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Abstract

The universe is started from the Big-Bang. It is expected that the state which quarks and
gluons move freely has existed about 10 us after Big-Bang, and it is called as “Quark Gluon
Plasma (QGP)”. Studying QGP is expected to be very helpful to understand the development
of universe. The unique method to create QGP experimentally is high energy heavy ion collision
(HIC). Studying the property of QGP has been carried out by the PHENIX experiment at
Relativistic Heavy Ion Collider (RHIC) in Brookhaven National Laboratory (BNL) since 2000.

The collision in HIC is called Little-Bang. It is expected that the QGP expands as soon as it
is created with cooling, phase transition occurs, then hadrons are emitted. On the other hand,
photons are created during all stages of the collisions. Additionally, they do not interact strongly
due to their properties of charge-less and color-less. It is expected that photon analysis is more
sensitive to the time evolution of the QGP than that of hadron analysis.

Direct photons which are all photons except those originating from hadron decays have been
studied actively. It is a challenge to identify their sources when we analyze them. The photon pr
spectra and elliptic flow (v2) have been measured at PHENIX experiment. From the pr spectra
measurements, it is found that the pp spectra in Au+ Au collisions are enhanced less than 4
GeV/c compared to that in p+p collisions after scaling by the number of binary collisions.
Effective temperature is obtained at about 240 MeV and it is found that photons are emitted
from very hot medium in early time of the collisions. In contrast, it is observed that photon has
large elliptic flow and the magnitude is comparable to hadron ve in low pr region. Because it
is expected that an enough expansion time is required in order to get a large v, it is naively
suggested that the observed low pr photons are emitted at later stages of the collisions. These
two observations of photon pr spectra and vy are in contradiction between two scenarios, whether
these photons are really from the early stage or in fact from the later stage. It is called as a
photon puzzle and it has not yet been well understood. It is introduced that several model
calculations that can explain one of these two observations, however, there is no model which
can explain simultaneously the both of excess of ppr spectra and large vy. Direct photon higher
order azimuthal anisotropy (vs and vy4) is studied in order to disentangle various different model
assumptions, scenarios and to get an additional constraint on photon production mechanisms.

The v, v3, and vy of neutral pion are measured up to 15 GeV/c with event plane determined
by several forward detectors. In high pr region, it is found that neutral pion v9 and vy are positive
in all centrality while v3 varies from positive to negative at high pr especially in peripheral event.
Since hadrons in high pr region are mainly originated from jet fragmentation, high pr single
particles v, are useful to study jet properties in HIC. It is studied that the jet contribution
to measured v, by AMPT simulation. The jet path length dependence of energy deposit has
been studied by measuring v of high pp hadron. Because di-jet makes v small and third order
of initial geometrical anisotropy is smaller than second order, vs of high pr hadron needs to be
investigated more precisely in order to understand their detailed dependencies. The behavior of v
of high pp hadron could be understood qualitatively by superposition of path length dependence
of jet energy-loss, di-jet effect, and jet-bias effect in determination of event plane. The vy of high
pr particles is similar to the behavior of ve, and it could be understood that it is given by the
geometrical asymmetry of the QGP and energy loss of parton inside the QGP.

The vy, v3, and vy of direct photon are measured up to 15 GeV/c. It is observed that the



strength of photon vs at around 2 GeV/c is comparable to that of hadron, which is similar to
the case of vy. These results prefer the scenario of that the photon in low pr region are mostly
emitted from late stage after the sizable azimuthally anisotropic and collective expansion. In
high pp region, it is found that vs, vs, and vg of direct photon are close to zero and it could
be consistent with the expectation that the dominant fraction of photons is originated from the
prompt photons in high pr regions.

The ratio of vy to v3 is compared with hydrodynamical model calculations. It is found that
the model calculation with MCGIlb+7/s(0.08) describes the ratio of photon well while that of
charged pion is better described by another set of parameters with MCKLM+7/s(0.20).

Photon pr spectra and v,, are predicted as massless particle by the parameters determined
by blast wave model fitting to hadron observables, if those photons are really emitted during
the freeze-out stage. It is found that pr spectra is well described with the combination of low
temperature and large radial flow as well as that of high temperature and no radial flow. It
is naturally expected in the collective expansion scenario that there would be no azimuthal
anisotropy (zero vy,) if radial flow does not exist. Blast wave model suggests that radial flow is
needed to be taken into account in order to understand photon puzzle.

The thermal photon pr spectra and v, are calculated with blue shift correction. It is assumed
that the temperature, acceleration, and azimuthal anisotropy of medium vary with expansion
time. The photon observables are calculated by integrating over the expansion time. The time
dependence of these variables are constrained so that the effective temperature and v,, are well
described. This calculation indicates that the high effective temperature and large v, are repro-
duced with the blue shift correction given by the large expansion velocity during the freeze-out.
It is obtained that the true temperature during the photon emission is within 120 to 160 MeV
and photons from close to the end of hadronic freeze-out are dominant. Additionally, photon v,
is calculated from thermal photons and pQCD based photons. However it is observed that there
is difference between experimental measurement and this calculation from 2 to 5 GeV/c. It also
suggests that the photons originated from the other sources coming from jet energy loss inside
of QGP and/or possible modification of jet fragmentation are dominant within 2 to 5 GeV/c.

In this thesis, neutral pion and direct photon vy, 3, and v4 are measured in Au+Au /syny =
200GeV collisions at RHIC-PHENIX experiment. In the case of neutral pion v, it is found that
the behavior of v, in high pr could be understood by the jet effect; path length dependence of
energy loss and jet bias on event plane determination. It is found that the direct photon v, is
close to zero in high pr region, and it is consistent with the expectation that the prompt photons
are dominant and they have small interaction in QGP as also observed as Rq4 ~ 1 for direct
photon. In low pp region, it is observed that photons have non zero and positive v which is
similar to the case of v9. Blast wave model suggests that a possible explanation of photon puzzle
could be the radial flow effect. The high effective temperature and large v, could be achieved as
a consequence of Doppler (blue) shift caused by a large radial flow. The extracted temperature
of photon emission source is as low as 120 ~ 160 MeV and photons at close to the end of hadronic
freeze-out are dominant. It also indicates that the photons originated from the other additional
sources such as modification of jet fragmentations and redistribution of the lost energy coming
from the energy loss inside QGP could be existing around 2 to 5 GeV/ec.
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Chapter 1

Introduction

1.1 Quantum Chromodynamics and Quark Gluon Plasma

Quantum chromodynamics (QCD) is a gauge field theory that describes the strong interaction
between quarks and gluons. QCD is analogous to the quantum electrodynamics (QED), which
is quantum theory of describing electromagnetic interaction between charged particles. In QCD
(QED), the force is mediated by gluon (photon) between quarks (charged particles), respectively.
The critical difference between QCD and QED is that the photons do not carry charge due to
electrically neutral, while gluons exchange color charge since they have color charge. In addition,
gluons can interact among themselves due to their color charge. In QCD, a quark can take one
of three color charges and an anti-quark can take one of three anti-color charges. To make it
possible for quarks with different colors to interact, it is required that there are eight gluons,
which are mixtures of a color and an anti-color.
The classical Lagrangian density L is given by

. 1
£cl - qa(l lpaﬁ - mdaﬁ)qﬂ - ZFﬁVFéLV? (11)

where m is a quark mass, ¢® is the quark field with color index a which belongs to the SU.(3)

triplet. The F}j, is the field strength tensor of the gluon. The ) is defined as J) = +*D,, where
D, is a covariant derivative acting on the color-triplet quark field. They are written as

Fﬁu = 8/LA$ - aVAZ - gfabcAZAzcn (12)
D, = 0,+igt"Aj, (1.3)

where fgpc is the structure constants, Ay, is the gluon field which belongs to the SU.(3) octet, and
t* is the fundamental representation of SU.(3) Lie algebra. The g is the dimensionless coupling
constant in QCD and defined as ¢ = \/4mas where «y is the fine structure constant in strong
interaction. The o, can be defined with momentum transfer () as

1
as(Q?) = , 1.4
@) = B (@72 -
where Agcp is called the QCD scale parameter and fy is defined with n, which is the number
of flavor with 2m, < @Q as

33 —2n
fo=—5— Z. (1.5)
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Figure 1.1 shows the results a; measured by several experiments [1].

Sept. 2013
o v T decays (N3LO)
Q) ® Lattice QCD (NNLO)
a DIS jets (NLO)
03| 0 Heavy Quarkonia (NLO)
o e'e jets & shapes (res. NNLO)
® Z pole fit N3LO)
v pp—> jets (NLO)
02+
3
01}
= QCD 0g(M,) =0.1185 + 0.0006
1 100 1000

% Q[GeV]

Figure 1.1: The summary of a; as a function of the energy scale @ [1]. Solid lines are the pQCD
calculation. The respective degree of QCD perturbation theory used in the extraction of «y is
indicated in round brackets.

QCD has two important characteristics of quark-gluon dynamics which are “color confine-
ment” and “asymptotic freedom”. If momentum transfer is small (distance among partons is
large), partons are strongly coupled due to large as. Therefore, partons are confined in hadron
and it is called “color confinement“. On the other hand, when large momentum transfer ) cor-
responding to small distance, partons approximately move freely due to small as. This property
is called ”asymptotic freedom”.

The behavior of QCD with large momentum transfer (@ > 1 GeV) or short distance can
be calculated with perturbative calculation method which is perturbative QCD (pQCD). It is
observed that pQCD calculation (solid line) is in good agreement with experimental data shown
in Figure 1.1.

When we consider small @) or large «;, Lattice-QCD calculation can be utilized. Figure 1.2
shows the Lattice-QCD calculations of ¢/T* and 3p/T* as a function of T where ¢ and p are
the energy density and pressure [2]. It is observed that the both of ¢/T* and 3p/T* change
significantly at around 180 MeV. It indicates the existence of the phase transition at around T’
= 180 MeV corresponding to the critical energy density ¢ = 1 GeV/ fm3. The rapid evolution
of £/T* indicates the de-confinement of quarks and gluons from a hadron. This unclear state is
called quark-gluon plasma (QGP).

1.2 High Energy Heavy Ion Collider

Experimentally high energy heavy ion collision is unique method to create QGP in laboratory.
Various experiments have been carried out at Brookhaven National Laboratory (BNL) and Eu-
ropean organization for Nuclear Research (CERN). They are summarized in Table 1.1. In this
section, the overview of the heavy ion collision is described in terms of the time history and the
geometry of the collisions.
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Figure 1.2: Energy density (¢) and 3 times the pressure as a function of temperature calculated
in Lattice QCD. [2]. The Stefan-Boltzmann limits is shown in the right side.

Accelerator Laboratory Species Particle energy /syn (GeV) Year
SPS CERN 160, 329 19.4 1986
208pt, 17.4 1994

AGS BNL 160, 285i 5.4 1986
7 Ay 4.8 1992

RHIC BNL B7Ay 130 2000
197 Ay 200 2001

d+97Au 200 2003

197 Au 200, 62.4 2004

63Cu 200, 62.4 2005

7 Ay 200 2007

d+197Au 200 2008

7 Ay 200, 62.4, 39 2010

B7Ay 200, 27, 19.6 2011

28U 192 2012

63Cu+197Au 200 2012

197 Ay 200, 14.6 2014

3He+197Au 200 2014

LHC CERN 208pt, 2760 2010
p+2%Pb 5020 2012

Table 1.1: The summary of high heavy ion collision experiments.



4 CHAPTER 1. INTRODUCTION

1.2.1 Time Space Evolution of Heavy Ion Collision

The time space evolution is introduced in this section. When the nuclei are accelerated enough
at high energy, their shapes are changed as the pancakes due to Lorentz-contraction. If heavy
ions are accelerated up to relativistic energy, it is expected that they go through each other when
they collide. It is expected that the extremely high energy density, hot and low baryon density
matter is created in the collision area and QGP is created. The time evolution of the collision is
classified as following. They are introduced with respect to time scale (7).

e Pre-equilibrium: 0 < 7 < 19
¢ QGP phase and hydrodynamical evolution: 79 < 7 < 7y

e Ireeze-out and Hadron Gas phase: 7 < 7

Pre-equilibrium: 0 <7 < 79

A large number of partons are created by the parton-parton hard scattering in the initial overlap
of two nuclei. Many models such as the pQCD, the color strings model, and the color glass
condensate (CGC), try to describe the parton production mechanism. While it has not yet
understood perfectly, they indicate that QGP is not created at the same time of the collisions.
However local thermalization should take place quite fast at proper time 79 and QGP is created.
It is predicted that 7y of less than 1 fm/c gives a reasonable description of the RHIC data.

QGP phase and hydrodynamical evolution: 7o <7 <7y

Once the local thermal equilibrium is reached at 7y, the many observables can be explained by
the expansion of the QGP with the relativistic hydrodynamics (in Section 1.3). It is considered
that QGP expands hydrodynamically with cooling until freeze-out (7¢). The basic hydrodynamic
equations are the conservation of the energy-momentum tensor and the baryon number:

9,(TH) = 0, (1.6)
Aulip) = 0 (1.7)

where T" is the energy-momentum tensor, and j% is the baryon number current. They are
given with perfect fluid as

T = (e + P)u*u” — g"'P, (1.8)
Js = nput, (1.9)

where ¢ is the local energy density, P is the local pressure, u* is a fluid four-velocity, and np is
the baryon number density. The conservation laws: Eq. (1.6) and (1.7) include five independent
equations, and there are six unknown valuables: e, P, ng, and three components of the flow
vector vy, vy, v,. We can solve them with additional equation such as an equation of state.
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Freeze-out and Hadron Gas phase: 7 <7

The surface of QGP starts hadronization at 7, which is defined as freeze-out. There are two types
of freeze-out which are “chemical freeze-out” and “kinetic freeze-out”. After the beginning of
hadronization, inelastic scattering among hadrons continues and particle species are changeable.
The temperature that the particle species are fixed is called as “chemical freeze-out temperature”.
Inelastic scattering has been finished but elastic scattering is still ongoing. The “kinetic freeze-out
temperature” is the temperature when elastic scatterings finish and the momentum distributions
are fixed. After these freeze-out, hadrons are free streaming and measured by the detectors.

1.2.2 Geometry of Heavy Ion Collision

The overlap region of the colliding nuclei is important to understand collision dynamics in high
energy heavy ion collisions. Collision occurs when the impact parameter b which is the distance
between the center of nuclei is less than 2R where R denotes the radius of nucleus. However the
electromagnetic interactions may happen when b > 2R. If b = 0, the shape of overlap region is the
same as that of nuclei, it is called “central collision”. The area of overlap region gets small with
increasing b and it is mentioned “mid-central collision” or ”peripheral collision”. The nucleons
are classified into two types that nucleons in the overlapped region is called participant and the
others are called spectator. This geometrical treatment is known as participant-spectator model.
The size of overlap region and the number of colliding nucleons are determined by the impact
parameter which will be discussed in Section 3.1.1.

The Glauber model has been utilized to describe high energy nuclear reaction. It can evaluate
the number of the collisions/participants (Neoi, Npart) and the participant shape (¢). It is a semi-
classical model treating the nucleus collisions as multiple nucleon-nucleon interactions, namely
nucleons are assumed to travel in straight lines and are not affected after the collisions. This
model does not consider secondary particle production and possible excitation of nucleons.

The nuclear thickness function is defined as

Ta(s) = /dsz(z,s), (1.10)
A = /dQSTA(S), (1.11)

where p is the nuclear mass number density normalized to mass number A and vector s is in
the transverse plane with respect to the collision axis z. The Woods-Saxon parameterization is
utilized to describe the density distribution for heavy nucleus such as Au or Pb, and it is given
as

_ Prim
pa(r) = T+ o {(r — Ra)jal (1.12)

where pnm, is the density at central, R4 is the nuclear radius, and a is the surface diffuseness.
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The number of collisions N.,; and participants Np,,+ are calculated as

Neai(t) = [ ESTa()Tas ~b)
Npart(b) = /dsTA(s) [1—exp {—O’K}NTB(S - b)}] (1.13)
+ /dsTB(s —b) [1 —exp {—ohnTu(s)}], (1.14)
(1.15)

where o N is the nucleon-nucleon inelastic cross section.

1.3 Experimental Observables

There are many experimental observables indicating QGP in high energy heavy ion collisions
and they are investigated to understand the properties of the QGP. Some results are shown in
this section.

