, this relation can be approximated by

a =

K
o (3.2)

where K=101 mrad GeV is the field integral.

3.4 Electron identification

After reconstructing the tracks, electrons are identified with following processes. First the
RICH PMTs associated with the track were searched. This is done by first reflecting the
track about the RICH mirror as if it were a light ray, and then projecting the reflected track
on the RICH PMT. The projection point is the center of the ring which was made by the
Cherenkov radiation, therefore PMT hits near the projection point in the region (3.4 cm
<r < 8.4 cm) are searched (the expected ring radius is 5.9 cm). The region is determined
from the position resolution of the PMTs. If the hits are found, following parameters are
calculated from the projection point and PMT hit information.

¢ Distance between ring center and track projection (disp)
e Number of hit PMTs (n0)
¢ Difference from the expected ring shape (chi2/npe0)

The minimum and maximum values of these parameters for electron identification are sum-
marized in Table 3.1. In addition to the RICH parameters, following a parameter is calcu-
lated for the electron identification.

e shower shape in EMQpfob)

To reduce the background from hadrons and photon conversions far from the vertex, en-
ergy measured in the EMCal and momentum matchitygpj is required. Electrons deposit
all of their energy in the EMCal; therefore ti&/ p is approximately 1.0 though the/p
of hadrons have a mip peak at 0.3 by hadronic interactions in EMCal. The momentum
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Figure 3.3: an illustration of electron identification by RICH. (a) Cherenkov photons are
emitted by the electrons at RICH. (b) The Cherenkov photons are reflected by the mirrors
and make a circle with 5.9 cm radius on the PMT arrays.

of electrons produced by the photon conversion outer of the vertex are overestimated their
momentum, therefore the/p is smaller than 1.0. Fig. 3.4 shows the Energy and momen-
tum matching (E — p)/p/0). Here theo means a standard deviation(@& — p)/p. In this
analysis, we requir&/p matching is larger thar20. The dashed line in the figure is the
background caused by the accidental association of tracks with RICH hits. The background
is estimated by the "flip-and-swap” technique;

e destroy position correlations between tracks and ring$ erting” RICH coordi-
nates

e perform electron ID cuts with inverted RICH coordinates

The swapped background shapeEfp distributions agrees with the distribution for the
identified hadrons (Fig.3.5) [46]. Figure 3.6 shows thedependence of the ratio of the
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Type parameter

Event Event vertejobcz < 20cm

Track matching \/ EMCAZ, . ironst EMCU@ e cirons< 2.00

RICH n0 >3
chi2/nped < 10.0
disp< 5.0
other -20< E%p/a
prob > 0.01

Table 3.1: Summary of electron ID

signal and background. As shwon in Fig. 3.6, the background is about 48pr = 0.5
GeV/c and the contribution is getting smaller at higlggrregion.
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Figure 3.5:E/p distributions for electrons (black solid line), swapped background (dotted
line), and hadrons (red solid line). The figure is taken from [46]
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3.5 Azimuthal anisotropy analysis

3.5.1 Fourier Expansion of Azimuthal Distribution

The azimuthal anisotropy has been studied by using Fourier expansion of the azimuthal
distributions. The azimuthal distribution of the produced partialég), can be written in
the form of Fourier expansion [47];

12 :
[(0)= 0+ 7 3 FaCOSN0) + YaSiN(g) (3.3)
For the case of a finite number of particles, the integrals become simple sums over particles:
2m
%= [ r(@)cosing)dp = 3 ricosing). (3.4
|
= [ r(g)sining)dg = ¥ risining) (35)
|

wherei runs over all particles generated by collisions, gng the azimuthal angle ofth
particle. Here two variables;,, and, are defined as;

Vn = /X2 +Yy2 (3.6)

Pn = tan‘l(g)/n. (3.7)

Herev, means the strength of theth harmonic and), is called "reaction plane” corre-
sponding to the direction of the nuclear impact parameter in a given collision (Fig. 1.6).
Using the azimuthal angle of the reaction plagig)(and strength of-th harmonic ¥,),

the coefficientx, andy, are written as;

Xn = VnCOSNYn), (3.8)
From Eq. 3.8 and 3.9, Eq. 3.3 is written by using thand (,;
12 .
[(0) = ot 3 Kacosg) + Vasin(ng) (3.10
X 12 . .
= 5T-|- I—Tn;[vn cognYn) cogne) + vy sin(nyn) sin(ng)] (3.11)
_ X 18
= op T %nzl[Vn cogn(@ — ¢n))]. (3.12)

Especially the first harmonia$1) and second harmonio%£2) coefficients called “directed
flow” and “elliptic flow”, respectively.
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3.5.2 Reaction Plane method

The azimuthal angle distribution of the particle emission measured with respect to the reac-
tion plane is called the “reaction plane method”. In the reaction plane method the azimuthal
anisotropy is defined by

dN

T ~No{ 1+ 3 2ncosn(o- wre)). (3.13)

whereNp is a normalization constang, is the azimuthal angle of particles, alkp is the
azimuthal angle of the reaction plane. The harmonic coefficiggtsdicate the strength of
thent" anisotropy. The value of, is calculated by

vp = (cogn(@—Yrp))). (3.14)

In experiment the true reaction plane is not able to determine directly, therefore the reaction
plane is determined by using the anisotropy flow itself [48]. It means that the event plane
can be determined independently for each harmonic of the anisotropic flow. Figure 3.7 is an
illustration of the reaction plane determination. The flow ve@grand the reaction plane
angleW are defined as

Qncogn¥,) = Zwi cognq), (3.15)
|
Qnsin(n¥y,) = zwi sin(n@). (3.16)
|
Therefore the azimuthal angle of the reaction plane fonth@armonic is determined by
i W sin(n
meas (tan‘l—z' i Sin(ng) ) /n, (3.17)
>iwicogng)
whereq is the azimuthal angle of each particle used in the reaction plane determination and
w; is the corresponding weight. Due to the finite reaction plane resolution, coefficients in
the Fourier expansion of the azimuthal distribution with respect to the “measured” reaction
plane ¢'¢@%) are smaller than coefficients measured with respect to the “real” reaction plane

(vn). The relation betweew, measured with respect to the “measured” reaction plane and
“real” reaction plane is

Vquneas =< cos(n((g - QUmeas)) >
=< cogN(@ — Ymeas + Ytrue— Ykrue)) >
=< cogN(@ — Yirue) CON(PYmeas — Ykrue)) > (3.18)
+ < sin(n(@ — Yrue) SIN(N(Pmeas — Yhrue)) >
= Vn < COYN(Ymeas — Yrrue)) > -
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Figure 3.7: lllustration of the reaction plane determination. The true reaction plane can not
measure directly therefore the plane is determined by using anisotropic flow itself.

Therefore the value of, is given as;

Vnmeas
< coSN(Wmeas — WYtrue)) >
The value of< cogn(Ymeas — Yirue)) > is characterized as the “resolution” of the reaction
plane [47].

(3.19)

Vi

3.5.3 Reaction Plane Determination

In this analysis they, is estimated by using the reaction plane determined by the second
harmonic ( = 2), since a better accuracy @f is obtained by using the same harmonic’s
reaction plane [48]. The reaction plane is determined by using both BBCs. In the PHENIX
experiment the reaction plane is also determined by using the central arm detectors. One of
the key issues of the reaction plane determination is non-flow effects such as jets, resonance
decays and HBT. This can be avoided by taking two remote rapidity intervals [49]. Since
each BBC is roughly three units of pseudo rapidity away from the central arms, it is expected
that the non-flow effects are smaller there than that in the central arm detectors [19].