1.3.1 Initial Energy Density and Bjorken Picture

The estimation of the initial energy density created by the nucleus collisions was proposed by J.
D. Bjorken [3]. It can be estimated by measuring the transverse energy of particles as

1 dEr

_— 1.1
Ay dy ’ (1.16)

E€Bj =
where A is the size of overlap region and 7y is defined as the proper time when the system reaches
local thermal equilibrium. Left figure in Figure 1.3 is the image of Bjorken picture and right
figure is the estimated initial energy density at 7 [4]. If one assumes 7 = 1 fm/c, ep; achieves
of critical energy density predicted by the Lattice QCD.
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1.3.2 Particle Ratio and Chemical Temperature

The ratios of the particle yields of each species are measured and the statistical model is compared
to obtain Chemical temperature. The hadron gas is described by a chemical freeze-out temper-
ature (T¢p), light quark (u and d) potential (pg), strange quark potential (us), and strangeness
saturation factor (ys) which takes account of the possible incomplete chemical equiliburation for
strange quarks. The density of a particle ¢ in the hadron gas is given as

2

s+5); Yi mi i \ 51

0 = ,ys( + >ZﬁT§h <Th> KQ(mi/Tch))\qu)\Sl, (117)
c

where m; is the mass of the hadron ¢, g; is the number of spin-isospin degree-of-freedom, K is
the second-order modified Bessel function and,

Ag = exp (pg/Ten), As = exp (ps/Ten). (1.18)

The potential p, is for u,d, u, d quarks, and p, is for s,5 quarks. The ftq is a third of baryon
chemical potential . Q; and s; are the net number of valence u/d quarks (Q; = (u—u+d—d);),
and s quark (s; = (s — 5);) of particle species i, respectively.

Figure 1.4 shows the results of the particle ratio in /sy y=200GeV Au+Au central collisions
((Npart)=322) and they are fitted by the model calculations [5]. The parameterizations are ob-
tained as chemical freeze-out temperature T, =157+3 MeV, light quark potential fq=9.4+1.2
MeV (up=28.2+3.6 MeV), strange quark potential p;=3.142.3 MeV, and strangeness satura-
tion factor v,=1.03+£0.04. From bottom figures, it is found that model calculation is in good

agreement with data.

1.3.3 Transverse Mass Distribution and Radial Flow

The emitted hadrons are expected to have important informations of the dynamics of collisions.

The spectra of identified particles are usually presented in terms of an Lorentz-invariant dif-
ferential cross-section (E%;, where E' is particle energy and p is particle momentum). It is

written by their four momentum (E, p,, py, pz), rapidity (y = tanh™! §), transverse momentum

(pr = \/M), and azimuth angle (¢) as

dBo dBo
dp3 dpzdpydp.’
= 0 (edy = prdprds, dp. = Edy)
_ 1 d . (1.19)
2ntpr dprdy

In the case of p+p collisions, it is known that the transverse momentum distribution in low

pr region is well described by an exponential equation in transverse mass (mp = \/m% + pQT,
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Figure 1.4: The comparison of fit results and the particle ratio data in /syny=200GeV Au+Au
central collisions ({(Npqrt)=322). (Top) Horizontal lines show statistical model fit on the particle
ratio. (Bottom) The difference of data to the model, (Rezp — Rmodet)/ARexp, Where Reyy, is ratio
from data, Ryode is ratio by model calculation, and ARy, is error of Reyy, [5].

where my is the hadron mass).

d3o B 1 d’c
dp? 27pr dprdy
B 1 d’c
 27mmyp dmpdy
~ exp(—myp/T). (1.20)

This phenomenon is called mp scaling. The inverse slope T is known as kinetic freeze-out
temperature.

Left figure in Figure 1.5 shows the transverse mass distribution for identified hadrons (7%,
K¥*, p/p) in heavy-ion collisions with exponential fitting [6]. Right figure shows the obtained
inverse slopes. It is found that the inverse slopes has particle mass and centrality dependence.
This feature indicates that the expanding source emits hadrons and the apparent temperature

is affected by the particle mass. This can be expressed as
T ~ Ty + mo{v,)?, (1.21)

where Ty is the true kinetic freeze-out temperature, mg is hadron mass, and (v,) is the strength
of the (average radial) transverse flow of the medium at freeze-out temperature. Fitting results
show, Ty=177.0£1.2 MeV and (v,)=0.48+0.07, for most central collisions.

1.3.4 Azimuthal Anisotropy

It has been observed that the number of particles emitted from collisions are anisotropic in
azimuth angle in event-by-event. This phenomenon is called as an azimuthal anisotropy. The
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Figure 1.5:  (Left) Transverse mass distributions for 7%, K*, protons, and anti-protons for

central 0-5% (top), mid-central 40-50% (middle), and peripheral 60-92% (bottom) in Au+Au
collisions at /sy ny=200GeV [6]. The lines on each spectra are the fitted results using exponential
equation. (Right) Mass and centrality dependence of inverse slope parameters 7' in myp spectra
for positive (left) and negative (right) particles in Au+Au collisions at /syy=200 GeV. The
dotted lines represent a linear fit of the results from each centrality bin as a function of mass
using Eq. (1.21).
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strength is extracted by Fourier expansion of the emitted particles in azimuthal angle as

N(¢) = Ny 1+2ivnem(¢_q'")]
n=1
= No|142) wpcos{n(¢—Tn)}|, (1.22)
n=1
vy, = (cos{n(¢—¥,)}), (1.23)

where vy, is the strength of n'" order azimuthal anisotropy, ¢ is the azimuthal angle of the emitted
particle, and W¥,, is the direction of event plane. The sine terms disappear due to the symmetry.
The v9 which is called as “elliptic flow” has been studied for many years. Higher order azimuthal
anisotropy v, (n > 2) has recently been analyzed since about 2010 actively.

If we consider the ideal nuclei collisions, the participant shape is like almond shape as shown
in left of Figure 1.6. Because there is a clear geometrical difference of the participant zone in the
transverse plane (elliptic shape) between the direction of parallel and perpendicular to reaction
plane, which is defined by the impact parameter and beam direction, the anisotropic pressure
gradient is created. The QGP expands according to the pressure with cooling and hadrons
are emitted. This is the mechanism of azimuthal anisotropy. The initial almond shape has an
anisotropy in geometrical source and QGP expansion converts the geometric anisotropy to a
momentum anisotropy.

If we consider ideal nuclei collisions, the even order of the azimuthal anisotropy can be
observed at the midrapidity in symmetric collisions system. However the profile of realistic
nucleus is not smooth because it is composed with finite number of nucleons. Indeed, the initial
participant shape can be fluctuated due to the fluctuation of the number of participants as shown
in right of Figure 1.6. This geometrical fluctuation is the main source of higher order (n > 2)
and odd order azimuthal anisotropy. It is expected that measurement of higher order azimuthal
anisotropy is very important in order to define the initial geometry and to constrain the shear
viscosity to entropy density ratio (n/s) of QGP in the model calculations.

Figure 1.7 shows the charged particle v, results. It is found that vs have weak centrality
dependence, whereas vo and v4 show centrality dependence. It has been observed that the
centrality dependence of v, is correlated with the initial geometrical anisotropy.

The one of interesting results is particle identified v, shown in left of Figure 1.8. It has been
observed that heavier hadrons show smaller vg than those for light hadrons in pr < 2 GeV/c and
meson/baryon splitting in pr > 2 GeV/c [8]. Mass ordering is well described by hydrodynamical
model calculation and meson/baryon splitting is understood by quark recombination model. It
is found that there is the scaling which scales all particle species and harmonics, and it is called
“The number of constituent quark scaling (NCQ)” as shown in bottom Figure 1.8.

1.4 Direct Photon

Photons have been studied in high energy heavy ion collision experiment very actively. That is
because photons carry the information when they are created since they do not strongly interact
with the medium due to the properties of charge-less and color-less. In addition, we can study
the time evolution of the collisions since they are originated from several sources and are emitted
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Figure 1.6: (Left) The image of the ideal nucleus and nucleus collisions. (Right) The image of
the realistic nucleus and nucleus collisions.
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Figure 1.7:  The results of azimuthal anisotropy v, of charged particle measured in PHENIX
experiment [7]. Black is v2(W2), red is v3(¥3), and blue is vg(¥y).
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Figure 1.8: (Left) The results of particle identified (7%, K* and p/p) azimuthal anisotropy
vn, [8]. (Right) The results of the number of constituent quark scaling for v, as a function of
K FE7p. Red are charged pion, blue is charged kaon, and black are proton.

during entire duration time of expanding colliding zone. That is the reason why it is expected
as a powerful probe. The photon production processes are introduced in Section 1.4.1 and the
experimental results are reviewed in Section 1.4.2.

1.4.1 Photon Production Process

There are four main sources of photons; the initial hard scattering between partons, the thermal
production in the hot medium, the interaction between hard parton with the medium, and the
decay of the produced hadrons (e.g. 7°, n — 7). Direct photon is defined as all photons except
for those coming from hadron decays. Experimentally measured photons are summation of all
photons and it is a challenge to identify their sources of photons.

The direct photons produced in nucleus-nucleus collisions can be classified. Prompt photons
are originated from primary collision, such as hard interactions of partons, quark-antiquark
annihilation (¢ + ¢ — g + 7), Bremsstrahlung emissions from quarks undergoing hard scattering
(g+q — q+q+), quark-gluon Compton scattering (¢+¢g — ¢+7), and gluon fusion (g+g — 7).
In high energy heavy ion collisions, since it is expected that the very hot medium is created by
the collisions, the thermal photons are radiated from its matter. It is important to study the
evolution of the medium. Thermal photons are divided into two types which are radiated from
the scattering of partons in QGP phase (e.g. ¢+ ¢ — g + ) and in hadron gas phase (e.g.
7t + 77 — p+ [39]). There is a source of photons created from interaction between the
medium and hard parton. It is expected that these photons provide the information of jet
energy loss in the medium.
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Prompt Photons

Prompt photons are created from parton hard scattering such as quarks and gluons, Compton
scattering, annihilation of quarks, Bremsstrahlung, and gluon fusion. Their Feynman diagrams
are shown in Figure 1.9. It is predicted that they are dominant in high pr region. The prompt
photon spectra in nuclei collisions are expected to be described by the superposition of p+p
collisions scaled by the number of binary collisions. Figure 1.10 shows the photon pr spectra
in p+p collision and it is compared with next-to-leading order (NLO) pQCD calculation. It is
found that they are generally in good agreement.

q 7 d 7 9 q g
l I E | 2 |
g q q & q q g
(a) (b) (c) (d)
Figure 1.9: Feynman diagrams of prompt photon production mechanisms. (a) : Quark-gluon

Compton scattering, (b) : Annihilation between quark and anti-quark, (c) : Bremsstrahlung, (d)

: Gluon fusion.

Thermalized Photons from QGP and Hadron Gas

The photons in low pr are predicted to be dominantly radiated from thermal medium. These
photons are mainly created by quark-gluon scattering in QGP phase and 7-7 scattering in hadron
gas phase. Figure 1.11 shows the photon pr spectra calculated by the thermal models from QGP
phase, hadron gas phase, and primordial photon. It is found that thermal photons are dominant
less than about 2 GeV/c. It is expected that these photons are very important to study the time
evolution of the collisions.

Photons originated from the interaction between hard parton and the medium

When hard parton passes through QGP, photons are produced from Compton scattering and
annihilation of a quark by interacting with medium [40]. Because they could not be produced
in p+p collisions, it is important to study jet energy loss in the medium. It produces photons
by interact between parton with the thermal gluons (Compton scattering) and with the thermal
anti-quarks (quark annihilation). It is found that these photons are dominant in the range of
pr < 6 GeV/c for Au+Au collisions [40].
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Figure 1.11:

Comparison of direct photon pr spectra from different photon sources [10]. Blue

line shows photon radiated from hadron gas, red line is photons emitted from QGP, green line

is primordial photon, violet line is total of photons, and black points are PHENIX data.
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Figure 1.12: Feynman diagrams of photon production mechanisms in hadron gas. (a) : 7+m —
p+~ (b) : Hadron interaction (c) : meson-meson Bremsstrahlung.

1.4.2 Excess of the direct photon

The excess of direct photon has been measured by calorimeter [29], virtual photon [11], and
external conversion method [30] as shown in Figure 1.13. The excess of direct photon R, is

defined by
AN /dp/T
dN7° Jdpr Nine.

= b
<de6C'/de> Nee.
0
ANT/dpr [ 5 o

where, Njnc., Ngee. are the number of inclusive photon and hadronic decay photon, respectively.

R, = (1.24)

R, measured by calorimeter covers a wide pr range, which is significantly above unity especially
for high pr region, while relative systematic uncertainty is large at lower pr region. The R, is
measured by virtual photon and external photon method more precisely in the pr region less
than 4 GeV/c, and it is observed that about 20% of direct photon signal is contained in the
measured inclusive photon yield.

10-20 %
| ® External conver
|- @ virtual photon

I ® Calorimeter

| 40-60 %

Ry

w

ﬁgﬁﬂ”

B @evie) *°

Figure 1.13: The excess of direct photon R, as a function of pr measured by calorimeter (blue),
virtual photon (red), and external conversion photon method (green).
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1.4.3 pr spectra

Direct photon pr spectra in 200 GeV Au+Au collisions are measured via real and virtual photons
analysis. They are compared with p+p collisions scaled by the number of binary collisions, and
the enhancement in low pp region has been observed and shown in Figure 1.14. The effective
temperature which is the inverse slope of the exponential function is measured by the fitting to the
excess of direct photon pr spectra after subtraction of the scaled ppr spectra in p+p. The obtained
effective temperature is about 240 MeV, and it is found that there is no significant centrality
dependence within systematic uncertainty [30]. Because the kinetic freeze-out temperature is
obtained about 100 MeV [8], obtained effective temperature is much higher than kinetic freeze-
out temperature. Additionally hydrodynamical model expects initial temperature is more than
or at least 300-600 MeV [11].

The Ra4 which is the ratio of the pp spectra in Au+Au to that in p+p collisions scaled by
the number of binary collisions are also calculated [41]

doaa/dpr
Ncoll>dapp/de ’

where 044, 0y are the pr spectra in Au+Au, p+p collisions, respectively. It is observed that

Raa =
(

R 44 is enhanced in low pr and consistent with unity in high pr shown in Figure 1.14. Because
it is expected that the photons emitted from initial hard collisions are dominant in high prp, it is
consistent with the expectation introduced in Section 1.14. Conversely the enhancement in low
pr could indicate the existence of the other photon sources which do not exist in p+p collisions,
namely thermal photon sources of the hot and dense matter in the nuclei collisions. Therefore,
photons in low pr are considered to be radiated from very hot medium at early time of collisions.
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Figure 1.14:  (Left) Direct photon pr spectra measured in Au+Au and p+p 200 GeV col-
lisions [11, 12]. (Right) Direct photon R4 measured in PHENIX experiment. Blue is Raa
measured in calorimeter method, red (black) is R4g4 measured by virtual photon method in
Au+Au (d+Au) collisions, respectively.

1.4.4 Elliptic flow

Because one expects that photons have different angular emission patterns depending on their
production mechanism, it is investigated to identify the photon sources via the emitting angle
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dependence by measuring azimuthal anisotropy. In the following discussions, initial geometry is
assumed to be smooth, i.e. there are no fluctuations for positions of participant nucleons.

If the prompt photons do not interact with the matter, they would not depend on initial
geometry, therefore it is expected to be vo=0. Jet-fragmentation photons have positive vy since
jet trends to be emitted to in-plane due to the path length difference between in-plane and
out-of-plane. Jet conversion photons and Bremsstrahlung photons have negative vs because the
energy loss increases with the path length in the medium [42]. Radiated photons from QGP and
HG have positive v2 because they are emitted from expanding medium. The measured direct
photon w9 is superposition of these sources.

It is observed that v9 at high pr region are very small, and it is consistent with the expectation
that prompt photons are dominant in that region. On the other hand, it is found that the strength
of vy is as large as those of hadrons in pr < 2 GeV/c. Since photons are emitted during all stages
of collision, they should include photons emitted from the medium which is not yet expanded.
That is why direct photon vy was predicted to be smaller than hadron vs. Because photon
has large vo, the results suggest that photons in low pr are mainly created from late state of

collisions.
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Figure 1.15: The vy of 7° (a), inclusive photon (b), direct photon (c) as a function of pr [13].
Red (Black) points are measured with respect to event plane reconstructed by Reaction Plane
detector (BBC).