Using the BBC information, the reaction plane is given by

Y= (tanlg) /2, (3.20)
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64

Q= .ZQi cos2q), (3.21)
64

Qy= .Zlqi sin(2q), (3.22)

whereq is the azimuthal angle of each PMT agds the charge information of each PMT.
Due to the random distribution of the impact parameter direction in the collisions, the reac-

5 -1 05 0 0.5 1 15
lIJnorth

Figure 3.8: Azimuthal angle correlation of the measured reaction plane North side and South
side of BBC.

tion plane should have an isotropic azimuthal distribution. Because of the possible azimuthal
asymmetries in the BBC response, however, the measured reaction plane distribution is
anisotropic. We use the following two step methods to correct the reaction plane. First the
distribution ofQyx andQy are recentered by subtractif@y) and(Qy) over all events:

iorr. _ Qx — <Qx> : (3.23)
0Qx
Q§orr. _ Qy ;Q<yQy> : (3_24)

here (Qxy) is the mean ofQxy and dg, q, is the width ofQxy. This method does not
remove higher harmonic components for the reaction plane determination, and we apply an
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additional correction method, the reaction plane flattening [50]. In this method, a flattening
reaction plane is accomplished by using a shift,

Nt = nyops +AY, (3.25)

whereAy is the correction factor for the reaction pladgp is determined by

Ay = ZNcos(anobs) + B sin(2nyops)- (3.26)

An andB,, are defined by requiring th&" Fourier moment of the new reaction plang/t)
to vanish,

Ao = 2 (sin(2ntps ), 327)
By = 2 (cOS2Nops ). (3.28)

Figure 3.8 shows the azimuthal angle correlation of the reaction plane between measured
North side and South side of BBC. The plane is after applying the flattening corrections. A
combined reaction plane, which is defined by weighted averaging the reaction plane angles
obtained by the south side BBC and the north side BBC, is used to measuweithihis
analysis.

3.5.4 Reaction Plane Resolution

As described in 3.5.2; measured with respect to the “measured” reaction plane is corrected
with the reaction plane resolution (Eq. 3.19). The true reaction plane can not be measured
directly, therefore the reaction plane resolution is necessary. The reaction plane resolution
[48, 49] is expressed as;

_ _Vm 2 2 2

< cos(N(Yimeas — Yhrue)) >= fzxmexp( X“/A)llo(Xm/4) +11(Xm/4)].  (3.29)

wherexm = vin/0 (= vmv2N ) andl is the modified Bessel function. Figure 3.9 is shown
the centrality dependence of the combined reaction plane resolution.
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Figure 3.9: Centrality dependence of the combined reaction plane resolution that is deter-
mined by the BBCs.
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3.6 Determination of non-photonic electron at PHENIX

3.6.1 Electron sources

As shown in Fig. 3.4, clear signals of electrons are obtained. The electrons produced by the
collisions come from various sources.

1. Dalitz decays ofi®, n, w, @

2. Di-electron decays @, w, @

3. photon conversion

4. thermal di-leptons

5. Kaon decaysig3)

6. Heavy flavor decays (charm and beauty)

In this analysis, electrons from sources (1)-(4) are called “photonic” electron and (5),(6) are
called “non-photonic” electron. The sources (1)-(5) are considered to be background. The
key issue of the charm study via electron is the background subtraction. PHENIX has used
two independent techniques “cocktail’ [51] and “photon converter” [42] methods to subtract
the electron backgrounds and get electrons from heavy flavor decays.

3.6.2 Cocktail method

In the cocktail method, background electrons are determined as a cocktail of electrons from
background sources. Those background electrons are calculated with a Monte Carlo event
generator of hadron decay. The most important background ig%kecay (° Dalitz and
photon conversion from® decay). For the study, the measur@pr spectra by PHENIX

was used as an input for the generator. The other light mesons’s contribgtign, w

and ¢, are also calculated. The spectral shapes of those light hadnprse( obtained

from the pion spectra bynr scaling pr — 4/ p2 + M2 —M2). In addition, spectra of light
mesons are normalized respected tortfas:n /m° = 0.48+0.03[52], p°/m° = 1.040.3,

w/m° = 0.9040.06[53], ¢/m° = 0.25+0.08. The background from is the second largest
contribution and the spectra determined by the above method is consistent with mepsured
spectra at PHENIX above 2.0 Gay/The internal and external conversion of direct photons
are included in the cocktail using the meausred direct photon spectrum at PHENIX. Kaon
backgounds in non-photonic electrons are also included in the cocktail. The backgrounds
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are obtained by using measured Kaon spectrum. Figure 3.10 shows the background electron
spectrum which is calculated by the hadron decay generator.
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Figure 3.10:py distribution of the background electrons [54][55]. The background electrons
are calculated by the hadron decay generator.

3.6.3 Photon converter method

In the photon converter method, electrons from photonic sources are experimentally deter-
mined by using a photon converter. The photon converter is a brass which Ragddia-

tion length and is installed near the interaction point. The converter increases the yields of
background by a fixed factoR(, ~ 2.3), therefore we can separate signal and background
electrons by comparing the electron spectra with and without the converter. The yield of
electrons with and without converter can be written as,

Ngonwin _ Ryl\lg_'_N(r;orky7
NgOﬂV—OUt — Ng‘i‘ Ngon—y7 (330)

whereRy is the ratio of the number of photonic electrons with and without the converter.
The value ofNY is the number of photoni electrons which come from Dalitz decays of
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Figure 3.11: Invariant yield specra of the photonic electron. The curve in the figure is the
specra from cocktail method and the closed circles is from the conveter method.

light neutral mesons and photon conversions, il ¥ is the number of the non-photonic
electrons mainly from heavy flavor decays. From Eq. 3.31 the yield of the photonic electron

is obtained as; _
conw-in conv—out
~ Ng —Ng

Ne = R/,—1
Figure 3.11 shows the invariant yield of the photonic electrons in Au+Au collisiopSat
=200 GeV in the minimum bias events. The curve in the figure is the specra from cocktail
method. The photonic electron spectrum obtained both methos are consistent. Thus photonic
backgrounds in the PHENIX is well understood.

(3.31)
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3.6.4 Ratio of the non-photonic to photonic electron&yp

The yield of non-photonic electrons is determined by subtracting the yield of photonic elec-
tron from the inclusive electron yiel$°™°Ut — N}. Figure 3.12 shows the invariant yield

of the non-photonic electron [55]. At lowr (pt < 1.6 GeV/c), photonic electrons de-
terminded by the converter method was subtracted, and determinded with cocktail method
was subtracted at highr. Figure 3.13 shows the transverse momentum dependence of the
ratio of photonic and non-photonic electrdRyp = Ne" ¥/NY). Above pr = 1.5 GeVE,

Rnp is larger than 1.0. It means that more than%®f electrons are originated from the
non-photonic sources aboyg = 1.5 GeVt at PHENIX.
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Figure 3.12: Invariant yield of the non-photonic electron measured in Au+Au collisions at
V/SNN = 200 GeV [55].
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Chapter 4
Experimental Results

In this chapter, we present a method to calculate the non-photonic elegtamial show its
transverse momentum dependence at mid-rapiditySgn = 200 GeV Au+Au collisions.

4.1 Inclusive Electronv,

The measurement of inclusive electrgnis the first step for the non-photonic electran
determination. Using the measured reaction plane with the BBCs, the inclusive electron
was calculated from Eq. 3.14, = (cog2(¢p — WRE*))). As is described in the previous
chapter,vo, measured with the reaction plane determined by experiment is smeared due to
the finite reaction plane resolution. In this analysis, the inclusive eleetras measured

with 10 % step of centrality bins and corrected for the reaction plane resolution as shown in
Fig.3.9. Figure 4.1 shows the transverse momentum dependence of the inclusive electron
measured with 106 step of centrality bins. The, was already corrected for the reaction
plane resolution. As also described in the previous section, less tiamithe background
remains due to accidental RICH associations. Such background was subtracted as;

dN _ dN(‘:eand _ dN‘gack (4.1)

d(e—Wrp) d(@¢—Wrp) d(@—Wrp)’
whereN¢&

S .ng IS the number of electrons identified by RICH aNfl, , is the number of the
backgrounds. The number of the backgrounds are obtained by "flip-and-swap” technique
described in Chapter 3.4. The transverse momentum dependence of the inclusive electron
Vo in Fig. 4.1 is obtained after subtracting the backgrounds. The inclusive elagtfon

the minimum bias events is calculated by the weighted average o} tieasured with 10

64
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% step of centrality bin as;

yMimbias _ > cemtW(ceNt pr)va(cent pr) 4.2
P S centpr) 42

herev,(cent pr) means the, measured with 106 step of the centrality bin angcent pr)

is the corresponding weight. The weight is determined by using the electron signals in each
pT bin, after the background subtractions. Figure 4.2 shows the inclusive elegfayrthe
minimum bias event.
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4.2 Non-photonic electronv,

4.2.1 Method of non-photonic electronv, determination

The azimuthal distribution of electrond¢/dg) is the sum of the azimuthal distributions
of photonic electronsdNY/d¢) and non-photonic electrond "°™Y /d g):

dN Ny e
dp — do dp

The second harmonic of the Fourier expansion of each azimuthal distribution is given as;

(4.3)

Ne (14 2vo cog29)) = NY (1 +2v) cos(2q0)) + Npon-y <1+ ZV'Z’ZWVcos(Zqo))
NEVS + N ooy

N+ Ngo™Y

= (NY+Ng°"Y) <1+ 2 cos(2tp)> (4.4)
wherevs, is thev; of the inclusive electrony}_is thev, of the photonic electrons ang"

is thev, of the non-photonic electrons. From Eq. 4.4, the relation between the number of
electrons and the are given as;

Neva, = NEV5_+Ngom o>, (4.5)

HereNg is sum ofNY andNg®™Y (Ne = N¢ + Ne°™ V).

In this analysis the non-photonic electrenis calculated by two methods. The first
method calculates the photonic electrgnas a cocktail of contributions from photonic
sources and subtracts it from inclusive data (Cocktail method). From Eqg. 4.5, the non-
photonic electrorv, can be expressed as

(1+ RNP)V2e - Vge

R (4.6)

on-y
vge -

whereRypis difined adNe " ¥ /N¢. In the cocktail method, the photonic electneris given
as;

Ny
vy = ZN—erzH (4.7)

e
whereX represents species of the parent partisle,.. is the number of electrons decayed

from the parent particle ang, _ is the decay electrow. The decay electrow, (vo, ) is
calculated by using the measured panegntistributions anars.

The second method calculates the non-photonic elestrdwy using the inclusive elec-
tronv, measured with and without the thin converter material (Converter method). The yield
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of electrons with and without the converter can be written as,
Ngonv—in _ RyNg-i- Ngon—y7
NgOI’]\FOUt — Ney+ NQOTFV, (48)

whereRy is the ratio of the number of photonic electrons with and without the converter.
From Eq. 4.8, the relation between the number of electrons ang #re given as;

conw-in, convin __ ,Y non-y, hon-y
Ne Vge = RyNgv, +Ne Vge ,

on—
Ngonv—outvg:nv—out _ Nnge—f-Ngon_nge V7 (4.9)

wherevs™ " is the inclusive electrom, measured with the converter augf™ "' is the
inclusive electrorv, measured without the converter. From Eq. wfg\gfw is obtained as;

Ry(l—l— RNP)V(Z:;)n\Fout . (Ry+ RNP>V(2:;)n\Hn

oY — 4.10
% Rvp(Ry—1) (4.10)
The photonic electrom, vge, is also obtained as;
1+ Ry yeonv-out o +Ry Vconv—in
g = LR, Ryt RuelVe, ™~ (4.12)

% (1-Ry)

4.2.2 Determination of photonic electrornv, by the cocktail method

In cocktail method, the photonic electren is calculated as a cocktail of decay electron
v, from photonic sources. The most largest contribution to the photonic electrors is
Dalitz decay. It is about 8@ contribution for the photonic electrons. The second largest
contribution isy conversion, mainly front® — yy, in material within the acceptance. The
contribution fromy conversion is about 3@. The other important component risDalitz
decay and direcy decay. n Dalitz decay contribution is about ¥®of the photonic com-
ponent and the, is smaller tharr® v, at low pr, therefore it is important to determined
photonic electrorv, at low pr region . Directy decay is negligibly small at loypr region

but more than 1% of the photonic electrons come from the dirgait pt > 3.5 GeVE. It

is larger contribution than Dalitz decay at the higlpr region. The reason why diregtis
also important in the cocktail calculation is the dirgat, is much smaller than othep. In

this calculation,i°, n and directy decays were taken into account. The other component
is about a fewps, therefore the contributions were ignored. The contribution®balitz, y
conversiony) Dalitz decay and diregt for photonic electron as a function pfr is shown

in Fig 4.3. The contributions are calculated from Fig.3.10. The details of decay elegtron
calculation fromr®, n and directy decays are described in following sections.
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Figure 4.3: Relative contributions of electron sourcesalitz, y conversiony) Dalitz and
directy) to the photonic electrons. The data is obtained from Fig 3.10.
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Figure 4.4:pr dependence of electran from 71° decay.

electronv, from °©

To calculate the decay electran from 1°, pr spectra ands, for the parent particles are
needed. The PHENIX has been measum@dr spectrum [56] and we used this spectrum
as an input for the®® simulation. The input® v> was obtained from combined measured
v, for chargedr [57] and ri° [58]. The simulation result of the® Dalitz decay is shown

in Fig. 4.4. At low pr, the decay electrow, is larger than the parent. Due to the fact
that the decay opening angle of tm8 decay is small, the electron has about the same
azimuthal angle as the parent, while at the same time the elegiransmaller than ther

pr. Therefore the electrow at a givenpr corresponds to the larges of the ri° at higher

pr. Thus the electron, is larger than the parent. The v, of conversion electrons of
m° decay photon should be almost exactly the same. Thes originated from thev, of

m°. And the angular correlation between thi2 direction and electron direction should be
almost the same for Dalitz and the conversion photons. Therefore this result was used when
we calculated the electron from the photon conversion.
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Component T¢(MeV) Po Pa )
mean 168+ 19 0.794+ 0.026 0.0674 0.008 0.071 0.007

uppersys. 14@- 19 0.776+ 0.026 0.056+ 0.008 0.06%- 0.007

lower sys. 22522 0.856+ 0.026 0.094+ 0.011 0.080t+ 0.007

Table 4.1: Blastwave fitting result

electronv, from n Dalitz decay

For n — e simulation, the input) spectrum for the simulation was obtained by using the
measured) spectrum at PHENIX experiment [52]. The measurement is above 1.0cGeV/
therefore lowpt spectrum shape is evaluatedry scaling pr — \/p% + M,% — M%o) of the

¥ spectrum , and the absolute normalization is scaled to match the measspedtrum.

In this analysis kaon, is used as inpuy v, becausea) v» has not been measured in RHIC.

The reason why kaow, is used as an input fag simulation is described following. At

low pr region,v, shows the clear mass dependence [19]. Therefore we estimated the mass
effect by using a simple hydrodynamical mode, Blast wave model, which well describes the
measured identified charged partigleat low pr region [20]. In the Blast wave modelk,

is given as

_ & dgycos2a) a(a0)Ka(B) (1+ 25, co243,))
J&™ dglo(a)Ka(B) (1+2s2co82))

wherelp, |, andK; are the modified Bessel functions, amd@,) = (pt/Ts) sinh(p(@,)) and
B = (m/Ts)cosHp(@)). p(@) is defined byp(@,) = po+ Pac0S2¢,) whereg, is the
azimuthal angle. The paramete,(pq ands;) were obtained by fitting measured K,
p v2 at in PHENIX [19]. The fitting parameters are shown in Table 4.1. The resujt\of
calculated by the Blast wave model is shown as a red line in Fig. 4.5. The dashed lines are
uncertainty ofn v, which is calculated by the Blast wave model. It was obtained by fitting
the systematic uncertainties @, K and pv» with Eq. 4.12. The mass effect between kaon
andn v, is small and consistent within the uncertainty. At highregion, mesow, can be
same from the quark coalescence model prediction thergfareassumes to be the same
Vo as kaonv, at high py ration.