1.4.5 Direct photon puzzle

There is the discrepancy between the results obtained from pp spectra and elliptic flow, whether
they are coming from the early or later stage of collisions as it has been discussed in previous
section. It is called “direct photon puzzle”, and there are no models to explain the both results
simultaneously. There are two models to solve the direct photon puzzles, which will be discussed
below in detail.
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Radial flow effect to effective temperature

The effective temperature (7, ys.) measured by photon pr spectra which is emitted from expand-
ing medium are written as,

1+
Torr =Ty —— 1.25
eff 0 1— /87 ( )
where T is the true temperature of the medium, and (§ is the speed of the medium. It is
indicated that strong radial flow makes effective temperature higher than real temperature like
as blue shift effect. This model suggests that photons are indeed created at later stage than the

expected from the photon pr spectra.
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Figure 1.16: Inverse slope temperature as a function of a function of temperature in Au+Au
collisions at RHIC 0-20% centrality (left) and in Pb+Pb collisions at LHC 0-40% centrality
(right) [14]. Vertical axis is the inverse slope of exponential, and horizontal axis is true tempera-
ture. Red (white) points are simulated from equilibrium thermal emission rates (hydrodynamic
simulation), respectively. Horizontal blue line shows the experimental results.

Strong magnetic field effect

The theory predicts that the very strong magnetic field is created by the high energy nuclei
collisions with respect to the perpendicular direction to the reaction plane [43]. This magnetic
field is considered to be the key to understand the photon puzzle in [43] [44]. In [44] study, the
coupling of the conformal anomaly in QCD and strong magnetic field created by the collision is
introduced to make new photon production mechanism. Although their calculation is schematic
and uses many approximations, it is found that their calculated direct photon vy is comparable
to the experimental results as shown in Figure 1.17.

1.4.6 Direct photon measurement in LHC

Direct photon has been studied in Pb-Pb collisions at /syny=2.76 TeV at LHC-ALICE experi-
ment [15, 12]. Extracted effective temperature is 341 + 51 MeV from the measured pr spectra
in pr < GeV/c, which is obtained by the exponential function fit. It is higher than RHIC energy
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Figure 1.17:  (Left) The coupling of the conformal anomaly to the external magnetic field
resulting in photon production. Photon is produced by the trace of the energy-momentum
tensor (6,) and magnetic field makes photon. (Right) The azimuthal anisotropy vs of the direct
photons for different values of bulk viscosity corresponding to C¢ in the range of 2.5+5 calculated

for minimum bias Au-+Au collisions.

by 40%. Elliptic flow is also measured and non zero positive vy is found for 1 < pr < 3 GeV/c.
The trend is similar to the case of v9 measured in RHIC-PHENIX experiment.
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Figure 1.18: Direct photon pp spectra (left) and second order azimuthal anisotropy (right) as
a function of pr in \/syny=2.76 TeV Pb+Pb collisions at LHC-ALICE experiment [15, 12]. Non
zero positive vy is found and it is similar trend with it is seen in RHIC-PHENIX experiment.

1.4.7 Model prediction of direct photon azimuthal anisotropy

Thermal photon azimuthal anisotropy ve and vz are calculated from event-by-event viscous hy-
drodynamic simulations, which has been successful in describing soft hadron observables at RHIC
and LHC [16]. Initial conditions are generated by Monte-Carlo Glauber (MCGIlb) and Monte-
Carlo KLM (MCKLM) models. The results of photon ve and v3 with several initial conditions are
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shown in Figure 1.19. Model calculation shows that the ratio vy/vs of photon is more sensitive
than that of hadron, though magnitude of v2 in the model is much smaller than the data [16].
This model calculation suggest that photon ve/v3 measurements provide further constraint on
n/s of the thermal medium.
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Figure 1.19: (Left) pp-differential vo and vz calculated with event-by-event viscous hydrody-
namic simulations from MCGIb or MCKLM [16]. (Right) The ratio of v3 to v of thermal photon
and thermal charged pion. Both calculations are carried out for 0-40% centrality in /syy=2.76
TeV Pb+Pb collisions.

1.5 Thesis Motivation

The results of direct photon provide the two opposing and competing physics scenarios. One
is the large excess of the pr spectra in Au+Au collisions compared to that in p+p collisions
scaled by the number of the binary collisions, which tells us the photons are from early stage.
Another is large elliptic flow vy, which tells us the photons are from the later stage. There is
no model to explain simultaneously the both of high effective temperature and large vo. The
additional constraint is necessary to understand the photon production mechanisms in nucleus-
nucleus collisions. Measurement of higher order azimuthal anisotropy is expected to be very
sensitive to the initial participant geometry, and more precise analysis of photon emitting angle
dependence is studied. In this thesis, the results of v, v3 and vy of direct photon as a function
of pr and centrality in \/syy=200 GeV Au+Au collisions at RHIC-PHENIX experiments.
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Experiment

2.1 Relativistic Heavy Ion Collider

Relativistic Heavy Ion Collider (RHIC) is a heavy ion collider, which is at Brookhaven National
Laboratory in America. RHIC is designed for aiming to collide various nucleus from proton to
Uranium in order to study the property of QGP, and polarized protons for understanding the
structure of nucleon. The achieved top energy ranges are 100 GeV and 255 GeV per nucleon for
gold ion and proton, which depend on the mass of ion.

Because heavy ion beams cannot be accelerated up to relativistic energies by a single accel-
erator, it can only be achieved step by step with a series of accelerators. At the RHIC facility,
the Tandem Van de Graaf, the Booster Synchrotron, and the Alternating Gradient Synchrotron
(AGS) are used to pre-accelerate heavy ions before injection into the collider. The manner of
accelerating a gold beam is introduced [45]. At the beginning, negative gold ions are created by
a pulsed sputter ion source and are accelerated by the first stage of the Tandem Van de Graaf.
The atomic electrons of the ion are partially stripped off by a foil located inside the high-voltage
terminal. The gold ions, now in a positive charge state, are accelerated during the second stage
up to ~1A MeV. These positive ions are transferred through a 540 m transfer line to the Booster
Synchrotron. A radio frequency (RF) electric field is applied, the ions are grouped into three
bunches, and are accelerated up to 78A MeV. Another foil at the exit of the Booster strips away
all of the atomic electrons of the gold ion. The fully stripped positive gold ions are injected into
the AGS, where the three bunches of gold ions are accelerated further up to 10.8A GeV, which
is the required injection energy for the RHIC. The three bunches of gold ions from the AGS are
injected into the two 3.834 km long RHIC rings called the blue ring and the yellow ring, where
they circulate in opposite directions. By repeating this process, the bunches are increased, and
they are accelerated up to 100A GeV.

There are six sections in RHIC rings and four experiments have been curried out, which are
the Pioneering High Energy Nuclear Interaction eXperiment (PHENIX), the Solenoidal Tracker
At RHIC (STAR), the Broad RAnge Hadron Magnetic Spectrometer (BRAHMS), and PHOBOS
named after one of the two moons of MARS which is the Modular Array for RHIC Spectra.
PHOBOS and BRAHMS finished their works, and PHENIX and STAR experiments have been
operated now.

21
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Figure 2.1: The PHENIX detectors operated in 2007 RHIC run period. (Left) The central
arm detector with several types of spectrometers from beam view. (Right) The side view of the
PHENIX detectors.

2.2 PHENIX Experiment

The PHENIX probes several fundamental features of the strong interaction. A prime goal is
to study the property of QGP and it has been continued for more 15 years. Especially, we
have studied QGP from the aspect of detecting direct photon and low mass lepton pairs as a
penetrating probe, J/¥ which are c¢¢ vector meson as a probe of initial state of collisions. In
order to study them, PHENIX detectors are composed by the many subsystems.

Figure 2.1 shows the PHENIX detectors in 2007 RHIC run period. PHENIX detectors
are able to be divided into three segments, which are characterization detectors, central arm
(CNT), and muon detectors. Characterization detectors are utilized to classify the collisions,
such as centrality and event plane. CNT is composed by the several types of spectrometers
which measure electrons, hadrons and photons at mid-rapidity. Muon spectrometers locate at
forward and backward rapidity for studying low-z physics.

2.3 PHENIX magnet system

The PHENIX magnet system [17] is composed of three spectrometer magnets with warm iron
yokes and water-cooled copper coils. The Central Magnet (CM) is energized by two pairs of
concentric coils and provides a field around the interaction vertex that is parallel to the beam.
We can measure momentum of charged particles in the polar angle range from 70° to 110°.
The north and south Muon Magnets (MMN and MMS) use solenoid coils for muon analysis at
forward /backward rapidity. Each of the three magnets provides a field integral of about 0.8 T-m.
The magnetic volumes of the PHENIX magnets are very large and complex, so a new technique
was developed to map the fields based on surface measurements of a single field component using
single axis Hall probes mounted on a rotating frame.
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Summary of PHENIX detector subsystem

Element An A¢ Purpose and Special Features
Central magnet (CM) In| <0.35 360° Up to 1.15 T'm
muon (MMS) -1.1< |n] <-2.2 360° 0.72 T-m for n=2
muon (MMN) 1.1 < |n| <24 360° 0.72 T-m for n=2
BBC 3.1< |n| <3.9 360° Start timing, first vertex
7ZDC +2 mrad 360° Minimum bias trigger
MPC (South) -3.7<n <-3.1 360° Forward calorimeter
MPC (North) 3.1<n <39 360° Measurement event plane
RxN (Inner) 1.5< |n| <2.8 360° Measurement event plane
RxN (Outer) 1< |n| <1.5 360° Good event plane resolution
DC In| <0.35 90° x 2 Good momentum and mass resolution
Am/m=0.4% at m=1GeV
PC In| <0.35 90° x 2 Parton recognition, tracking
for non-bend direction
RICH In|] <0.35 90° x 2 Electron identification
TOF In| <0.35 45° Good hadron identification, o ~120ps
PbSc EMCal In] <0.35 90° + 45° Energy and position measurement of
photons and electrons
PbGl EMCal In| <0.35 45° Good et /r* separation at p >1GeV/c
EM shower and p <0.35GeV/c by TOF
K* /7% separation up to 1GeV/c by TOF
w tracker: (uTS) -1.15 <y < -2.25 360° Tracking for muons
w tracker: (uTN) 1.15 <n <244 360° Muon tracker north installed for Year-3
w identifier: (pIDS) | -1.15 <n < -2.25 360° Steel absorbers and Iarocci tubes for
w identifier: (uIDN) 1.15 <n < 244 360° muon/hadron separation

Table 2.1: The summary of PHENIX detectors [35].

2.4 Characterization Detectors

In this section, characterization detectors classifying the collisions, such as centrality and event
plane are introduced. The Zero Degree Calorimeter (ZDC) is introduced in Section 2.4.1, the
beam beam counter (BBC) is explained in Section 2.4.2, the muon piston calorimeter (MPC) is
shown in Section 2.4.3, and the reaction plane detector (RxN) is introduced in Section 2.4.4.

2.4.1 Zero Degree Calorimeter

The Zero Degree Calorimeters (ZDC) [46, 18] is a hadron calorimeter consisting of tungsten
plates alternating with layers of undoped optical fibers, sampling the energy deposit through
Cherenkov light produced by shower electrons in fiber. Figure 2.3 shows the mechanical design.
They are installed about 18 m away from the nominal collision point on upstream/downstream
of beam line.

ZDCs are installed for measuring the deposited energy of spectator neutrons. The coincidence
of ZDC and Beam-Beam Counter (Section 2.4.2) is used for minimum bias trigger.
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Figure 2.2: (Left) Line drawings of the PHENIX magnets, shown in perspective and cut away
to show the interior structures. Arrows indicate the beam line of the colliding beams in RHIC.
(Right) Vertical cutaway drawing of central and north muon magnets showing the coil positions
for both magnets [17].
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Figure 2.3: Mechanical design of the production tungsten modules [18].
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Figure 2.4: (a) Single BBC consisting of 1 in mesh dynode photomultiplier tubes mounted on
a 3 cm quartz radiator, (b) A BBC array comprising 64 BBC elements, (c) The picture of BBC
mounted on the PHENIX detector [19].

2.4.2 Beam Beam Counter

The Beam-Beam Counters (BBC) [19] are composed of two arrays of 64 Cherenkov counters
with quartz radiators and photomultiplier readout. Figure 2.4 shows the pictures of the dynode
photomultiplier tubes mounted on quartz radiator, the BBC array, and the BBC moundted on the
PHENIX. BBCs are placed 144 cm away from the nominal collision position on north/south sides
with surrounding the beam pipe. They are installed for determination the time of interaction Tg
and the position in z direction of a collision Z,t, by measuring the flight time of prompt particles

as
T, = Ts-i-T]\;—QL/C7 (2.1)
Ts+ T,
L= o(Ts +Tn) (2.2)

5 )
where T, Ty are the detected time at BBC South and North, and L is the distant between
the nominal of collision to the Z,ix. The time of interaction is used for as a start time for the
time-of-flight (TOF) measurement and signal for the Level-1 (LVL1) trigger. The interaction
position is utilized for limiting the vertex region within the PHENIX acceptance. Total charge
distribution in BBC is used to determinate centrality in event-by-event.

2.4.3 Muon Piston Calorimeter

The Muon Piston Calorimeter (MPC) locates at forward and backward rapidity for aiming to
measure photons and charged particles [20]. They are consisted with a highly segmented Lead-
Tungstate (PbWOy) crystal array with Avalanche Photodiode (APD) readout. Lead-Tungstate
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Figure 2.5: (Left) The design of the MPC. (Right) The picture of MPC South [20].

is one of the best candidate materials for a compact calorimeter since it has one of the smallest
radiation length (0.89 cm) and moliere radius (2.0 cm) of any known scintillator. Each MPC has
192 (220) crystals of size 2.2x2.2x18 cm?, sits around the beam-pipe 220 cm from the interaction
point, and covers -3.7 < n < -3.1 (3.1 < n < 3.9), respectively. Figure 2.5 shows the design of
the MPC and the picture of MPC south mounted in PHENIX.

2.4.4 Reaction Plane Detector

The Reaction Plane Detector (RxN) is a scintillator paddle detector embedded with optical fiber
light guides connected to photomultiplier tubes [21]. Figure 2.6 shows the schematic diagram
and the picture of RxN north mounted in PHENIX. The design purpose is to measure accurately
the reaction plane (R.P.) angle of heavy ion collisions. A 2 cm lead (Pb) converter is located
directly in front of the scintillators, and it makes photons deposit their energy in the scintil-
lators. Thereby the overall particle flux through the scintillators increases and the accuracy
also increases. However due to finite particle statistics and detector granularity, it is impossi-
ble to know the angle of Reaction Plane, Wy p, with absolute certainty, thus its experimental
measurement is referred to as the event plane angle.

The RxN was designed to optimize the resolution of the 2nd harmonic event plane mea-
surement, while not interfering with the location and particle acceptance of existing PHENIX
sub-systems. Because one contributing factor that strongly influences the resolution is the par-
ticle multiplicity on the detector, RxN had been installed in the location close to CNT.

The RxN is composed of two sets of 24 scintillators, a north and a south, and located +
39 cm from the nominal vertex position. The scintillators are arranged perpendicular to and
surround a 10 cm diameter beam pipe in 2 concentric rings (inner, outer), with each ring having
27 coverage and 12 equally sized segments in ¢. All scintillators are trapezoidal in shape, 2 cm
thick, made of EJ-200 material from Dljent Technology (equivalent to BC408) and individually
wrapped with an inner layer of aluminized mylar sheeting for light reflection and an outer layer
of black plastic for light tightness. The inner ring covers 1.5< 1 <2.8 and outer ring covers
1.0< n <1.5. Because Reaction Plane detector is close to CNT, non-flow effect such as jet and
resonance decay should be considered when azimuthal anisotropy study.
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Figure 2.6: (Left) Schematic diagram illustrating the arrangement of the inner (red) and outer
(blue) scintillator rings. The length of each scintillator side is shown in centimeters. (Right) The
picture of the RxN’s north half installed on the Cu nosecone of PHENIX’s central magnet prior
to the installation of the HBD [21].

2.5 Central Arm Detectors

Central Arm detectors (CNT) are composed by many kinds of spectrometers in order to measure
several observables such as momentum, energy, and identify particle species. Pad Chamber is
introduced in Section 2.5.1 and Electromagnetic Calorimeter is shown in Section 2.5.2.