The transverse momentum dependence of charged\kalbas measured up to around
pr = 3.0 GeVt and Kg Vo has measured up to aroupg = 6.0 GeVt [22]. The K anng
Vs is consistent around 3.0 Gead/therefore the combined kaon aK@ Vo> was used as an
input in this simulation. The result of electrop from n Dalitz is shown in Fig. 4.6.

V2<pT) ) (412)
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Figure 4.5:n v, calculated by the Blast wave model. The dashed lines are the systematic
uncertainties from the systematic uncertaintymkaon, protons.
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Figure 4.7: Directy v, as a function ofpt measured at PHENIX. The closed circles are
inclusivey v» and the open squares are backgroynd mainly from r° decay. The open
circles corresponds to the dirget, [59].

electron v, from direct y

As shown in Fig. 4.3, diregt contribution is larger contribution thap Dalitz decay at high

pt region. Atpr > 3.5 GeVE, more than 1% photonic electrons come from the direct
y. The directy v, is expected zero because they do not interact with medium created by
the collisions. The direcy v» has been measured at PHENIX [59]. Figure 4.7 shows the
result of directy vo measurement at PHENIX. In the analysis dirgeb was obtained by
the same method, the cocktail method, of the non-photonic elegiroreasurement. First
inclusivey v» was measured then background y v» mainly from 7° decay, calculated by
the simulation was subtracted from the inclusp&. The open symbols in the figure are
corresponded to the diregtvo. The current result of diregt vo has large error bars but the
result is consistent with zero. As shown previous in the simulations, the decay electron
correlates with the parenp. Therefore electrons from diregtwhich has zerar,, should
have also zerw,.
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photonic electronv,

Using the decay electron calculated from above simulations and the relative contributions
to photonic electron, photonic electrepwas obtained. The result is shown in Fig. 4.8 as
lines. The solid line is the mean © and the dashed lines aredl systematic uncertain

of the cocktail method. The uncertainty from photonic electrgincludes the systematic
uncertainty of all parent, for the calculation. Therv, andK v, has about 36 uncertainty
without the reaction plane uncertainty. We apply this value to the uncertainty of the photonic
electronv,. For directy vo, we appliedAv, = +0.1 for the uncertainty.

«~0.25
>

o  photonic electron \'/2 (converter)
——— photonic electron v, (cocktail))
0.2

0.15

0.1

0.05

OIIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII

0 0.5 1 1.5 2 2.5 3 3.5 4 45 5
p; (GeV/c)

Figure 4.8: pt dependence of photonic electrgnobtained by the cocktail and converter
method. The lines on the figure are photonic electrooalculated by the cocktail method.
The solid line is the mean ok and the dashed lines are the systematic uncertainty of the
cocktail method. The photonic electragmfrom converter is shown as boxes.



CHAPTER 4. EXPERIMENTAL RESULTS 76

Comparison of photonic electronv, by converter method

The photonic electrom, was also determined by the converter method. Non-photonic elec-
tron and photonic electrow, can be separated by using the inclusive electsomeasured
with (vgg“*i“) and without (/gg“Hut) converter as;

Ry(1+ RNP)Vggnv—out . (Ry+ RNP)Vggnv—in

ony

% s Rup(Ry 1) @19
1 yeonv-out Vcon\Hn

W - LR, (l_éy)ﬁRNP) 2 (4.14)

Figure 4.9 shows the inclusive electrenwith/without the converter. If the photonic elec-
tron vo and non-photonic electrow is same, the, measured with/without the converter
should be same. Due to the small statistics of the convertersumeasured with converter

has a large statistical uncertainty. But it seems Wikeneasured with th converter is larger
thanv, measured without the converter. Itindicates that non-photonic elegtisnlifferent

from the photonic electrom. The photonic electrow obtained by the converter method is
shown as open boxes in Fig. 4.8. The lines on the figure are photonic elegtaltulated

by the cocktail method. The photonic electrgnobtained by the converter method has a
large statistical error due to the small statistics of the converter run but the photonic electron
V2 obtained by two methods are well consistent.

>N —
0.25— ° inc. electron (w/o converter)
- o inc. electron (w/ converter) ¢
0.2—
0.15|— <}>
- & v
0.1 ©.§§ L
- e
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_0 05 :I 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 ﬁ)l 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1
70 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5
p+(GeV/c)

Figure 4.9: Inclusive electrow, measured with/without converter (Minimum bias event).
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4.2.3 Kaon decay background subtraction

Figure 4.10 shows the transverse momentum dependence of the non-photonic etectron
after subtraction of the, of the photonic electron,. Due to the large statistical error of
the photonic electron meausred by the converter method, we used theasured by the
cocktail method in this analysis. At lopy region the non-photonic electron contribution is
small, therefore the inclusive electrasis similar to the backgroung. On the other hand,

the inclusive electroms is getting similar to the non-photonic electrgnwith increasing

pt due to the good signal to background ratio at high

o inc. electron v,
e non-photonic &électron v,
photonic electron v,

0.25

0.2

0.15

0.1

0.05

_0.05 IIII|IIII|IIII|IIII|IIIIIIIII|IIII|IIII|IIII|IIII

0.5 1 1.5 2 2.5 3 35 4 4.5 5
p;(GeV/c)

Figure 4.10:pt dependence of the non-photonic electwr(closed circles) together with
the inclusive electrom, (open circles) and photonic electrasn(solid line).

The background from kaon decay§ - rev) still remains in the non-photonic electron
V> (Fig. 4.11). The contribution of kaon decays to the non-photonic electron yield4s 18
at pr = 0.5 GeVt and decreases to less thaé¥ for pr > 1.0 GeVE [42]. In the analysis,
the kaon decay contribution is also subtracted. The input kagnobtained from measured
kaonv, anng Vv, as described in the v, simulation study. The input kaon spectrum for the
simulation is shown as a solid line in Fig. 4.12. At lgw we used measured kaon spectrum



CHAPTER 4. EXPERIMENTAL RESULTS 78

0.15

0.1

0.05

0 11 1 1 I 11 1 I | I | I 11 1 1 I 11 1 1 I | | I 11 1 1 I 11 1 1 I 11 1 1 I | I |
o 0.5 1 1.5 2 25 3 3.5 4 4.5 5
p,(GeV/c)

Figure 4.11: Contribution of kaon decays to the non-photonic electron yield. The contribu-
tion is 180 at pr = 0.5 GeVt and decreases to less th&b tor pt > 1.0 GeVL.

[60] as the input for the simulation. At highr kaon spectrum has not been measured in
heavy ion collisions, we assumed that the spctrum is sam® apectrum. We scaled the

¥ spectra to connect aroun = 2.0 GeVE with the measured kaon spectrum. To study
the shape dependence of decay electegnve also calculated the electrop assumed the
kaon spectrum shape is an exponential functioprat- 2.0 GeVE. The results are shown

in Fig.4.13. Thev, which was calculated from the exponential shape is shown as blue points
and the scaled? spectra is shown as red points. The difference between the decay electron
V> in the different assumptions at higly kaon spectrum is negligibly small.
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Figure 4.12: Input kaopr spectra for the kaon decay study simulation (the solid line). The
spectrum afpr > 2.0 GeVEt we assumed that the shape is sameraspectrum. Thepr
spectrum is obtained by the scalg¥spectra connected aroupg = 2.0 GeVE to the low

pr kaon spectrum with the scale factor 0.55.

=_N0.25_
C - exp : [0 exp(-p/[1])
0.2 . - scaled m; spectra
0.15:—
- .oot"iﬁiﬁi**’iﬁi*§+*§++++*
" eo®
0.1_— -..
u -
- e
0.05— L
= ®
I
N
0 0.5 1 1.5 2 2.5 3 3.5 4

pr (GeV/c)

Figure 4.13:p7 shape dependence of electmrnfrom kaon decay. The which is calcu-

lated from the exponential shape (the dashed red line in Fig. 4.12) is shown as red points
and the scaledi® spectra (the blue line in Fig. 4.12) is shown as blue points. No shape
dependence is seen in the electwen
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4.3 Systematic uncertainties

The systematic uncertainties of non-photonic electtoare summarized below.

e Reaction plane
The systematic uncertainty of the reaction plane is estimated by the measurements of
the inclusive electrom, with North side, South side and the combined reaction plane.
The top side in the Fig. 4.14 show the inclusive electromeasured with three type
of the reaction plane. The bottom plots is relative ratio respect tadhmeeasured
with combined reaction plane. The relative ratio is abolt &nd we apply it as the
uncertainty form the reaction plane.

e Electron identification
The systematic uncertainty from the electron identification is estimated by measuring
the inclusive electrom, with the slightly changed the electron identification cut from
the standard one. In this analysis we changed the parametErgpdfe — p/p/ o),
n0 and x2/nped. Figure 4.15 shows the comparison with the inclusive eleciron
measured with the standard cuts and with the slightly changed those cuts condition
(thesev, are not corrected by reaction plane resolution). We apply the relative ratio
respect to the standard cut as the uncertainty from the electron cut. The relative ratio
of the E/p is about2%, the n0 is about 26 and thex?/nped is 1%. Therefore the
total systematic uncertainty from electron identification .3

e Backgroundv,
As described in the previous section, the uncertainties from photonic elegtcome
from 10 (1) v» and kaonv,. The mand Kv, has about 3% uncertainty without the
reaction plane. We apply this value to the uncertainty of the photonic elegtrakie
also apply % for thev, for kaon decay subtraction uncertainty.

e Ryp
The systematic uncertainty of thp comes from the uncertainties of inclusive elec-
tron spectra and the subtracted background spectra [55]. The systematic uncertainty
of the inclusive electron spectra includes the uncertainties in the geometrical accep-
tance, the reconstruction efficiency and the occupancy correction. The uncertainty in
the converter subtractioR, determination, and the cocktail subtraction are mainly
originated from the systematic uncertainty of the input pion spectrum for the calcula-
tion.

The total systematic uncertainty is obtained by quadratic sum of above uncertainties.
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Figure 4.15: Systematic uncertainty from the electron identification is estimated by mea-
suring the inclusive electrow with slightly change the condition of the standard electron
identification cut (top). The relative ratio of ti&/p is about2%, thenO is about 26 and
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4.4 Result

Figure 4.16 shows the transverse momentum dependence of the non-photonic etectron
in Au+Au collisions at,/Syn = 200 GeV for the minimum bias events. The kaon decay
contributions are subtracted in the figure. The vertical solid lines mean statistical error and
the brackets meand systematic uncertainty of the non-photonic electvgn

> -
| non-photonic electron v,
015 Minimum bias
0.1 ? $
B e = m
- - 8
-t
0.05— " R
- :
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B 0
0 Y]
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Figure 4.16: Transverse momentum dependence of non-photonic electrofiu+Au col-
lisions at,/Syn = 200 GeV for the minimum bias events. The vertical solid lines mean
statistical error and the brackets meaa $ystematic uncertainty of the non-photonic elec-
tronvs.



Chapter 5

Discussions

5.1 Non-photonic electrons

Charm quark production has been studied via the non-photonic electron yields in the PHENIX

experiment. Since charm is only produced in the initial collisions via gluon fusions, the total

yield should be scaled by the number of nucleon-nucleon binary collisikygg)( The left

figure in Fig. 5.1 showsN/dn (0.8 < pr < 4.0 GeVE)/No of the non-photonic electron

vS. Ny for the minimum bias and five centrality bins together with- p collisions [42].

The data are fitted witANS,, and it founda = 0.938+ 0.075(stat. )t 0.018(sys.). The cen-

trality dependence of the total non-photonic electron yield is consistentNy#hscaling,

as expected for the charm production. The right figure in Fig. 5.1 shows invariant yields of

non-photonic electrons for minimum bias events and in five centrality classesy/)41120

%, 20-40%, 40-60%, and 60-90% [55]. The curves in the figure are the result of a FONLL

calculation from heavy flavor decag &éndb) [40] normalized to thep+ p data [39]. For

all centralities, the non-photonic electron spectra measured in Au+Au collisions agree well

with p+ p difference. As we discuss later, a suppression with respepti@ reference

develops towards hight in central collisions suggests energy loss of charm quarks in the

dense matter. The dominant source of fhe p reference is charm decay (Fig. 1.14). We

concluded that dominant source of electrons after background subtraction is "charm” quark.
Thus the non-photonic electran can be reflected to the azimuthal anisotropy of charm

quarks. As shown in the Fig. 4.16, a clear non-zero non-photonic elegirbas been

observed. We calculated the confidence level for the non-zerdMe assumed that the

data of measured non-photonic electmrfollows a Gaussian distribution and tlmewas

obtained by calculating quadratic sum of the statistical and systematic errors of the non-

photonic electrorv, assumed these errors are independent. The result is shown in Fig.5.2

84
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Figure 5.1: (Left) Non-photonic electron yield (0<8pt < 4.0 GeVE) measured in Au+Au
collisions at 200 GeV [42] scaled by as a function ofN.o. Normalizing by the nuclear
overlap function obtained charm electron cross sectionNperN collisions (right-hand
scale). (Right) Invariant yields of electrons from heavy flavor decays for different Au+Au
centrality [55], scaled by powers of ten for clarity. The solid lines are the result of a FOMLL
calculation of heavy flavor decay normalized to the p data [39] for each centrality class.
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Figure 5.2: pr dependence of the confidence level for the non-zero non-photonic electron
Vo.

as a function ofpy. We found that the confidence level is more thar@®@or a non-zero
non-photonic electron, below pt < 2.7 GeVE. Figure 5.3 shows the comparison with
non-photonic electror, and charged pion,. The trend of the non-photonic electropn

is similar to therr vo, increasing withpr up to about 1.5-2.0 Ge¥/and then saturate or
slightly reduces with increasingy,

One of the interesting observation of the non-photonic elests@gmthat thev, is smaller
than the pion in wholgt range. This feature of the non-photonic electwns different
from the other identified particlg, at high pt. As we showed in the introduction, the
identified particlev, (11, K, p) shows the mass dependence, the heavier particle has smaller
V> than the lighter particle, at loyt region. But identified particles have same(vo ~
0.15) aroundpt = 1.5 GeVE. On the other hand, the maximuwa of the non-photonic
electronv, is about 0.1 and it does not have savpas pion, kaon and proton. The solid line
on the figure is a model calculation based on a quark coalescence moitethe model,
charm quarks, is assumed same as u quagk The model predicts that the maximuwenfor

1The solid line in the Fig. 5.3 is obtained with= 1.0 andb = 1.0 in Eq. 5.7.



CHAPTER 5. DISCUSSIONS 87

electron from charm decay is about 0.1 though charm quark has\saaseu quarks,. The
details about the model is described later in this chapter.

e non-photonic e v,
o TV,

—D - ev,(cv,muv,)
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Figure 5.3: Comparison of the non-photonic electwnwith pionv,. The dashed line on
the figure is the electrow, from charm decay assuming charm has sapres u quark.