2.5.1 Pad Chamber

The PHENIX Pad Chambers (PC) [47] are multi-wire proportional chambers consisted of three
separate layers of the PHENIX central tracking system shown in Figure 2.1. Each detector
contains a single plane of wires inside a gas volume bounded by two cathode planes. They are
installed in order to determine space points along the straight line particle trajectories outside
the magnetic field.

The innermost pad chamber plane, called PC1, is located outer of Drift Chamber on both
East and West arms. PC2 layer behind the Ring Imaging Cherenkov Detector is present in the
West arm. PC3 is mounted just in front of the Electromagnetic Calorimeter. In this analysis,
PC3 is used to reject the charged particle signals from photon signal.

2.5.2 Electromagnetic Calorimeter

Electromagnetic Calorimeter (EMCal) [22] is installed in order to measure the energies and
spatial positions of photons and electrons. It is also an important part of the PHENIX trigger
system. EMCal covers the full central arm with two type of calorimeter, Pb-scintillator (PbSc)
sampling calorimeter and Pb-glass Cherenkov calorimeter (PbGl) as shown in Figure 2.1. The
four sectors of West arm are PbSc, and two sectors of East arm are PbSc and two of PbGl.
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Both calorimeter has different strengths and weaknesses, for example, PbSc has good linearity
of energy and timing response to hadrons, PbGI has good granularity and energy resolution.

Lead-scintillator 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. Each Pb-scintillator
tower contains 66 sampling cells consisting of alternating tiles of Pb and scintillator. These
cells are optically connected by 36 longitudinally penetrating wavelength shifting fibers for light
collection. Four towers are mechanically grouped together into a single module as shown in
Figure 2.7. Thirty six modules are attached to a backbone and held together by welded stainless-
steel skins on the outside to form a rigid structure called a supermodule. Eighteen supermodules
make a “sector”, a 2x4 m? plane with its own rigid steel frame.

Front

Wavelength

Module V-4 .~ shifting fibers

Layers of lead and
scintillator tiles
(sampling cells)

Phototubes
attached here

Figure 2.7: Interior view of a Pb-scintillator calorimeter module showing a stack of scintillator
and lead plates, wavelength shifting fiber readout and leaky fiber inserted in the central hole [22].

Performance of Detector Response from beam test The energy linearity, resolution and
position are measured with the test beam at AGS (BNL) and SPS (CERN). The correlation
plot between the incident beam energy and the energy measured in the calorimeter is shown in
Figure 2.8. Data are normalized to 1 GeV. The finite light attenuation length (100 cm) in the
WS fibers is a major contributor to the response non-uniformities at the low end of the energy
scale, although this effect is mitigated by the fact that each fiber is looped back as shown in
Figure 2.7, and the light collected always has a short and a long path to the phototube. Other
contributors at low energies are coarse sampling and energy leakage at the front face. At high
momenta the “positive” effect of the light attenuation in the fibers is overcompensated by the
“negative” effect of energy leakage from the back of the calorimeter. The resulting nonlinearity is
about a factor of 2 lower than what one would expect from the effect of light attenuation alone.
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Figure 2.8: Pb-scintillator EMCal energy linearity measured in beam test at AGS (left) and SPS
(right). The residual (calorimeter measured energy loss the beam energy, divided by the beam
energy) is for the 5x5 tower energy sum. The solid lines show total systematic uncertainties in
the analysis [22].

Energy resolution The obtained energy resolution of Lead-Scintillator is shown in Figure 2.9.
The resolutions are given by fitting with a liner (A) or quadratic (B) formula as following,

OE 6.2%

=) = 12%+ —— 2.3
(E)A o VE(GeV)’ (23)

OF 8.1%

=) = 21% 0 ———. 2.4
(%) s "0 EGe) (24)

The 8.1% value for the stochastic term is close to the expected resolution from sampling as

predicted by GEANT.

Position resolution Both simulation data (GEANT) and experimental data taken at different
impact angles show that the measured shower shape (the projection onto the front face of the
calorimeter) becomes skewed for non-normal angles of incidence. The data also show a gradual
spread of the shower core mainly related to the longitudinal shower fluctuations contributing to
the observed width. It depends on impact angle 6 as

b(0) = by ® a(E) x sin? (), (2.5)

where byp=7.3 mm is the average width of 1 GeV electromagnetic showers for #=0. At larger angles
the contribution from longitudinal fluctuations becomes dominant and the position resolution
degrades. All available data on position resolution can be well described by the simple formula
as

ox(E,0) = 00(E,0) & A x sin (0), (2.6)
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Figure 2.9: Pb-scintillator EMCal energy resolution obtained by beam tests at AGS and SPS.
The blue dashed line shows a fit to the linear formula o(E)/E=1.2%46.2%/+/E(GeV). The red
dashed-dotted line shows the fit to the quadratic formula o(E)/E=2.1%®8.1%/+/E(GeV).

where

2.7
oo(E,0) =1.55® m(mm), (2.7)

is the position resolution for normal incidence.

Lead-glass calorimeter

The Pb-glass calorimeter array comprises 9216 of a system previously used in CERN experiment
WA98. The Pb-glass calorimeter locates the two lower sectors of the East Central arm. Each
Pb-glass sector comprises 192 supermodules (SM) in an array of 16 Pb-glass SM wide by 12 SM
high. Each Pb-glass SM comprises 24 Pb-glass modules in an array of 6 Pb-glass modules wide
by 4 modules high. Each Pb-glass module is 40 mm x 40 mm X 400 mm in size. Figure 2.10
shows the exploded design of SM.

Energy and position resolution study from beam test The response of the Pb-glass was
studied in the beam tests at the AGS (BNL) and SPS (CERN). Figure 2.11 shows the energy
resolution of e showers as a function of the incident energy with various angles of incidence on
the calorimeter surface. The energy resolution was parameterized as

59+0.1)%

o(E) _ (
7 = (08£0.1)%® BGev] (2.8)

The position resolution was obtained by

(8.4 +0.3)(mm)
E(GeV)

02(E) = (0.2 4+ 0.1)(mm) & (2.9)
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Figure 2.10: Exploded view of a Lead-Glass detector supermodule [22].
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Figure 2.12: Schematic diagram of the PHENIX on-line system [23].

2.5.3 Data Acquisition System

The PHENIX Data Acquisition System (DAQ) is designed to accomplish the data taking in a
variety of colliding system from p+p to U+U collisions [23]. The occupancy in the detector
varies from a few tracks in p+p collisions to approximately 10% of all detector channels in
central Au+Au collision. The interaction rate changes from a few kHz for Au+Au collisions to
approximately 500 kHz for p+p collisions. The PHENIX DAQ system was accomplished through
the pipelined and deadtimeless features of the detector front ends and the ability to accommodate
higher level triggers. Figure 2.12 shows the general schematic for the PHENIX On-Line system.

In PHENIX it is required to measure low-mass lepton pairs and low pr particles in a high-
background environment. It is also needed to detect rare interactions that provide direct probes
of the QGP, such as high pr photon. In order to preserve the high interaction-rate capability of
PHENIX, a flexible triggering system that permits tagging of events was constructed.

Front End Electronics

Signals from the various PHENIX subsystems are processed by Front End Electronics (FEE). The
detector signals are converted into digital data at FEE. The signals are buffered in order to wait
for the Level-1 trigger (LVL1) decisions, which takes about 40 beam crossings. This involves
analog signal processing with amplification and shaping to extract the optimum time and/or
amplitude information, development of trigger input data. If the LVL1 trigger accepts an event,
a signal is transmitted to the Granule Timing Module (GTM) generating an ACCEPT signal
sent to the detector FEMs. Then the FEMs process the data from the individual sub-detectors
and send it to the Data Collection Modules (DCM) for assembly.
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Data Collection Modules

The data of the individual sub-detectors are collected to the Data Collection Modules (DCM).
Zero suppression, error checking, and data reformatting are operated in the DCMs. The average
LVL1 trigger is 25 kHz and the RHIC beam crossing clock runs at 9.4 MHz. At the maximum
LVLI trigger rate, the FEMs send over 100 Gbytes of data per second. The data are sent to the
Event Builder (EvB).

Event Builder

The two primary functions of the Event Builder (EvB) are the final stage of event assembly in the
DAQ and to provide an environment in which Level-2 trigger (LVL2) processing is performed.
Many parallel data streams from DCMs are sent to the EvB and each data stream is assembled
into complete event. The EvB performs LVL2 trigger processing on the events and transmits
accepted events to the Online Control System (ONCS) for logging and distribution to monitoring
processes.

Event Trigger

The On-Line system has two level of triggering denoted as the Level-1 trigger (LVL1) and the
Level-2 trigger (LVL2). The responsibility of the LVL1 is to select potentially interesting events
for all colliding species and provide event rejection sufficient to reduce the data rate. The
LVL1 consists of two separate subsystems. The Local Level-1 (LL1) system communicates with
participating detector systems such as BBC and ZDC. The input data from these detector systems
are processed by the LL1 algorithms to produce a set of reduced-bit input data for each event.
The Global Level-1 (GL1) system receives, combines this data to provide a trigger decision, and
manage the busy signals.

In order to collect the rare events, for example, which includes high py photon or electron
pair, and reduce dead-time, LVL2 trigger is set additionally. The LVL2 is performed in the EvB.



Chapter 3
Analysis

In this study, about 4.4 billion events in \/sxn = 200 GeV Au + Au collisions taken at the RHIC-
PHENIX experiment in 2007 (Run7) are analyzed. In this chapter, event selection is described in
Section 3.1, event plane determination is discussed in Section 3.2, photon selection is explained in
Section 3.3, measurement of inclusive photon v, is shown in Section 3.4, measurement of neutral
pion v, is described in Section 3.5, simulation of decay photon v,, is discussed in Section 3.6, and
measurement of direct photon v,, is shown in Section 3.7.

3.1 Event Selection

Minimum Bias (MB) trigger is used to select the data. MB is defined that there is at least two
hits in each BBC, at least one hit in each ZDC, and primary vertex position on z direction is
within 38 cm from nominal vertex position. In addition to MB, the selection with vertex position
within 30 cm is applied in this thesis.

3.1.1 Centrality Determination

The centrality is a part of classifying collision geometry which is given by impact parameter
or volume of overlap region between nuclei in event-by-event as shown in Figure 1.6. However
it is impossible to measure impact parameter experimentally. Because it is expected that the
number of the emitted particles are closely proportional to the volume of overlap region, we
define centrality with the multiplicity.

In PHENIX experiment, the centrality is defined from the charge sum in the BBC North
and South combined. Because the centrality is expected to relate the number of participants
(Npart), the relation between centrality and Ny, is studied. The negative binomial distribution
(NBD) is introduced to connect between N,q and the multiplicity. The assumptions are (1)
each nucleon independently produces particles, (2) underlying probability distribution of particle

production as following

NBD (w;p, %) = (1 * %) (le(Lff—_lil)! (,u j— H) ’ (3:-1)
nNBD (z;u,k) = NBD (z;npu,nk). (3.2)

34
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Figure 3.1:  (Left) The charge sum distribution in BBC South (blue) and the NBD fitting
(red) [24]. (Right) The ratio of data to the NBD equation.

The N BD is parameterized by the average number of emitting particles per one participant (u)
and the fluctuation (k). Randomly sampling from nN BD(u,x) distributions follow N BD(nu,nk).

The possibility that BBC has charge = (P(x)) with normalized per event is given as

N{:oll(maz)
P(z) = Z G(n) x NBD(x;npu,nk), (3.3)

n=1

where G(n) is the number of binary collisions calculated by the Glauber Monte-Carlo model and
two parameters of p and x are free parameters. Figure 3.1 shows the charge sum distribution
in the BBC (NEBC) fitted by P(z) to determine p and & in N2BC > 20 in order to avoid the
trigger inefficiency in low BBC charge. The BBC charge distribution fitted by the N BD is shown
in Figure 3.1. It is defined that the relation between the charge sum in BBC and the parameter
Npart, Neot, impact parameter b simulated by the Glauber Monte-Carlo. They are summarized
in Table 3.1 [36].

The table of parameters with systematic uncertainty
Centrality % (Npart) (Neol) (b)
0-10 325 £ 4 960 £ 96 3.13 £0.11
10-20 236 £ 6 609 £ 60 5.65 £ 0.21
20-30 167 £ 6 377 £ 36 7.33 £ 0.28
30-40 115+ 6 223 £+ 23 8.70 £ 0.33
40-50 76+ 6 124 £ 15 9.88 £ 0.39
50-60 47+ 5 63+ 9 10.94 + 0.43
0-20 280 £ 5 783 £ 78 4.40 £ 0.16
20-40 141 £ 6 300 £ 30 8.02 £ 0.31
40-60 62 + 5 94 + 12 10.41 4+ 0.41

Table 3.1: The summary of relations between the centrality and the parameters of (Npart),
(Neou), impact parameter (b) [36].
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3.2 Event Plane Determination

In this section, we introduce how to determine the event plane. The particle distribution in
azimuthal angle is discussed in Section 3.2.1, the method of determination of event plane is
described in Section 3.2.2, the manner of event plane calibration is introduced in Section 3.2.3,
and the resolution of event plane is shown in Section 3.2.4.

3.2.1 Azimuthal Distribution of Emitted Particles

The azimuthal distribution 7(¢) of emitted particles is written by Fourier expansion of the
periodic function with 27 period as below,

r6) = 24 23 fancos (n6) + yasin (nd)},
n=1
= 32L7Or 1+2;{Zcos (ngb)—l—zr(l)sin(ngb)}] , (3.4)

where n is the harmonics, z,, and y, are the integral components of the r for x and y direction.
The x,, and ¥, are given by the summation of the number of particles due to a finite number of

particles in an event as following

27
- / dgr(6) cos (ng) = 3 rs(6) cos (ne), (3.5)

i
2m
o= [ dor(o)sin(ng) = 3 ri()sin (n6), (3.6)
B i
where i runs over all particles generated by collisions and ¢; is the azimuthal angle of i** particle.

When the angle of emitted particles are measured with respect to event plane angle (¥,,), then
Fourier-expansion is modified as

H(6) = 52 =3 lalcos {n(6 — Wa)} + g sin {n(6 — B}
n=1

Zo
2

i

1 +2§:1§Zcos{n(¢— U}

o

= . (3.7)

1+2 Z v cos{n(¢p — U,)}

n=1

Because the emitted particle distribution in azimuthal angle with respect to event plane angle is
assumed to be symmetric, sine term is vanished. The coefficients v, = (cos {n(¢ — ¥,)}) is the
strength of azimuthal anisotropy, where brackets (- --) means an average over all particles in all
events.

From emitted particle distribution in azimuthal angle, v, and V¥,, are written as

2 2
v, = 7\/%4'%7 (3.8)

1 n 2
U, = ~tan! <y> 0<w, <. (3.9)
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Using Eq.(3.8) and (3.9), the azimuthal distribution Eq. (3.4) is modified as,

_ %o 3 x—"cos n y—nsin n
@) = {12 {Treostn + desin ¢>}],
= ;:—72[1 +2 Z{U” cos (ng) cos (n¥,,) + vy, sin (ng) sin (n¥,)}],
n=1
= ;;[1—|—QZUHCOS{TL(¢—\I/”)H. (3.10)
n=1

However, the v, measured by experimentally observed ¥,, is not true v,. It is needed to estimate

true v, (v7%) from observed v, (v2*). The v2* can be rewritten as
W = feos (o — ),

cos {n( — W W W),
= (cos {n(¢ — Wree)} cos {n(Wirwe — wobs )1y — (sin {n(p — Wirve)} sin {n(Wiree — wobs )}y,
cos {n(¢ — W")}) (cos {n(T" — wP*)}),

= o feon {n( B~ WP))) .11
true ’Ugbs. 3 12
N S T o)) 12

where the average of sine terms vanish because the ¢ distributions with respect to Wirue is
expected to be symmetry. It is found that the v/“"® is estimated from the ratio of v2** and

(cos {n(Wlere — wobs)1) . The term of (cos {n (e — Wobs)1) is called the event plane resolution
which will be discussed in Section 3.2.4

3.2.2 Event Plane Determination

In this analysis, RxN, MPC and BBC are used for determination of event plane. As shown in
Section 2.4, they cover full azimuthal angle and are divided into several segments in azimuthal
angle. For example, The RxN(In) have 24 segments (scintillators) combined of North and South.
Event plane is obtained by Eq. (3.9), experimentally, it can be estimated as

1

v = ntan_1<gz>, (3.13)

Q. = Zwicos(n@), (3.14)
i=1

Qy = ZwiSin(n¢i)7 (3.15)
i=1

where m is the total number of the segments, \I/;’Lbs is the measured n'® harmonic of event plane,
Q. and @, are the event flow vectors, w; and ¢; are the weight and the azimuthal angle of ith
segment, respectively. For example, w; is the charge output of each PMT which is normalized by
the total charge of all segments. The azimuthal angle distribution of event plane should be flat
but measured distribution is be flat due to existence of dead PMTs, unequal PMT’s gains, finite
number of PMTs, and the offset of beam position, shown as blue distribution in Figure 3.2. The
calibration method is introduced in Section 3.2.3.
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Figure 3.2: The event plane angle distributions of RxN(I4+O) in 10-20% centrality. (Blue) The
event plane angle with no correction. (Green) The distribution of event plane after re-centering.
(Ref) The distribution of event plane after flattening.