5.2 Kinematics ofD meson decay ands,

As discussed in the previous section, the main source of the non-photonic elecBon is
meson. Thus the non-photonic electrgnwould be kinematically determined and allow
us to studyD mesonv,. The issue of thd mesonv, via electron measurement is that
electrons originating from semileptonic decay®ahesons might have a significant angular
deviation from the originaD meson direction due to their large mass difference. If the
angular deviation is large, the non-photonic electron does not reflect darer@sonv,
because electrow is largely smeared by the angular deviation. We studied the effeet on
with a Monte Carlo simulation. The right hand figure in Fig. 5.4 shows the decay angle
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Figure 5.4: (Left) Momentum correlation betweBnmeson and the decay electrons. The
open circles represent the mganof D meson momentum distribution for the given electron
momentum and closed data points represent the peak @ theson momentum distribu-
tion. (Right) pr dependence of the decay angle correlation betvzesresons and the decay
electrons.
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correlation betwee® mesons and the decay electroosy @ — ¢b)) as a function opr of
decay electrons. The result suggests that bgpw 1.0 GeVE the angular deviation is large
so that the decay electrons are not emitted to the same direction of pameggons. On the
other hand, above 1.0 Gedthe angular deviation is very small so that the decay electrons
are emitted to the same direction of parénimesons. Thus the non-photonic electgn
above 1.0 Ge\WWwell reflects thes, of D meson.

The corresponding electron momentum above 1.0 Ge\édbout 1.5 Ge\WWto D meson
(the left hand figure in Fig. 5.4). Thus a non-zero non-photonic elestrtgads that th®
mesonv, is also a non-zero at the intermedigte region. Furthermorey, of D meson via
non-photonic electrom has been studied by a simple model calculations. We do not know
the real shape dD mesonv2, therefore we assumed variopg depend shape @ meson
Vo. In this calculation we defined mesonv; as;

V2 (pr) =ax f(pr), (5.1)

where f (pr) is the pr depend shape d mesonv,; anda is a scale factor foff (pr). We
calculatedv, for the decay electrons from tH2 meson which have, defined as above
equation with a Monte Carlo simulation. Then we determined the best scale parameter with
chi-squared test with the measured non-photonic eleetion

X2 =Z{(B" 579 /0y, )2, (5.2)

wherev,”" " is the measured non-photonic electigrv ¢ is the electrow; obtained from
the Monte Carlo simulation of thB meson decay, and is the statistical and systematic
error of the measured non-photonic electvenin the calculatior, K, p andg v» were used
for the pr depend shape @ mesonv,. Thesev; are the measured in Au+Au collisions
at,/Syn = 200 GeV. Recently PHENIX has published the results that identified partigles
are well scaled withmr —m [57]. We also teste® mesonv, with this transverse kinetic
energy scaling law in this study. Figure 5.5 shows gf¢ndf (ndf = 13) as a function
of the scale factord) and Fig. 5.6 shows the & bands for each of the five assumed
shapes. The? test shows thab mesonv, shape, which shows the saturation aroymd

= 2.0 GeVt for meson (T, K, @), well represent the shape for the non-photonic electron
Vo. ThereforeD meson might be prefer to have a meson lkeshape (saturate around 2.0
GeVic). The best shape for tHe mesonv, expected by the non-photonic electrenis

a pionvp shape. Figure 5.7 shows tflemesonv, obtained above method. The closed
data points represent the most suitablmesornv, (x2 minimum) from the calculation, and
the shared band meag$/nd f is less than 2.0. Based on the calculation, we found@hat
mesonv, expected from the non-photonic electrgnis 0.09+ 0.03. The open circles on
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the figure isrtvo. The result indicates th&@ mesonv, is smaller thant vo below pr < 3.5
GeVle.
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Figure 5.6: 1o bands for each of the five assum@ad/, shapes.

5.3 Charm quark v, assuming Quark Coalescence Model

Previous measurements af for hadrons made of light quarks, such as pions and kaons,
suggests that the, already formed in the partonic phase. It would indicate that a partonic
collectivity has been developed for light quarks, sucluandd, in Au + Au collision at

RHIC. If v, for charm quarks is also a non-zerg it would be a strong indication of the
patonic thermalization not only for the light quarks but also for the heavy quarks in Au+Au
collisions at RHIC. As described in Introduction, various measurements in Au+Au collisions
at RHIC are well explained by the quark coalescence model. The model can be also useful
for charm quarks, study. As introduced in Chapter 1¥, for mesons is expressed as;

Vam(Pr) = V2,4(PT/2), (5.3)

in the quark coalescence framework if the effective masses of constituent quarks are similar.
On the other hand, charm quark has much larger mass than the light aogark M),
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Figure 5.7:D mesonv, estimated by the measured non-photonic electsonThe closed
data points represent the most suitablmesonv, (x2 minimum) from the calculation. The
dashed lines arg? minimum+2 value for the determination. The open circleg is.

therefore the most dd meson momentum is carried by the charm quark. As described in
[61], the momentum fractiorin Eq. 1.9 is given as;

X = mﬂM (5.4)
heremy, is a mass of meson amd is an effective mass of quark. In caseldmesons, the
momentum fractionx for u quark andc quark is given ag, ~ 1/6 andx; ~ 5/6. The asym-
metric momentum configuration arises because coalescence requires the constituents to have
similar velocities, not momentum. Thilsmesonv; in the quark coalescence framework is

written as;

Va5 (PT) :Vz,u(épT)+V2,c(ng)- (5.5)

Herev,  is u quarkve andvs ¢ is ¢ quarkva. A samepr dependent shape fop of charm
guark are assumed as for the light and strange quarks. Then we asguofetjuark and



CHAPTER 5. DISCUSSIONS 93

universal v, for quark
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Figure 5.8: Universal, shape for quarks in the calculation.

u quark as;

Vau(Pr) =ax V2q(Pr), (5.6)
Vac(Pr) =bxvaq(pT),

wherev, o(pr) means thegyr dependent shape for quarks The shape is shown in Fig.
5.8. ThusD mesonwv; is given as;

Vap (PT) = (aXVz,q(épT))+(bXVz,q(ng))- (5.7)

We calculated the decay electrenfrom theD mesonv, with a Monte Carlo simulation and
determined the parametexrsindb to reproduce the measured non-photonic elecgoithe
parameters andb are obtained by a simultaneously fitting not only for the non-photonic
electronv, but also for kaon and protowy. The fitting function for kaon and protom is
given as;

Vo (Pr) = 2ax V24(Pr/2), (5.8)
V2,p(PT) = 32X V2,4(PT/3).
If the charm quarks is zero, the parametéris also zero. Figure 5.9 show the fitting result

of non-photonic electrom,, kaonv, and protorv,. The two parametea andb obtained by
the fitting are shown in Fig. 5.10. The contour lines are one sigma step. The most inner
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Figure 5.9: Fitting result of non-photonic electres kaonv, and protonv,. The open
circles mean decay electrep from theD meson.

line means 1o contour level and the most outer line means 4ontour level. The best
fitting parameter set isy = 1.0 andb = 0.96 with x2/ndf = 21.85/27. From the contour plot

the parameteb for charm quark is consistent with the parametdor u quark within the

1 o contour level. Thus, of charm quark is same asquark within the 1o contour level

and the data suggest a non-zero charm quads regards assuming the universal quark

and applying the quark coalescence model. The strong elliptic anisotropy of charm quarks,
which is similar to the light quark, indicates a collectivity of different mass quarks during the
guark phase of the high density matter created in the ultra-relativistic heavy-ion collisions.
Figure 5.11 shows the charm qua#k vo c = b x v 4(pr), from the calculation. The solid

line is obtained from the & contour level, and the dashed line is obtained &ntour level

and the dotted + dashed line is obtained from dontour level from the fitting.
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5.4 Bottom quark contribution to the non-photonic elec-
tron v,

In the reported momentum region, the dominant source of the non-photonic electron is
charm quark decay. On the other hand, bottom quark contributions to the non-photonic
electrons would be larger than the charm quark at lgghregion. Current bottom quark
contribution to the non-photonic electron is model dependent. Based on a pQCD (FONLL),
electron from bottom quark decay is calculated and it predicts that the contribution is larger
than that of charm quarks above 4.5 Ge{My,_.e/Nc—e > 1.0 abovepr = 4.5 GeVE). As
shown in Fig. 1.14, the prediction consistents with the non-photonic electron measured in
p+ p collisions at PHENIX experiment.

~ 0.2
> L
L B
0150 -Doe+Boe(v,=Vv));(2)
i Doe+B-e(v,=0);(3)
0.1
0.05/—
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p; (GeVic)

Figure 5.12: Electron, from D meson andB meson. The curve (1) is assumediquark
contributions to the non-photonic electron (only take into account charm decay). The curve
(2) is assumed thdd meson and mesonv, have same,. And the curve (3) is assumed
thatB mesonv, is zero.
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We studied bottom quark contributions to the non-photonic eleetrofihe non-photonic
electrons originating from bottom quarks mainly decay fidmesons which contain a bot-
tom quark. In this study, we considered three extreme modeRB foeson. The first model
assumes n8 meson (no bottom quark) contribution to the non-photonic eleatsqourve
1). The second model assumes thanheson and meson have same (curve 2). And the
third model assumes thBtmesonv; is zero (curve 3). This assumption arises from Bat
meson has much larger mass tliameson, thus the, of B is much smaller tha® meson
vo. For the model (2) and (3), a ratio of electrons from charm and botdmd/Nc_.¢) is
obtained from the pQCD calculation [40] in Fig. 1.14. Th¢B) mesornv, was used th&,
determined from the non-photonic electnanin Chapter 5.2 for the model (2). Figure 5.12
shows results of the model calculations. As we see, bottom quark contributions reduce the
non-photonic electron, at high pt region. The reason why the second model is smaller
than the first model is that the decay electwiirom B meson decay is largely smeared due
to the large mass difference betwegmeson and electron. Current measured non-photonic
electronv; has large errors at highr and it consistent with the three models.

5.5 Comparison with charm quark thermalization model

One of the big questions in heavy ion collisions at RHIC is the thermalization of the charm
quark. As we discussed, the measured non-photonic electron spectrum is consistent with
pQCD calculation. On the other hand, it was pointed out in [10], electron spectrum also
reproduce by the hydrodynamical models assuming the complete thermal equilibrium for
charm hadrons. The curves in fig. 5.13 are the electrospectra from the model calcu-
lations. The data in the figure is non-photonic electron spectrum measured at PHENIX in
Au+Au collisions at,/syn = 130 GeV [51]. The solid curves are electron spectrum ob-
tained by the initial pQCD charm production without final state interactions (PYTHIA) and
the dashed curves are the spectrum by the complete thermal equilibrium for charm hadrons
(hydro model). The difference between two models are very small aptovegion. Thus
the spectrum is not sensitive to the thermalization of charm quarks.

On the other hand, it has been predicted that the elliptic flow of electron from charm
is very sensitive to the thermalization of charm quarks [62]. In the calcul&iomesons
are formed by the charm quark coalescence with thermal light quarks at the hadronization
stage. For charm quark momentum spectra, two extreme scenarios are considered. The first
scenario assumes no reinteractions after the production of charm-anticharm quark pairs at
the initial state hard processes (calculated from PYTHIA). The second scenario assumes
complete thermalization with the transverse flow of the bulk matter. Both scenarios pro-
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Figure 5.13: The electron spectra from the model calculations. The dashed curves are the
PYTHIA calculation and solid curves are the results from the thermal hydrodynamic model.
The data in the figure is non-photonic electron measured at PHENIX in Au+Au collisions at
VSNN = 130 GeV [51]. The picture is taken from [10].

duce electron spectra froBb meson decays which are consistent with non-photonic single
electron spectra as published by PHENIX. In both scenaBasgeson contribution is not
taken into account. Fig. 5.14 shows theof decay electrons fror® mesons in the "no
reinteraction” scenario as a dashed line, while the solid line represents the "thermalization
scenario. Even if the charm quavk is zero, electronv, for "no reinteraction” scenario

is not zero due to the, of light quark component. The model predicts that the electrons
from the thermalized model has two times larggthan the pQCD model. Thus the non-
photonic electrow, is sensitive the charm quark thermalization. The red data points are the
measured non-photonic electrenvalues as presented in this thesis. The “thermalization +
flow” scenario well reproduces the measured non-photonic elegirbalow 1.5 Ge .
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Figure 5.14: Comparison of the non-photonic electrpwith two different charm flow sce-
narios [62]. The solid line corresponds to the no rescattering of the initially produced charm
quarks (without flow), while the dashed line reflects the effect of complete thermalization
(with flow).
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5.6 Non-photonic electronRaa and vo

As introduced in Chapter 1.4, neutral pions and charged hadrons are largely suppressed
at high pr region in Au+Au collisions compared with that jp+ p collisions. Such the
suppression is not observeddrAu collisions, thus the suppression in Au+Au collisions

is due to the final state interactions. This suppression is well represented a model which
assumes partons energy loss in the dense matter. The suppression has been also observed
the non-photonic electrons in Au+Au collisions. As we shown in the Fig. 5.1, the invariant

pt spectra of the non-photonic electron in Au+Au collisions agree well withp reference

at low pr in all centrality. On the other hand, a suppression with respegtit collisions

develop at highpy. The suppression is quantified the nuclear modification fa&gx,

which is defined as;

doautau
Raa = ) 5.9
<Nbinary> X d0pyp (5-9)

Figure 5.15 shows thigaa for the non-photonic electrons as a functiorpgfin most central
collisions (centrality O - 186) measured in Au+Au collisions gfsyn = 200 GeV. We see
theRaa is unity (Raa = 1.0) at lowpr. This means that the yield of the non-photonic electron

is scaled by the number of collisionslg). As we discussed, charm quarks are produced

at the initial collisions and the total yield is scaled by the number of collisibiag ). The

result is consistent with charm quark production. On the other han®Rtkéor the non-
photonic electron is smaller than unitig{s < 1.0) at highpr region and it is same as the

Raa for the neutral pionsRaa ~ 0.2). Thus the suppression suggests that charm and bottom
guarks also lose their energy in the dense matter same as light quarks. It should be noted
that the energy loss of charm have little effect on the total charm yield.

This result leads that a very dense partonic matter, even if heavy quaaksl b) are
stopped, is created in Au+Au collisions at RHIC energy. The curve in the figure is model
calculation includes gluon radiations as a mechanism of the parton energy loss. The model
assumes that an intial gluon density is 35GfNy/dy = 3500) [63]. Thus thélaa for the
non-photonic electron suggests that a large initial gluon density is achiesdg/(ly >
3500) in Au+Au collisions. In such the dense partonic matter, a mean free path of charm
qguark would be smaller than the system size. We briefly estimated the mean free path of
charm quark in the dense matter. Applying Bjorken formula Eq. 1.1, the parton density per

volume would be given as;
n= = AN
TA, dy
In this calculation, we used life time of QGR 6 fm/c) for T and assumed an initial parton
density per rapidity isINp /dy ~ dNy/dy= 3500. Under the assumptions, the parton density

(5.10)
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Figure 5.15:Raa Of the non-photonic electrons in 0-20 central collisions compared with
model calculations assuming the initial gluon densities is 3808 (dy = 3500).

per volume isn = 7 (fm~3). The perturbative QCD estimated charm rescattering cross
section is about 3 mb [64]. Then we got the mean free path of charm quark is about 0.5 fm.
This value is smaller than the size of the syst&ma(6 fm). The length of the mean free

path is important parameter fgs. If the path is larger than the system, the emission pattern

in the azimuthal space is isotropic. On the other hand, the emission pattern in the azimuthal
space is anisotropic if the path is smaller than the system. Thus we expect the azimuthal
anisotropy of charm quarks. This result consistent with the non-zero charm \guaskve
discussed in this chapter.