3.2.3 Event Plane Calibration

There are several steps of calibrations to correct event plane angle. First, PMT’s gains are

calibrated to have the same mean charge value. The second step is re-centering calibration
which recenters the average of the event flow vector ), @y, and normalizing the width of their

distribution.

oot — %tan_l (gz) (3.16)

;07'7“ — M, (317)
Oz

onrr — Qy_a<Qy>7 (318)
Yy

where (Q.) ((Qy)) are the mean of Q. (Q,) over many events, and o, (0,) are the standard
deviation of @, (Q,) distribution, respectively.
The third step is flattening calibration to remove the remaining non-flatness of event planes [48].

It is written as

2
gflat — georr 4 Z [i{(cos (in W) sin (inW™) — (sin (inWe”™")) cos (in¥e™ )} . (3.19)

In this analysis, ¢ runs up to 8. It is found that the event plane distributions is flat after all
correction, and it is shown as red distributions in Figure 3.2.

3.2.4 Event Plane Resolution
The method of estimating event plane resolution is introduced in this section. In this analysis,
2-sub method is utilized. Event plane resolution can be expressed as [49],

(cos {km (¥ — W)} ;\/gxm exp (=X /DL e-1)/2(Xim /4) + L(i11) 2 (X/4))3.20)

Um V2N, (3.21)

Xm



3.3. PHOTON SELECTION 39

where I, is the modified Bessel function of the first kind of order v, the constant of m, [ are
the harmonics, and N is the number of particles used to determine the event plane. When the
harmonics of event plane are the same (m = 1), k=1 is used.

The correlation between ¥¢ and ¥ can be expanded as,
(cos {n(W5, — W7)}) = (cos {n(W5, — U1 })(cos {n(¥;, — T)}). (3.22)

The sine term is vanished due to symmetry. It is obtained that the correlation between event
plane measured by detector a (¥%) and b (¥?) is represented by multiplying between the res-
olution of ¥? and W®. Experimentally the resolution of event plane angle is estimated by the
correlation between the measured event plane.

When multiplicity and v,, are the same between the detector a and b, for example, they are
RxN South and North, it is expected that the resolutions of W5 and WVt are the same.
Therefore, the resolution of each detector can be given as

(cos {n(T™ — Wre)}) = (cos {n(T ™" — W) }) = \/ (cos {n(Wiouth — Wwiyorth)}). (3.23)

Additionally, because x,, is proportional to v IV, x,, for the combinations of South and North
RxN detector is given as

Xgouth+North _ \@Xgouth _ \/ixé\forth. (324)

Because the resolution can be calculated from Yy, the resolution of the combination of South

and North detectors can be estimated from the correlation between the event plane of South

and North detector. The correlation between event plane measured by each of South and North

detector and the resolution for the combination of South and North detectors are shown in
Figure 3.3

3.3 Photon Selection

In this section, experimental photon identifications at Electromagnetic calorimeter are intro-
duced. The manner of clustering is introduced in Section 3.3.1, and photon identification is
shown in Section 3.3.2.

3.3.1 EMCal Clustering

In this section, the manner of EMCal clustering is introduced [50, 25]. The Moliere radius (Rxr)
of the calorimeter is the characteristic radius of the electromagnetic shower where 90% of the
energy is contained. The R); of EMCal is calculated about 3 - 4 cm by using the typical value
of a radiation length (Xp) as 2.1 cm for PbSc and 2.8 cm for PbGl. Electromagnetic shower
deposits its energy on some towers. It is needed to merge their towers to measure the particle
energy and position. In this section, the measurement and correction of cluster energy and hit
position are shown.
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Figure 3.3: (Top) The event plane angle correlation between North and South subdetectors.
(Bottom) The event plane resolution of the detector combining South and North.

Cluster energy measurement

The energy deposit from electromagnetic shower in EMCal was studied in the beam test, which
was precisely calibrated by electrons and positrons. The predicted shower shape function of
i-th tower (F;) which is 2-D exponential in the tower distance from local maximum tower is
parameterized by

F, = =i

T/ T 3 ry/Tr
= Pi(FEjor, ) exp {_Pi(E/ti,)a)} + P3(Eiot, ) exp {_F’;(E{;,)a)}’ (3.25)

where, Elp red- 35 the predicted energy of i*® tower, r; is the distance between the center of "
tower and corrected hit position, and rg is the surface size of a EMCal cell (5.5 cm). P, is the
parameterized function which depend on the total energy FE,; and impact angle « defined as the
angle of incidence. The parameters P, is obtained from the beam test as

Py = 0.59 — (1.45 4 0.131n E;y) sin? (), (3.26)
Py = 0.27+ (0.80 + 0.321n Fjy) sin? (), (3.27)
Py = 0.25+ (0.45 — 0.036In Ety) sin? (a), (3.28)
Py = 0.42. (3.29)

Figure 3.4 shows the example of the shower shape function in the case of that a photon hits
at the center of a tower perpendicularly. It is found that the electromagnetic shower deposits
about 84% of own energy in the hit tower, and other towers have less than 4% energy. The
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shower core energy F.o.. is defined by the predicted fractions F; having more than 2% of F;.
The E.opr is defined as
Ecore = Z Eia (330)
for F;>0.02

where F; is the measured energy deposit in the ™" tower. The example of core clustering is
shown as the area surrounded by dotted line.

The variance of the predicted energy function op is parameterized with o and the total of
missed energy due to the clustering thresholds ¢(FE}y) as

Epred.
O'% = A. Ezpred. {1 + B\/ Etot SiIl4 (Oé)} (]. - El: > + Q(Etot)a (331)
tot
q(Eiwt) = 0.005% +0.0014% - E2,(GeV?), (3.32)

where A=0.03 (GeV?) is the scale for energy fluctuations of the shower and B = 4.0/0.03 — 133 is
the amplitude of correction function for impact angle given by the test beam data. For example,
when one 1 GeV photon entered to EMCal perpendicularly, the predicted energy deposit on the
center tower is about 840 MeV and the energy fluctuation variance is 64 MeV.

‘0.21 %

0.86 % 13.67 %1 0.86 %

X
0.21 % {3.67 % | 84:01%) 3.67 %1 0.21 %

0.86 % }3.67 % 1 0.86 %

‘0.21 %

Figure 3.4: The example of predicted shower energy fraction in towers under assuming that
a photon hits on the center of tower perpendicularly. The core clusters formed by the towers
contained more than 2% of total energy. The cluster is surrounded by dotted line [25].

Correction for E,., .

The number of towers used for FE.,.. depends on the hit position on the tower surface. The
contribution from the shower tail is definitely neglected from FE.,... For example, 0.86 x 4 4
0.21 x 4 = 4.28% of shower energy is missed in Figure 3.4. Therefore, it is needed to correct
Ecore with the incident angle o and measured E.yre. It is estimated by Monte Carlo simulation
which uses the parameterization obtained by beam test as

1.089
BT — — Ecore- (3.33)
1.0 — 1.35sin* (@) {1.0 — 0.0031n (Eeore) }

The corrected core energy ESOIT denotes Ecore simply in the following.
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The resolution of the E.,. is studied by a simple convolution of the energy by the fluctuation
due to the E.y-e algorithm. Figure 3.5 shows the results with respect to 0.5, 1, and 4 GeV photon
energy. Although the E.,.. algorithm causes a bit worth performance in energy resolution, the
effect is small.
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Figure 3.5:  The resolution distributions of reconstructed photon energy studied by using

GEANT simulation. The ratio of core energy Fiore (dashed line) and total energy FEy, (solid
line) to the true photon energy (Eor4) on the simple gaussian distribution with intrinsic EMCal
energy resolution for 0.5, 1.0, and 4.0 GeV photons [25].

Cluster position measurement

In this section, the estimating of the hit position on the surface of EMCal is introduced. The

energy gravity (z,y). of the cluster can be written as

2w,y B
(@, y)e = TS E (3.34)

where (x;,1;), F; are the center of position and deposit energy of i*" tower, respectively. However,
it is not sufficient that the hit position is estimated by the energy gravity in the experiment,
because the shower shape depends on the incidence angle . The correlation between true hit
position (z,y)corr and (x,y). was studied by beam test and they are parameterized as

<xcm> _ <:1:C —{1.05 4+ 0.121n (Ey;) } sin? (ax)> (3.35)
Yeorr Yo — {1.05 + 0.121In (Erpt) } sin? (ay) )’
sino, = — (3.36)
vz + U3
sinay, = v ) (3.37)
1)2 + 1}2
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where (vg, vy, v,) is the vector from collision vertex to the center of gravity. The definition of
(Vg, Uy, Vz), Qg, oy are shown in Figure 3.6.

/(xnmm Yeorr) Corrected position

}—(xc, y¢) Center of gravity

E

[

i&
A

L(.m:,', yi) Center of i 'th tower

Figure 3.6: (Left) Definitions of impact angle and vector of (vy, vy, v.). (Right) The hit position
correction from energy gravity to true position. The amplitude of deposit energy is represented
by shaded gray area [25].

3.3.2 Photon identification

The clustering algorithm to measure the energy and hit position of photon is introduced in
Section3.3.1. Additional selections are utilized to identify photon in this analysis, and they are
listed below.

e Energy threshold for E.oe
e Bad tower rejection
e Shower shape cut x?

e Charged particle rejection

Energy threshold cut (Egore > 200 MeV) is applied to exclude the noise clusters because a
lot of small fragment clusters which have energy of about 100 MeV are constructed due to the
PHENIX clustering algorithm.

Bad tower rejection

In the PHENIX EMCal, bad condition towers are recognized by the “bad tower map”, which is
defined by following rules,

Warn map high frequency of hits in the low energy (< 2GeV) region
Hot map high frequency of hits in the high energy region

Dead map low frequency or no hits
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The “bad tower map” is identified in online analysis before data reconstruction by the total
number of hits, the integrated energy, and the average per event energy for each tower. Figure 3.7
shows the hit distribution per a tower in sector 1 and gaussian equation is fitted in order to identify
bad towers. The high frequency towers which hit higher than 50 of the hit frequency per tower
are tagged as “Warn tower” (in low energy region), or “Hot tower” (in high energy region). Low
frequency towers which hit lower than 50 of the hit frequency per tower are tagged as “Dead
tower”. The towers failed in energy scale calibration are also added to “Dead tower” map. The
“bad” towers and their around 3x3 towers are excluded from following analysis because the 3x3
towers are used for core clustering in the clustering algorithm. In addition, the towers on edge
of each sector are also removed from analysis because a shower shape can not be reconstructed
correctly.

50

Sector E1

E.ore > 0.2 GeV
40

Number of towers

30

20

10

Il " d oy
200 250 300
Hits per tower

Figure 3.7: Hit distribution per tower in sector 1. Dotted line shows the fitted gaussian equation.
The towers out of 50 denote as bad towers [25].

3.3.3 Shower shape cut

We measure the shower shape at EMCal to identify the signal as a electromagnetic and hadronic
particles. Electromagnetic particles drop their entire energy at the calorimeter while almost
hadronic particles pass through with losing a part of their energy. That is why the shower shape
is expected to distinguish electromagnetic particles and hadrons. Therefore, shower shape is used
for differentiating photons.
The shower shape is defined as
pred. meas.\2
2= 2B — Ej ) : (3.38)

0;

where EM¢: is the energy measured in i*® tower, E red- is the predicted energy estimated
by Eq. (3.25), and o; is the variance of tower energy estimated by Eq. (3.31). This x? value
characterizes how “electromagnetic” a particular shower is, and the x? distributions for 2 GeV/c
electrons and pions (with energy deposit above minimum ionization) are shown in Figure 3.8.
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The shower shape of photon is known to be the almost same with that of electron excepting the
starting point of energy deposit in the EMCal. The x? < 3 is applied for selecting photon signal

in this thesis.
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Figure 3.8:  x? distribution for showers induced by 2 GeV/c electrons and pions in the Pb-
scintillator calorimeter. The arrow marks the x? cut corresponding to 90% electron efficiency [25].

3.3.4 Charged Particle Rejection

The shower created by charged particles can be rejected via using PC3. The PC3 is located in
front of the EMCal as shown in Figure 2.1. The distance of the position between the cluster on

EMCal and nearest the signal on PC3 (rgarca—pcs3) is given as

_ 2 2 2
TEMCal-PC3 = \/ drgrrca—pes T WEnca—pes T AZErca—pes
= \/(TT sin (dpparcai-pes))? + A2y poss (3.39)
— 2 2
rTo= \/ TEMCal—Pc3 T YEMCal-PC3) (3.40)

where r7 is the length between EMCal hit position and vertex position in z and y direction. The
rEMCal—pc3 > 6.5 cm (6.5 cm is defined referring to Moliere radius) is applied for rejecting the
cluster of charged hadron in this thesis.

3.4 Inclusive photon v, measurement

3.4.1 Inclusive photon v, measurement

Inclusive photon v, is measured by two type of methods, which is related with bin selections.
e method 1 : (cos{n(¢ — ¥,)})

e method 2 : Ny(1 + 2v, cos{n(¢ — ¥,,)}) is fitted to A¢ distribution
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where brackets indicates average for all photons and events. Fitting function is Fourier expansion

and written as

No[l + 29 cos {Q(Qf) — \112)} + 204(@2) CcOos {4((;5 — \1’2)}] (fOI“ v9 and 7)4(\112)), (3.41)
No[l + 2vp, cos {n(¢ — ¥,)}] (for vg and vy(Vy)). (3.42)

Figure 3.9 shows the example plots of these equations fitting to the inclusive photon distribution
with respect to each harmonics event plane. The average value of v, obtained method 1 and
method 2 is utilized for the mean points in this analysis. Figure 3.10 shows the results of inclusive
photon wo, vs, and v4 with method 1 and method 2. The difference of v,, between these method
is defined as systematic uncertainty.
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Figure 3.9: Inclusive photon yield distribution as a function of |A¢| = |¢p — ¥,,| with 4 pp
selections. Top figures are distributions with respect to the second order event plane and bottom
figures are with respect to the third order of event plane. The solid lines show the fitting results

of a Fourier function.

3.4.2 Systematic uncertainties

Systematic uncertainty for inclusive photon v, is estimated by three sources in this analysis.
e Photon PID selections
e Difference between different methods to extract v,
e Event plane determination

Total systematic uncertainties are evaluated by adding up each source in quadrature by assuming
that they are no correlations between systematic uncertainties.
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Figure 3.10: (Top) Inclusive photon v, measured by method 1, method 2 and averaged v,.
(Bottom) The deviation of v, between method 1 and method 2.

Photon PID selections

Estimation of systematic uncertainty from photon PID is discussed. Inclusive photon v, is
measured with varying photon selection of “Shower shape cut” and removing “PC3 charged
particle rejection”, and the deviation between each v,, and v, with nominal cut are calculated.
The average value of each deviations, which is averaged within four pp ranges without any weight,
is defined as a systematic uncertainty. The divided pr ranges are 1< pr <1.5, 1.5< pr <2.5,
2.5< pr <5.5 and 5.5< pr <15 GeV/c. Tested photon selections are shown in Table 3.2.
Figure 3.11 shows the v,, with several photon PID selections, and mean v,, measured with nominal
selection is shown as black solid point. The difference between mean v,, and several v,, are shown
in lower figures, and averaged value is defined as systematic uncertainty.

The table of tested photon selection for inclusive photon v,
Shower shape cut (x?) 2.0 2.5 3.0 3.5 4.0
charged particle rejection with without

Table 3.2: This is the table of tested photon selection. Boldface is the nominal selection.

Difference between different measurement methods

Inclusive photon v,, is measured by two types of method, which are method 1 and method 2 in
Section 3.4.1. The difference between each v, and mean v, is used for systematic uncertainty.
Systematic uncertainty is estimated within four pr ranges, which are 1< pr <1.5, 1.5< pr <2.5,
2.5< pr <5.5 and 5.5< pr <15 GeV/c.
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Figure 3.11: (Top) : Inclusive photon vg, vs, and vy with several photon selections (open).
Black solid points are v,, with nominal selections. (Bottom) : Aw, of difference between each v,
and mean v, as a function of pr. Systematic uncertainty is defined as averaging within 1 < pr <
1.5, 1.5 < pr < 2.5, 2.5 <pr < 5.5, and 5.5 < pr < 15 GeV/c.

Event Plane definition

Systematic uncertainty of event plane determination is not expected to depend on particle species,
therefore it is estimated by charged particle due to large statistics. The ratio of v, with each
event plane to averaged v, is fitted by constant and the largest value is defined as a systematic
uncertainty. Figure 3.12 shows the estimation of systematic uncertainty of event plane definition.
The systematic uncertainty from event plane definition is summarized in Table 3.5.
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Figure 3.12: (Top) The wvq, v3, vy, and vy(V2) of charged particle with event plane measured
by each detector. (Bottom) The ratio of each v, to the average of v, and defined systematic

uncertainties.
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Systematic uncertainty of inclusive photon v, (RxN(I+O)) from photon selection
. pr (GeV/c)

centrality (%) 1-15 15-25 25-55 5.5 - 15
0-10 0.0007 0.0011 0.0015 0.0036
10 - 20 0.0008 0.0012 0.0016 0.0023
20 - 30 0.0006 0.0012 0.0016 0.0018
2 30 - 40 0.0003 0.0009 0.0014 0.0043
40 - 50 0.0003 0.0006 0.0011 0.0025
50 - 60 0.0004 0.0005 0.0012 0.0047
0-10 0.0002 0.0004 0.0010 0.0034
10 - 20 0.0002 0.0004 0.0013 0.0047
20 - 30 0.0002 0.0004 0.0009 0.0059
v 30 - 40 0.0003 0.0004 0.0011 0.0108
40 - 50 0.0003 0.0004 0.0011 0.0187
20 - 60 0.0006 0.0005 0.0012 0.0256
0-10 0.0001 0.0003 0.0011 0.0122
10 - 20 0.0003 0.0004 0.0015 0.0099
20 - 30 0.0002 0.0005 0.0019 0.0143
v 30 - 40 0.0004 0.0006 0.0034 0.0159
40 - 50 0.0003 0.0013 0.0087 0.0469
0-10 0.0001 0.0002 0.0017 0.0082
10 - 20 0.0002 0.0003 0.0009 0.0048
va(0) 20 - 30 0.0003 0.0005 0.0008 0.0046
30 - 40 0.0002 0.0005 0.0010 0.0047
40 - 50 0.0001 0.0004 0.0007 0.0083
50 - 60 0.0001 0.0003 0.0025 0.0187

Table 3.3: The summary of systematic uncertainty for inclusive photon v, (RxN(I4-0O)) from
photon selection. They are absolute value (Avy,).

3.5 7 v, measurement

3.5.1 7Y selection

Neutral pion is reconstructed by two photons that are detected in the EMCal. The photon
selections are shown in Section 3.3, additionally several selections are added for 7° selections.
The additional selections are listed below.

e Asymmetry selection : |Ey — Es|/(E1 + E2) <0.8

e two photons are captured in the same sector

Asymmetry selection is useful method to reject low ppr photons which make large combinatorial

0

background. Since opening angle of two photons originated from 7" is very narrow in high pr

region, the selections that two photons captured in the same sector is added in order to reduce
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Systematic uncertainty of inclusive photon v, (RxN(I4+0)) from measurement method
) pr (GeV/c)
centrality (%) 1-15 15-25 25-55 5.5 - 15
0-10 0.0005 0.0003 0.0013 0.00103
10 - 20 0.0009 0.0005 0.0018 0.00078
20 - 30 0.0010 0.0007 0.0025 0.00119
b2 30 - 40 0.0011 0.0009 0.0024 0.00192
40 - 50 0.0010 0.0010 0.0022 0.00243
50 - 60 0.0009 0.0009 0.0020 0.00615
0-10 0.0008 0.0003 0.0009 0.00160
10 - 20 0.0009 0.0004 0.0010 0.00301
20 - 30 0.0009 0.0004 0.0020 0.00087
v 30 - 40 0.0009 0.0003 0.0017 0.00187
40 - 50 0.0007 0.0005 0.0030 0.00862
20 - 60 0.0003 0.0008 0.0051 0.00980
0-10 0.0008 0.0003 0.0014 0.00490
10 - 20 0.0008 0.0004 0.0005 0.00973
20 - 30 0.0008 0.0007 0.0020 0.01230
v 30 - 40 0.0009 0.0005 0.0031 0.00604
40 - 50 0.0011 0.0014 0.0037 0.00852
0-10 0.00005 0.00015 0.00039 0.00390
10 - 20 0.00005 0.00030 0.00041 0.00224
va(0) 20 - 30 0.00003 0.00047 0.00057 0.00283
30 - 40 0.00005 0.00061 0.00078 0.00384
40 - 50 0.00009 0.00068 0.00086 0.00475
50 - 60 0.00002 0.00060 0.00112 0.00982

Table 3.4: The summary of systematic uncertainty for inclusive photon v, (RxN(I4-O)) from
measurement method. They are absolute value (Avy,).

combinatorial background. This reduces some statistics of two close photons in neighboring
sectors or some open pairs, too.

The invariant mass of particles that is the amount of Lorentz invariance is powerful tool to
identify the particle identification. The invariant mass of two photons (m..) is calculated by
following function.

Mass = +/(B1+ E2)? — (p1 + p2)

- \/2E1E2 (W”Q i ?lelzy; + 2122), (3.43)

where F; and p; is photon energy deposited in EMCal and momentum, z,, ¥, 2, are positions of
each cluster, and [, is the length from event vertex to cluster. The invariant mass distribution is
shown in Figure 3.13(a). One can see the signal peak at around 0.135 GeV/c? in blue distribution
but large combinatorial background is also seen. The combinatorial background is estimated by
mixed event method that two photons are selected from different event in this analysis. Mixed
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Systematic uncertainty of Event Plane
Centrality(%) \112 l:[/3 \I/4 4th of \112
0-10(%) 4(%) 11(%) 15(%) 17(%)
10-20(%) 2(%) 5(%) 37(%) 12(%)
20-30(%) 2(%) 6(%) 46(%) 8(%)
30-40(%) 3(%) 9(%) 52(%) 6(%)
40-50(%) 3(%) 14(%) 66(%) 8(%)
50-60(%) 4(%) 26(%) - 12(%)
0-20(%) 3(%) 6(%) 26(% 12(%)
20-40(%) 2(%) (%) 48(%) 6(%)
40-60(%) 3(%) 18(%) - 9(%)
20-60(%) 3(%) 10(%) - 6(%)
0-60(%) 3(%) 6(%) - 7(%)

Table 3.5: The table of systematic uncertainty of Event Plane definition.

event is selected by similar centrality (10bin), z-vertex (10bin) and event plane angle (10bin) class.
As one can see in Figure 3.13(b), there is residual background after combinatorial background
subtraction especially in low pp. The remaining background is subtracted by fitting with the
linear function.

%108 20-30 (%), 1.0<pT<1.5(GeV/c) x10% x10°
S 20 (a) — REAL EVENT S [ — 1st polynomial S [ (c) 0.10<m <0.18
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Figure 3.13: (a):7" invariant mass distribution which is combined two photons in same event

0 jnvariant mass distribution after sub-

(blue histogram) and mixed event (red histogram). (b):m
tracting mixed event. Green histogram shows the linear function to estimate residual background.

(c):mY invariant mass distribution after subtracting residual background.

3.5.2 7% v, measurement

The 70 yield is calculated by integrating the invariant mass in 0.1 < My < 0.18 GeV/ ¢? for each
A¢ bin. The A¢ distribution of 7% is then fitted by the Fourier function Eq. (3.41) and (3.42).
Example figures of 7¥ distribution as a function of |A¢|(= |¢ — ¥,|) fitted by Fourier equation
with 4 pr selections are shown in Figure 3.14.
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Figure 3.14: 7 yield distribution as a function of |A¢| = |¢ — ¥,,| with 4 pr selections. The
solid lines show the fitting results of a Fourier function.

3.5.3 Systematic uncertainties

The method of estimating systematic uncertainty for 7¥ v, is shown. Three sources are consid-
ered.

e Photon selection dependence
e 10 extraction dependence

e Event Plane determination

Systematic uncertainty from event plane determination is shown in Section 3.4.2. Total system-
atic uncertainties are evaluated by adding up each source in quadrature by assuming that they

are no correlations between systematic uncertainties.

Photon selection dependence

To estimate systematic uncertainty, 7° v, is measured with several photon selections. The
deviations between v, with each selection and v, with nominal selection are calculated, and it
is defined as systematic uncertainty that the average of these deviations within four pr range
without any weight. The divided pr ranges are 1< pr <1.5, 1.5< pr <2.5, 2.5< pr <5.5,
and 5.5< pr <15 GeV/c. The 6 different selection patterns are tested, and they are listed in
Table 3.6. Figure 3.15 shows the difference of 7° v,, with several photon selection, and systematic
uncertainties are shown in bottom.

7V extraction dependence

Two parts of systematic uncertainty is estimated for extracting 70 signal in this analysis. They
are “Normalization of (mixed event) background distribution” and “Counting 7° signal range



3.5. 7° Vy MEASUREMENT

53

The table of tested photon selection for 7% v,
Cluster energy threshold : E(GeV) 0.2<E 0.5<E
Shower shape cut : x? x? <25 x? <3.0 % <3.5
Asymmetry selection : « a <0.7 a <0.8 a <0.9
PC3 charged particle rejection with without

Table 3.6: This is the table of tested photon selections. Boldface is the nominal selection. The 6
pattern selections are tested to estimate systematic uncertainty of 7° v,, from “Photon selection

dependence”.
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Figure 3.15: Systematic uncertainty of neutral pion v,, estimated from photon selections. (Top)
: (open) 7° wo, v3, v4 with several photon selections. (solid) v, with nominal photon selection.
(Bottom) : Aw, as a function of py and systematic uncertainty are shown. Systematic uncertainty
of photon selection is defined as the average of these deviations within 4 pr region, 1 < pr <
1.5, 1.5 < pr < 2.5, 2.5 <pr < 5.5, and 5.5 < pr < 15 GeV/c.
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Systematic uncertainty of neutral pion v,(RxN(I4+0)) from photon selection
. pr (GeV/c

centrality (%) 1-15 15-25 : /2).5 55 55 - 15
0-10 0.0005 0.0029 0.0047 0.00529
10 - 20 0.0007 0.0018 0.0024 0.00470
20 - 30 0.0011 0.0019 0.0018 0.00508
2 30 - 40 0.0008 0.0014 0.0014 0.00365
40 - 50 0.0005 0.0011 0.0020 0.00622
50 - 60 0.0011 0.0006 0.0014 0.00780
0-10 0.0009 0.0085 0.0061 0.01262
10 - 20 0.0012 0.0029 0.0086 0.00816
20 - 30 0.0011 0.0028 0.0057 0.00911
s 30 - 40 0.0007 0.0026 0.0091 0.01126
40 - 50 0.0026 0.0035 0.0083 0.01832
50 - 60 0.0016 0.0048 0.0078 0.02118
0-10 0.0023 0.0092 0.0168 0.02233
10 - 20 0.0057 0.0072 0.0127 0.02511
20 - 30 0.0020 0.0145 0.0140 0.03877
v 30 - 40 0.0029 0.0087 0.0143 0.03124
40 - 50 0.0046 0.0113 0.0206 0.06825
0-10 0.0015 0.0046 0.0065 0.01330
10 - 20 0.0010 0.0024 0.0052 0.00587
o 20 - 30 0.0002 0.0016 0.0044 0.00748
v(¥2) 30 - 40 0.0003 0.0016 0.0025 0.00680
40 - 50 0.0004 0.0012 0.0038 0.01464
50 - 60 0.0010 0.0017 0.0035 0.01711

Table 3.7: The summary of systematic uncertainty for neutral pion v,(RxN(I+0)) from photon
selection. They are absolute value (Awy,).

dependence”. The combination of them are defined as the systematic uncertainty of 70 extraction
dependence. Systematic uncertainty is estimated within four pr ranges, which are 1 < pr < 1.5,
1.5 < pr < 2.5, 25 < pr < 5.5 and 5.5 < pr < 15 GeV/c. Each uncertainties are discussed
below.

Normalization of (mixed event) background distribution In order to subtract combi-
natorial background, mixed event background distribution needs to be normalized to foreground
distribution. Normalization should be determined by the invariant mass away from the 7° signal.
Default normalization is calculated 0.08 < m., < 0.09 GeV/c? and 0.2 < m,, < 0.23 GeVc?,
which is shown in filled magenta area in Figure 3.13 (a). Systematic uncertainties are evaluated
by varying the invariant mass range for normalization as listed in Table 3.8, and the deviations
of v, are used as systematic uncertainties. Figure 3.16 shows the 7° v, with several normalized
range and nominal normalization range. Systematic uncertainty is defined as the average of these
difference within 4 pr ranges.
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Table 3.8:

The table of 7 normalized range

Normal normalized range is 0.08-0.09+0.20-0.23 (GeV /c?)

0.07-0.09+0.20-0.23

0.08-0.10+0.20-0.23

0.08-0.09+0.19-0.23

0.08-0.09+0.20-0.24

55

Invariant mass range to calculate normalization of mixed event background to

foreground distribution. The 4 patterns of normalized range are considered to estimate systematic

uncertainty of 70 v,,.
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Figure 3.16:
ground distribution. (Top) : (open) =

0

Systematic uncertainty of neutral pion v, estimated from normalization of back-
v9, v3, and vy with several normalized range of background

distribution. (solid) v, with nominal normalization of background distribution. (Bottom) : Aw,

as a function of pr. Systematic uncertainty of normalization of background distribution is de-

fined as the average of these deviations within 4 pr region, 1 < pr < 1.5, 1.5 < pr < 2.5, 2.5
< pr < 5.5, and 5.5 < pp < 15 GeV/e.
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Counting 7" signal range dependence The number of 7° signal is counted within 0.1 <
Moy < 0.18 GeV/c?, which is the range filled by orange in Figure 3.13(a). This range is changed
and the deviation of v, is defined as a systematic uncertainty. Table 3.9 summarizes the variation
of invariant mass range to evaluate the systematic uncertainty on the v,. Figure 3.17 shows the
70 v, with several 7° counting range and nominal counting range. Systematic uncertainty is

defined as the average of these differences within 4 ppr ranges.

The table of ¥ counting range
Nominal counting range is 0.10< m., <0.18(GeV/c?)

0.09< m,, <0.18 0.11< m,, <0.18
0.10< m,, <0.17 0.10< m,, <0.19
Table 3.9: The 4 pattern of 7° counting range are performed to evaluate systematic uncertainty
of 70 v,,.
= ™ v, (counting range) s 1 v, (counting range) N ™ v, (counting r‘ange).’_
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Figure 3.17: (Top) : 7¥ signal range dependence of 7° vy, v, and v4. (Bottom) : Awv, as a

function of pr. Black solid points are estimated systematic uncertainties.