Measurements of, and Raa for the non-photonic electron suggest that charm quark
flow and energy loss in the matter created in Au+Au collisions. Large charm quark energy
loss suggests that the matter created Au+Au collisions are very dense. Charm flow suggests
that charm quarks are frequently scattered in the dense partonic matter. Thus we expect
that thermalization of charm quark is achieved. If charm quark is really thermalized in
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the matter, thermalization time of charm quark must be comparable to existence time of
QGP 5 fm/c). Information about thermalization time of charm quark is gained from the
non-photonic electron, and Raa compared with a model prediction. The curves on the
figures are results of the model [65]. The main assumption in the model is elastic scattering
mediated by resonance excitatiorlmeson an@® meson in QGP. Theoretical evidence for

the resonance state is provided by QCD calculations [66] [67]. The model simultaneously
reproduce the measured non-photonic eledRgnandv,. It was pointed in [68], resonance
state ofD meson and meson reduce charm quark thermalization times by a facter of

3 compared to pQCD and it is about a few &m/The thermalization time is comparable
existence time of QGP. Thus the measured non-photonic eleRygandv, suggest that
charm quark thermalization is achieved in Au+Au collisions.
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Chapter 6
Conclusions

In this thesis, we have studied the elliptic azimuthal anisotropy of charm quark via electron
measurement. We first measured the transverse momentum dependence of the azimuthal
anisotropy parametes, the second harmonic of the azimuthal distribution, for electrons at
mid-rapidity (] < 0.35) with the PHENIX detector in Au+Au collisions aySyn = 200
GeV. From the result, we have extracted electvgfrom heavy flavor decays by subtract-
ing v, of electrons from other sources such as photon conversions and Dalitz decay. This
photonic electrorv, is determined with a Monte Carlo simulation using measwednd
pr distributions of these photonic sources. The yield of the non-photonic electron after sub-
tracting the background is consistent with the expected yield from charm decay. Therefore
the non-photonic electrow can be reflected the charm quatk We found that the non-
photonic electrow, is clearly positive below 3.0 GeWin the minimum bias event sample.
The non-photonic electrow is smaller than thet v» in whole pr range, but the trend is
same agr Vy, increasing withpr up to about 1.5-2.0 Ge¥/and then saturate or slightly
reduces with increasingr.

The main source of the non-photonic electrob ismieson decay. We found that the decay
angle is strongly correlated with the angle of the pai2meson and the decay electraen
well reflects the pare mesornv,. Therefore the non-zens for the non-photonic electron
gives a non-zer® mesonv,. We have extracted thB mesonv, from the non-photonic
electronv, by assuming varioupt dependent shape Bfmesonv,. D meson prefers a pion
like v» shape which saturates around 2.0 Geafid the peaks value is obtained to be 0.09
+ 0.03 at about 2-3Ge¢/

Based on a quark coalescence model, we finally estimated charmwguesikn the non-
photonic electrow,. In the calculation, the sanpg dependent shape fog of charm quark
is assumed as for the light and strange quarks, and the effective mass of charm quark is used
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for coalescing them at similar velocity. Simultaneous fitting of measurgrhrameters for

pion, Kaon, proton and the non-photonic electron are done with Zarameters for light

and heavy quarks including the quark coalescence effecDamson decay kinematics.

We found that the extracted charm quagkhas similar magnitude compared with the light
quark. The strong elliptic anisotropy of charm quarks, which is similar to the light quark,
indicates a collectivity of different mass quarks during the quark phase of the high density
matter created in the ultra-relativistic heavy-ion collisions. The strong anisotropy of charm
guarks also indicates that charm quarks are frequently scattered in the dense partonic matter
due to their large mass, and we expect thermalization of charm quarks. We compared our
result with a model assuming complete thermalization with the transverse flow of the bulk
matter. Below 1.5 Ge\the non-photonic electrom is in good agreement with the model.

The energy loss of charm quarks is also observed via electron measurement at RHIC. The
theoretical model predicts that the early time thermalization of charm quarks, which is com-
parable to QGP life time, is required to reproduce the non-photonic elegirand Raa.

Thus presented results op measurement of the non-photonic electron could be one of the
strong evidences of QGP formation at RHIC.
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Appendix A

Data points

pr Vo stat.err Sys. err
0.546386 0.0401248 0.00635844 0.0188964
0.645676 0.0408199 0.00711689 0.0187716
0.746343 0.0385246 0.00742423 0.0168286
0.847174 0.0625494 0.00767092 0.0144594
0.947197 0.0624677 0.00860714 0.0136772
1.08757 0.0562807 0.00699467 0.0117929
1.28803 0.0697922 0.00922824 0.011447
1.52502 0.0919859 0.0102673 0.0112271
1.8276  0.0869942 0.0152229 0.0106938
2.19729 0.0691944  0.018114 0.00931277
2.70457 0.0706206 0.0307665 0.00841521
3.24475 0.0307921 0.0465096 0.00789024
4.05063 0.00985709 0.0644943 0.0095675

Table A.1: Non-photonic electron, (minimum bias).
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Appendix B

Kinematics

B.1 Transverse Momentum and Transverse Mass

We take a beam line to beaxis of a frame. Consider a particle which has momenfum

= (px.Py,Pz) and massn. The momentum component along the beam direction is called
the longitudinal momentump,. The perpendicular to the beam direction are combined and
called the transverse momentum given as;

pr =/ P2+ 5 (B.1)

The transverse momentum is Lorentz invariant in any frame moving parallel todihec-
tion. Using the transverse momentum, the transverse mass is defined as

mr =/ p2 +m2. (B.2)
B.2 Rapidity
Rapidity,y, which is defined as
1 E+p;
y_ZnE—pz (B.3)

is used as atarget for the position of produced particlesaxis. The rapidity has a property
in that it is additive under Lorentz transformation, just like a Galilean velocity under Galilean
transformation. In the relativistic limitg(>> m), the rapidity becomes as;

0
y~~In(tan5)) =n (B.4)
where@ is polar angle. The is called pseudo-rapidity.
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B.3 Centrality Variables

In heavy ion collisions due to the large size of the nucleus, their geometry aspects plays
important role in collision dynamics. Figure B.1 shows an illustration of the collision ge-
ometry for a non-head on nucleus-nucleus collision. The vector that connects the center of
the nuclei is calledimpact parametér Therefore the impact parameter is good guide for
the collision geometry. In heavy ion collision impact parameter is represectasality’.
The head on nucleon-nucleon collision is defined as centrétyld the variable increase
with non-head on collisions. As is shown B.1, only the nucleons in the overlap region of
the two nuclei participate in the collisions. These nucleons are cgidicipants and the
rest nucleons which are not participate in the collisions are cafipdctatot. The variable
which means how many nucleons participate in the collision is caleanber of partici-
pants (Npart)” and the number of collisions of nucleons in the participant region is called
"number of binary collisionsNco)”.

Centrality variables are calculated by the Glauber model [69] which is based on a sim-
ple geometrical picture of a nucleus-nucleus collision. The model treats nucleus-nucleus
collision as multiple nucleon-nucleon collisions assuming

e nucleus travel in straight line trajectories

e not deflected after collisions

e secondary particles and possible excitation is neglected
e Cross section is same in the vacuum

The nucleons in nucleus are randomly distributed according to Woods-Saxon distribution,
the density profile(r) is defined as;
Po
N=————— B.5
whereR is radius of nucleus and is surface diffuseness parameter. In case of Au+Au

collisions at,/Syn = 200 GeV, the parameters are= 6.38 fm,a = 0.54 fm pg = 0.169
fm—3 andony = 42 mb.
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Figure B.1:. an illustration of the collision geometry for a non-head on nucleus-nucleus
collision. The nucleons in the overlap region of the two nuclei participate in the collisions
are called participants and the rest nucleons which are not participate in the collisions are

called "spectatot