3.6 Decay photon v,

Decay photon contaminations should be removed from inclusive photon in order to extract direct
photon signal. Since we cannot identify decay photons experimentally, they are simulated by
Monte-Carlo simulation. The hadron decay kinematics are summarized in Table 3.11. In this
Section, we describe the assumptions for pp spectra in Section 3.6.1, v, in Section 3.6.2. In
Section 3.6.3, we present systematic uncertainties on decay photon v,,.
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Systematic uncertainty of neutral pion v, (RxN(I+0)) from 7° PID
. pr (GeV/c)
centrality(%) 1-15 15-25 25-55 55- 15

0-10 0.002 0.002 0.005 0.002
10- 20 0.004 0.002 0.005 0.001
20 - 30 0.005 0.003 0.003 0.001
2 30 - 40 0.004 0.003 0.004 0.001
40 - 50 0.003 0.002 0.002 0.002
50 - 60 0.003 0.003 0.002 0.002
0-10 0.003 0.011 0.011 0.004
10-20 0.003 0.002 0.008 0.004
20 - 30 0.001 0.003 0.005 0.003
s 30 - 40 0.000 0.002 0.008 0.005
40 - 50 0.003 0.003 0.006 0.007
50 - 60 0.004 0.009 0.008 0.013
0-10 0.003 0.006 0.012 0.008
10 - 20 0.002 0.015 0.009 0.008
20 - 30 0.002 0.012 0.012 0.009
v 30 - 40 0.003 0.006 0.017 0.013
40 - 50 0.005 0.008 0.014 0.014
0-10 0.001 0.008 0.005 0.004
10- 20 0.001 0.002 0.006 0.002
. 20 - 30 0.001 0.001 0.005 0.002
va(V2) 30 - 40 0.001 0.002 0.002 0.002
40 - 50 0.001 0.001 0.002 0.004
50 - 60 0.002 0.007 0.003 0.004

Table 3.10: The summary of systematic uncertainty for neutral pion v, (RxN(I+0)) from 7°

extraction dependence. They are absolute value (Avy,).

3.6.1 The pr spectra of meson and decay photon

Since the meson such as 7, w, p, and 77/ are difficult to measure, they are assumed from experi-
mental results of pion. The shape of pr spectra is known to be estimated by myp scaling as seen

in Section 1.3.3. Meson pr spectra (py) is estimated by p, = \/p%7r + M2 .oon — M2, where
PT,x, My and Mpeson are pion pr, mass and each meson mass, respectively.
The following functional forms are used for obtaining meson pr spectra,
do
= T(pr)Fo+ (1 —T(pr))F1, (3.44)
prdpr
1
T(pr) = , 3.45
P = e (= D7) (3:45)
c
= , (3.46)
{exp (—apr — bp7.) + pr/po}™
A
P = — (3.47)

m?
pr
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meson  invariant mass(MeV/c?) decay mode branching ratio ‘
70 134.98 2y (198.823 + 0.034 ) %
etey (1.174 £ 0.035 ) %
n 547.86 2 (39.41 +£0.20) %
ntry (4.2240.08) %
ete (6.9+04)x 1073
702y (27+£05) x 1074
782.65 70y (828 £0.28) %
) 775.26 ata Ty (994+16) x 1073
70y (6.0+0.8) x 1074
n 957.78 0y (29.1+05) %
wy (2.754+0.23) %
2y (2.20 +0.08) %
phrp=y (1.08 £0.27) x 1074

Table 3.11: Summary of meson properties, such as invariant mass, branching ratio to to photons,

from PDG [1].

where t, w, ¢, a, b, pg, n, A and m are free parameters, Fy is modified Hagedorn function, and F}
is power law function. Free parameters are determined by the 7% [6] and 7° [26]. Parameters of
Fy are determined by fitting to the pr spectra of 7% in 0.25< pr <2 GeV/c, and ©¥ in 2< pr <10
GeV/c. Parameters of I} are defined by fitting to pr spectra of 7° in 6< pr <20 GeV/c. The
fraction T'(pr) is determined by the whole 7% and 7° pr spectra by fixing parameters in the
function Fy and F3.

The ratio of meson pp spectra to pion pr spectra is known to be constant in high py region.
The absolute value of meson pp spectra is scaled by this ratio at 5.0 GeV/c in this analysis.
These ratios are summarized in Table 3.12. Figure 3.18 shows the pion pr spectra fitted by
Eq. (3.44) in top, estimated pp spectra is compared with experimental measurement [27, 28] in
middle, and the ratio of them in bottom. It is confirmed that the ratio of py spectra is consistent

with unity.
The table of each meson spectra ratio to 7°
n/m0 0.454-0.060 [37]
w/ 70 0.8340.120 [28]
p/m0 1.00+0.300 [38]
n /0 0.2540.075 [38]

Table 3.12: The table for the spectra ratio of each meson to 7% [37, 28, 38].

The simulated hadronic decay photon pp spectra and the decay photon contribution ratio
which is the ratio of decay photon from each meson to the sum of decay photons are shown in
Figure 3.19. Figure 3.19 shows that the simulated decay photon pr spectra as well as the decay
photon contribution ratio which is the ratio of decay photon from each meson to the sum of
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(Top) Pion pr spectra fitted by the Eq. (3.44), and obtained parameters. (Middle)
The comparison of meson pr spectra between experimental results [6, 26, 27, 28] and meson pr
spectra estimated with mqp scaling. (Bottom) The ratio of meson pr spectra of experimental

results to estimated pr spectra.

decay photons.
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Figure 3.19: (Left):Simulated decay photon pr spectra. (Right):Contribution ratio of decay

photon from each hadron to all decay photon.

3.6.2 The v, of meson and decay photon

Charged pion are combined with neutral pion in low pr region and used for an input for simu-
lation, because charged pion v, has good statistics and small systematic uncertainty. Combined
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pion vy, (Unpion) is given as following

Un,pion = UnJriF(pT) + Un,ﬂo(l — F(pr)), (3.48)

1
Fer) = o (=) 349

where v,, -+, v, 0 are v, of charged pion and neutral pion. Charged pion v;, are taken from [8].
Mean value of combined pion v, is obtained with a=2 and v=0.4. Figure 3.20 shows the v, of
charged pion, neutral pion, and combination, as well as the F'(pr) is shown in right.

It has been found that hadron v, as a function of transverse kinetic energy K Ep is scaled
by the number of constituent quarks, as shown in Section 1.3.4. Under this assumption, the v,
of n, w, p and 77/ are estimated from that of pion v,. Meson’s pr meson is given by

2
PT meson = \/(\/p%ﬂr + Mg - M7T + Mmeson) - Mgneson? (350)

where pr ., My and My,eson are pion pr, mass and each meson mass, respectively. Figure 3.21

shows the pion v, and estimated meson v,,.
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Figure 3.20: Charged pion and neutral pion ve, v, and v4 are combined with the F(pr) equation,
and F(pr) equation is shown in right. Charged pion v,, are taken from [8].
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Figure 3.21: w9, v3, and vy of 1, w, p, and 1’ estimated from pion v, by K Er scaling.
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Decay photon v, originated from each meson are simulated and combined decay photon v,, are
calculated by the following formula based on the relative fraction of different decay contributions

Ndec.vzec. _ Z Nidec.UTdL’eic.’ (351)
i
Ndec. —_ Z Nidec-’ (352)
7
S Ndec. Ndec.
R, dec. 7 (3.53)
Ugec- = Z Rivﬁ?? (3'54)
7

where Ndec Nl-dec' are the sum of the number of decay photons and decay photons from each
hadron ¢, v,dfc', vfff are v, of all decay photons and v, of decay photons from hadron ¢, and R;

is the relative fractions shown in Figure 3.19. Decay photon v, is calculated by Eq. (3.54), and
they are shown in Figure 3.22.
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Figure 3.22: v, v3, and vy of all combined decay photon and each hadronic decay photon.

The statistical error of decay photon v, is estimated from that of pion v,,. The shape of pion
vy, is varied from mean value to lower limit or upper limit by the amount of statistical error and
they are used as an input of simulation in order to determine the statistical error of decay photon
vy, according to the statistical error from the measured 70 v,.

3.6.3 Systematic uncertainties

Four sources of systematic uncertainties are estimated and they are added by quadratic-sum.
Systematic uncertainty from event plane determination is the same as the value estimated for
inclusive photons in Section 3.4.2.

e pr spectra dependence
e Propagated from systematic uncertainty of pion v,
e Propagated from input v,

e Event plane determination
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pr spectra dependence

The systematic uncertainty from decay photon pr spectra are discussed in this section. Two
sources of systematic uncertainties are studied, which are the followings.

e Input meson pr spectra
e Meson to pion ratio

The shape of input meson pr spectra is obtained by fitting to pion pr spectra, as shown
in Section 3.6.1. The pr spectra of various mesons are varied within the measured systematic
uncertainty as discussed in the followings, then the variation of decay photon v,, is defined as a
systematic uncertainty. The shape of pr spectra is obtained by fitting to the pion pp spectra
connected with charged pion and neutral pion at 2.0 GeV /c. At first, connection point is changed
to 3.0 GeV/c. Second, the pion pp spectra is varied to upper and to lower limit of systematic
uncertainty.

To estimate decay photon pr spectra, the ratio of each meson to pion pr spectra is utilized
as listed in Table 3.12. The statistical and systematic errors of the ratio of meson to pion are
propagated to decay photon v,,.

Systematic uncertainties from two sources above are evaluated separately, and summed as a
quadratic sum. The example plots are shown in Figure 3.23.

Spectra dependence Spectra dependence Spectra dependence
= dec. N dec. ~N dec.
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Figure 3.23: (Top) Decay photon v (left), vs (middle), and v4 (right) with event plane measured
by RxN(I4+0O) in 0-20% centrality bin. (Bottom) The systematic uncertainty estimated from
decay photon spectra.

Propagated from systematic uncertainty of pion v,

Systematic uncertainty of pion v, is propagated into decay photon v,. Systematic uncertainty of
event plane determination is excluded when they are propagated before the subtraction in order
to get direct photon v,, this is needed not to double count the same systematic uncertainty
twice in both inclusive photon v, and decay photon v, estimations. The shape of pion v, is
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changed from mean value to lower and upper limit with systematic uncertainty. The variation
of the decay photon v, are defined as a systematic uncertainty. Figure 3.24 shows the example
of systematic uncertainty propagated from systematic uncertainty of pion wv,,.

S
@pendence)

[ v v, (input v, dependence) = y9e¢ v, (input v, dependence) s y9eS- v, (input Tt
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Figure 3.24: (Top) Decay photon vy (left), vg (middle), and vy (right) with event plane measured
by RxN(I+O) in 0-20% centrality bin. (Bottom) The systematic uncertainty propagated from
systematic uncertainty of neutral pion v,.

Propagated from input v,

As it is introduced in Section 3.6.2, decay photon v, is simulated from combined charged and
neutral pion v,,. The Eq. (3.49) is utilized to connect pion with two parameters and the variations
of input pion v, for the decay simulation by changing two parameters for the connection equation
F(pr) are shown in Figure 3.25. The parameters are varied within the range shown in the
Figure 3.25 and the average of difference is defined as systematic uncertainty.
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Figure 3.25: The difference of input pion v, between the parameters in connection equation.

Because the shape of input pion v, is connected by straight line between the nearest two
data points, the shape is not smooth. The equation obtained by fitting to pion v, is utilized as
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input and the variation of decay photon v, is defined as systematic uncertainty.

Go = Aopr + Ay + Asph + Aspr + Aspy + Aspr, (3.55)
G1 = Copr +exp(C1 + Copr), (3.56)

1
Topr) — , 3.57
0 = T exp ((or — 0)/04) (357)
G = T(pr)Go+ (1 —=T(pr))Ga, (3.58)

where Ag, Ay, Ao, As, Ay, As, Cy, C1, Co, and t are free parameters. Gy and G are fitted to
pion v, in 0-8GeV/c and 5-20GeV /c, respectively. Their parameters are fixed, G are fitted in
0-20GeV /c again. Figure 3.26 shows the example of pion v, with Eq. (3.58). Figure 3.27 shows
the estimated systematic uncertainty propagated from input wv,.
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Figure 3.26: The neutral pion vs, vs, and v4 are fitted by the equations. Red lines are utilized
as an input for decay photon v,, simulation.
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Figure 3.27: (Top) Decay photon vy (left), vs (middle), and v4 (right) with event plane measured
by RxN(I+O) in 0-20% centrality bin. (Bottom) The systematic uncertainty estimated from the
shape of input of pion v,, dependence.
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Systematic uncertainty

Systematic uncertainty from event plane determination is discussed in Section 3.4.2. All compo-
nents of systematic uncertainty of decay photon v,, are combined by a quadratic sum as

dec. __ 2 2 2 2
Up = \/Jspectra + Upionvn + Jshape + Og.p> (359)

where ospec; Opionvns Tshapes a0d 0 p, are the systematic uncertainties estimated by pr spectra
dependence, propagated from systematic uncertainty of pion v,, from input v,, and event plane
determination, respectively. Figure 3.28 shows the simulated decay photon v, with the range of
statistical error in top figures, and systematic uncertainties of each components. It is found that
the systematic uncertainty propagated from that of pion v, is dominant less than 10 GeV/c,
and that of input v,, is dominant larger than 10 GeV/c in case of v and v3. In case of vy, it is
observed that systematic uncertainty of event plane determination is significantly dominant.
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Figure 3.28: (Top) Decay photon vg, vs, and vy with statistical error. (Bottom) Systematic

uncertainty from each components (blue, green, red, orange) and summed systematic uncertainty
(black).

3.7 Direct Photon v, Measurement

Direct photon v, (v3) is extracted from decay photon v, (v2) and inclusive photon v, (vi")

by the equation

) R.yinc. _ g, dec.
dir. Y ¥n n
plir = 0 n T T (3.60)
R, —1

where R, is the ratio of the number of the inclusive photon to that of decay photon. R, less than
4.0GeV/c is taken from [30], which is calculated by the photons measured by external photon
conversion method, and R, larger than 4.0GeV /c is taken from [29], which is measured by using
calorimeter. Figure 3.29 shows R, measured by calorimeter method, virtual photon method, and
external conversion photon method.
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Statistical error and systematic uncertainty are propagated by

. o dir. ) 2 O dir. 2 O dir. 2
Avg". = \/(6;):;10 AU%LC.) + <a:jgec. Avg60~> + <8’U]7éAR7> + AG%'P'7 (3'61)
n n Y

where Avi" and AvZ® do not include systematic uncertainty for event plane determination

(Aog. p) in order to avoid double count. Because it is expected that Aog p, is common for every
particles, it is estimated separately.
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Figure 3.29: The R, as a function of pr, where green points show that measured by calorime-
ter [29], and green points show that measured by external conversion photon method [30], red
points show that measured via virtual photon [11].
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Results

In this section, the results of ve, v, and vy with RxN(I4+0) event plane of inclusive photon,
neutral pion, and direct photon are shown. Because the resolution of event plane measured by
RxN(I4-0) is the best in all detectors as shown in Figure 3.3, the results of v,, with RxN(I4+O)
event plane are shown here. The others are listed in Appendix A, B, and C. Figure 4.1, 4.2, and
4.3 show the results of inclusive photon v,,, Figure 4.5, 4.6, and 4.7 show the results of neutral
pion v,, and Figure 4.8, 4.9, and 4.10 show the results of direct photon v,.

4.1 The results of inclusive photon v, with RxN(I+0O) event
plane

In pr < 4 GeV/c, it is found that there are peaks at around 2 GeV/c for all harmonics. It is
also observed that the strong centrality dependence for vo while v and v4 do not show strong
centrality dependence. This trend is similar to that seen in charged hadron v, in [7]. In pp >
4 GeV /¢, it is found the clear difference between even harmonics and odd harmonics. The v9 and
v4 show the positive in all centrality bin, while v3 is close to zero in central and goes negative in
peripheral. Similar behavior can be seen in neutral pion v, and it will be discussed in Section 5.1.

4.1.1 Comparison with conversion photon method

The real photon spectra and azimuthal anisotropies has been studied via conversion into eTe™
pairs at the material such as one of the specific detector plane at Hadron Blind Detector (HBD)
outer plane. It is called as “external conversion photon method” [30]. The strength of this
method is that we can detect photons in low pr region with high purity which is higher than 90
%. We have achieved to extend the limit of lowest pp for photon analysis to 0.2 GeV/c from
1 GeV/ec. The vy and vs of inclusive photon have been measured with external conversion photon
method in PHENIX experiment. The comparison of inclusive photon vy and vz with external
conversion photon method and this analysis are shown in Figure 4.4. It is observed that two
methods are consistent within systematic uncertainties for both v and v3. The comparison of
two independent methods provides the robustness of the inclusive photon v, results.
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Figure 4.1: The results of inclusive photon vy (RxN(I+0)) with 10% centrality interval.
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Figure 4.2: The results of inclusive photon vz (RxN(I+0)) with 10% centrality interval.
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Figure 4.3: The results of inclusive photon vs (RxN(I+0)) with 10% centrality interval.
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4.2 The results of neutral pion v, with RxN(I4+0O) event plane

The trend of neutral pion v, is similar to that seen in inclusive photon v, in Section 4.1 In order
to understand the pr dependence of v, in high pp, the bias from jet fragmentation on v,, will be
discussed in Section 5.1.
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Figure 4.5: The results of neutral pion vy (RxN(I+0)) with 10% centrality interval.
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Figure 4.6: The results of neutral pion vz (RxN(I+0)) with 10% centrality interval.
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Figure 4.7: The results of neutral pion v4 (RxN(I+0)) with 10% centrality interval.
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4.3 The results of direct photon v, with RxIN(I4+0O) event plane

In pr > 4 GeV/e, it is found that direct photon v, is close to zero. In pr < 4 GeV/c, it is
observed that direct photon show non-zero and positive vo and vs. Direct photon vy is consistent
with 0 within large systematic uncertainties in the measured pr and centrality ranges. They will
be discussed in Section 5.2.
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Figure 4.8: The results of direct photon va (RxN(I4-0)) with 20% centrality interval.
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Figure 4.9: The results of direct photon vg (RxN(I+0)) with 20% centrality interval.

4.3.1 Comparison with conversion photon method

The direct photon v, is extracted from inclusive photon v, with conversion photon method by
the manner used in this analysis. Statistical and systematic uncertainties are estimated as

. Oydir. ) 2 Ovdir. 2 Oy dir. 2
A dir. _ n__ Ayinc’ n__ Agdec’ n_A .
K \/<a i) + (o) + (k2w

Because inclusive photon v, with conversion photon method and decay photon v,, are measured

(4.1)

in different data set, systematic uncertainty of event plane determination could be different. In
order to estimate uncertainty conservatively, the systematic uncertainties of inclusive photon v,



4.3. THE RESULTS OF DIRECT PHOTON Vy WITH RXN(I+0O) EVENT PLANE 73

0-20 % - 20-40 %

= | Direct photon >
I v, (RxN(I+0))

0.1

PR T N P P Y || P T N P PR Y 1
0 5 10 0 5 10
p (GeVic) p.(GeVic)

Figure 4.10: The results of direct photon vy (RxN(I4-0)) with 20% centrality interval.

and decay photon v, including that from event plane determination (Avfl”c'/, Avgec'/) are used.
Because systematic uncertainty estimated from event plane determination is double counted,
uncertainties of direct photon v, with conversion photon method is overestimated. Figure 4.11
shows the comparison of direct photon v,, between the methods. It is observed that they agree
well in the region of 1 < pr < 2 GeV/c.
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Figure 4.11:  Direct photon vs (top) and vs (bottom) measured by calorimeter (black) and
conversion photon method (green), respectively. The direct photon v, with external conversion
method is extracted decay photon v, (Section 3.6) from inclusive photon v, (Figure 4.1.1).



Chapter 5

Discussion

The neutral pion and direct photon vo, v3, and v4 are measured with several event plane detectors
in Au+Au collisions at /syny=200 GeV. The high py neutral pion v, and direct photon v,, are
discussed in Section 5.1 and 5.2, respectively.

5.1 Neutral pion azimuthal anisotropy

In this section, results of neutral pion azimuthal anisotropy are discussed. The jet effect on
neutral pion v, in high pr is discussed in Section 5.1.1 and the jet effect on high pr v, with
AMPT simulation is studied in Section 5.1.2.

5.1.1 Comparison of neutral pion v, in high pr with different event planes

Neutral pion vg, vs and vy with event plane defined by RxN(In)+MPC (1.5 < |n| < 3.8) and
RxN(Out) (1 < |n| < 1.5) are shown in Figure 5.1. It is found that there is no event plane
dependence in low pr region. In high pr region, it is observed that there is a clear event plane
difference of v9, which increases with increasing pr and with small rapidity gap between central
arm and event plane. While there is no clear event plane dependence for vs in high pr region.
It is found that the vz is largely negative in peripheral event. In the case of vy, the uncertainties
are too large to distinguish the difference.

Because hadron production in high pp region is dominated by jet fragmentation, the mea-
surement of high pr hadron azimuthal anisotropy is probe to study jet properties within QGP.
The following jet properties are expected to affect the measured v,,.

e Di-jet production
e Path length dependence of jet energy loss
e Jet bias effect on event plane determination

First, these jet effects are studied with wve, then w3 and wvg. Figure 5.2 shows the inte-
grated vy, vz and vg within 6 < pp < 15 GeV/c with RxN(In)+MPC (1.5 < |n| < 3.8) and
RxN(Out) (1 < |n| < 1.5). It is found that the vy is positive in all centralities, increases with go-
ing to peripheral event and vy with RxN(Out) is larger than vy with RxN(In)+MPC. The trends
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Figure 5.1: Neutral pion vy, v3, and vy with event plane measured by RxN(In)+MPC (blue)

and RxN(Out) (red) with 10% centrality steps from 0 to 60%.
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could be understood as followings. Two jets are emitted in back-to-back azimuthal direction in
order to conserve transverse momentum which is called as di-jet. Di-jet event always makes v
large since back-to-back particle emission could resemble elliptic particle emission, even if the
production does not have any correlation with reaction plane. If there is partonic energy loss in
QGP followed by consequent high pr particle suppression which would depend on path length
determined by the elliptic almond shape, non-zero positive vy is naturally expected at high pp.
Because the central arm (|n| < 0.35) is closer to RxN(Out) than RxN(In)+MPC, v,, with event
plane determined by RxN(Out) should be more affected by jet bias [51]. Especially the effect
would be relatively strong for peripheral events due to small multiplicity. If the angle of event
plane is affected by the particles from jet, the measured wvs is increased due to narrow jet cone
and back-to-back di-jet production, and a large eta swing of the di-jet kinematics. Because the
detector which is closed to central arm is more strongly affected by the jet particles, vy could be
strong. Therefore, high ppr hadron vs could be understood by the superimposition of path length
dependence of jet energy loss (v > 0) and jet bias on determination of event plane (ve > 0).

In the case of vs, it is expected that non-suppressed back-to-back di-jet would give smaller
vs due to the triangular shape of participant. The energy deposit of hard parton in QGP could
make wvg positive. However there would be both positive and negative effects on v3 when the
event plane is affected by jet. It is found that the integrated w3 is positive in central and varies
to negative with going to peripheral collision. It could be understood that the effect of jet energy
deposit in QGP is dominant in central collisions, and the jet bias on determining event plane gets
dominant with going to peripheral events. It is observed that the trend of v4 could be similar
to that of vy and it agrees with the expectation because the forth order of initial geometry is
quadrangular and symmetric shape. However it is difficult to distinguish the difference of v,
between RxN(Out) and RxN(In)+MPC due to large uncertainties.

It is observed that single particles have positive v and vs up to 60 GeV/c and 20 GeV/c,
respectively, in CMS experiment [52] and jet has positive vy in ATLAS experiment [53] at LHC
energy. They could be understood that the energy deposit of hard parton during passing through
the medium has path length dependence. The v3 and v4 measurements could also help to study
path length dependence of jet energy loss in the medium in addition to the vy measurement.
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Figure 5.2: Integrated ve (left), v3 (middle), and v4 (right) of neutral pions within 6 < pp < 15
GeV/c as a function of (Nper) with respect to the RxN(In)+MPC (blue) and RxN(Out) (red).
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5.1.2 AMPT model calculation of pion v, in high p; region

In order to understand the behavior of neutral pion v, in high pr region, a multiphase transport
(AMPT) simulation is utilized [54]. AMPT consists of the heavy ion jet interaction generator (HI-
JING) for generating the initial conditions, Zhang’s parton cascade (ZPC) for modeling partonic
scatterings, the Lund string fragmentation model or a quark coalescence model for hadronization,
and a relativistic transport (ART) model for treating hadronic scatterings. Events are generated
by AMPT and azimuthal anisotropy is calculated with the same detector acceptance and analysis
method as done in the experimental measurement. The events including jet with larger than 20
GeV/c are generated and 10 million events are analyzed.

Figure 5.3 shows the comparison of v, as a function of pr between the experimental mea-
surement and the AMPT simulation. It is found that v and v of AMPT simulations are similar
to that of experimental measurement less than 10 and 5 GeV /¢, respectively. In the case of vo,
it is observed that the ve with RxN(In)+MPC is smaller than that with RxN(Out) in pr > 2
GeV/c. In the case of vs, there seems to be some decreasing trend with increasing pr in high pp
region as also seen in the experimental data, however it is difficult to conclude the trend because
of large statistical error.
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Figure 5.3: Comparison of experimental 7° vy, v3 with RxN(In)+MPC (blue) and RxN(Out)
(green), and simulated pion vy, v3 with RxN(In)+MPC (red) and RxN(Out) (violet). Compari-
son of ¥ vy, (left) vz (middle), and vy (right) as a function of pr in 40-60% centrality.

In order to study jet bias on determining event plane, the particles in pp < 2 GeV/c and
in pr > 2 GeV/c are used for determining event plane. It is expected that particles originated
from hydrodynamical expanded medium are dominant in pr < 2 GeV/c and we would be able
to increase the fraction of particles form jets by selecting pr > 2 GeV/c. Panel (a) in Figure 5.4
shows the pr distribution within 1 < |n| < 2.8 corresponding to the acceptance of RxN(I+O)
detector in PHENIX. Panel (b), (c), and (d) show the event plane resolutions for second, third,
and fourth order with pr selections, respectively. It is found that the resolution with the particles
in pr < 2 GeV/c agrees well with that with all particles. On the other hand, resolutions with
particles in pp > 2 GeV/c increases with going to peripheral event. It could be because the jets
tend to emit from the short direction of initial shape and the initial shape anisotropy is strong
in peripheral. Therefore the directions of jets are well correlated with respect to initial shape of
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participants and resolution is very large.
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(a) The pr distribution in the region of 1 < || < 2.8 corresponding to the acceptance

of RxN(I4+-O) detector. Panel (b), (c), and (d) show the second, third, and forth order event
plane resolution. Event plane is estimated by the particles in the region of pr < 2 GeV/c (blue),
2 < pr GeV/c (red), and all particles (green).

Figure 5.5 shows the results of pion v, with pp selected event plane. It is found that there

are the deviations between the differences of determined event plane. In peripheral collisions,

it is observed that the high pr ve (v3) with event plane determined in pr > 2 GeV/c is larger
(smaller) than that with event plane with pr < 2 GeV/c. It is confirmed that the jet bias on
determining event plane makes vy large and vs negative. Although statistical error of v4 is too

large to distinguish the difference in high py region. In pr < 4 GeV/c, v, with event plane biased

jet is smaller than v, with event plane not affected in 20-40 and 40-60% centralities.
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Figure 5.5:

The pion vy (top),

v3 (middle), and vq with pr selected event plane. Black points

are experimental measurement, blue points are v,, with event plane defined by particles less than

2 GeV/e, and red points are v, with event plane estimated from particles larger than 2 GeV/c.
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In order to study the difference of v,, between the event planes, the integrate vs, v3, and v4 as
a function of An are measured. The event planes are determined by 0.5 steps from 0 to 3 (-3 to 0)
in pseudorapidity, and the angles of pion are measured within -3 to 0 (0 to 3) in pseudorapidity.
Figure 5.6 shows the v, with event plane determined in py < 2 GeV/c. It is found that v, shows
positive and weak An dependence in all centrality bins. While in peripheral event, v, within 2
< pr < b5and 5 < pr < 10 GeV/c decreases with increasing the An, especially it is found in
peripheral event. It indicates that event plane determination is biased by the particles originating
from jet though particles in pp < 2 GeV/c are selected due to low multiplicity. It is found that
vz within 5 < pp < 10 GeV /¢ changes positive to negative while vy and vy are positive in all An.
It could due to particles from jet bias on determining event plane and particles fragmented from
away side jet. It is discussed below.

Figure 5.7 shows the v, with event plane determined in pp > 2 GeV/c. It is found that v,
within 5 < pr < 10 GeV/c at An < 0.5 is larger than v, at An > 0.5. It indicates that the
particles from a jet biasing for event plane angle are also detected in the region of measuring v,.
Because the azimuthal angles of particles from one jet should be correlated, v, should be large.
The vo and vy decrease with An increasing while v3 drops at An = 0.5 and increases. It could
be understood that the particles from away side jet makes vy and v4 positive while v3 negative
due to the initial geometry when one jet bias event plane. Figure 5.8 shows the image of jet
bias on determining event plane. Near side jet (A¢ =~ 0, red) makes v,, large while away side jet
(A¢ ~ 7, blue) makes vy and vy positive but v negative.

Therefore, it is confirmed that there are two types of jet bias on determining event plane
when high pr hadron v, is measured. One is that the particles from one jet (near side jet) are
produced into the both region of determining event plane and measuring v,,. Another is that the
particles from away side jet are detected in the region of measuring v, when one jet biases on
the direction of event plane. This result suggests that jet bias on determining event plane should
be taken into account for high pr v, measurement via event plane method.

The behavior of neutral pion vs, v3, and v4 are discussed with the AMPT simulations. High pp
hadron v,, measurement is good probes to study jet properties in QGP. Path length dependence
of jet energy loss in QGP has been measured actively in order to study the interaction between
partons. It is found that high pr hadron v, is strongly affected by the jet bias on determining
event plane. It provides that we should take care of it when high pr hadron v, is measured,
especially in peripheral event. It is expected that high pr hadron v,, measurement is very helpful
to study jet properties in high energy heavy ion collisions.

5.2 Direct photon azimuthal anisotropy

In this section, direct photon v,, will be discussed. The direct photon vo, v3, and v, are compared
with neutral pion in Section 5.2.1, the ratio of vy to v of direct photon and charged pion are
compared with model calculations in Section 5.2.2, the comparisons of direct photon vy and v3
with model calculations are shown in Section 5.2.3, and the possibility of understanding photon
puzzle is discussed in Section 5.2.4.



80
Pion v, (0-20%) Pion v, (20-40%)
>" [ e integrated v, O<p <2 >" | EP (particles p <2 GeVic)
D 0.3L e integrated v 2<p_<5 B o3l
© | ¢ integrated v 5<p_<10 s
5 L 2V 5 |
2oL 2oL
£ 0.2 £02f o e o o
L [ ®
[ [ ° L]
01re o o o o 0.1- ® o
¢ ¢ ; (e © © o o o
: . ‘ 1 ‘ ‘ 1 . ... 1 O: " PR 1 1
CO 1 2 3 0 1 2 3
An An
Pion v, (0-20%) Pion v, (20-40%)
>"0.2F >"0.2F EP (particles p <2 GeVic)
e | 2 |
8 + g [ ¢
2 0.4 201e
o U1 o Yq
= L@ ; ’ * ® o k= I ¢ 9 ’ }
ole e e e e oL e e
| @ integrated v 0<p_< I
[ e integrated vz 2<p.<
_o'l_... .In.te.glraTe.d .V3|5.<PT.< .OI _O'l_. A TR SR |
0 1 2 3 0 1 2 3
An An
Pion v, (0-20%) Pion v, (20-40%)
>" e integrated v, 0<p <2 >" EP (particles p <2 GeV/c)
T 0.4F o integrated v 2<p < 304
— . 4 T —
© @ integrated v 5<p <10 ©
0.3 4 T =)
L= g
£ £

Figure 5.6:

CHAPTER 5. DISCUSSION

Pion v, (40-60%)

2

> :.
2 0.3F
S [e e
= I °
) L
i ®
0.1
e © © © o o
b1 2 3
An
Pion v, (40-60%)
>0.2F
= I
q’ -
8
50.1_-;
i [ ® o o o o
e ® e o o o

integrated v

The integrated ve (top) and vs (bottom) as a function of An. Event plane is

estimated by the particles in the region of pr < 2 GeV/c. An is the difference between the event

plane and the region of measuring the pion angle. The v,, within 0 < py < 2 (blue), 2 < pr <5
(green), and 5 < pr < 10 GeV/c (red).



5.2. DIRECT PHOTON AZIMUTHAL ANISOTROPY

Pion v, (0-20%)

2

integrated v

0.2

0.1F

integrated v
o 3
o o
o1 =

o

-0.05

0.3F e integrated v 2<pT<5

@ integrated v, 0<pT<2

@ integrated v, 5<pT<1O

:— @ integrated v 0<pT<2
e integrated v3 2<p'<5

[ e integrated v25<p1<10

1 2 3
An
Pion v, (0-20%)

4

o
=

integrat%g v

[y
a1

it

0.05}

I e integrated v, 0<pT<2
- e integrated v, 2<pT<5
@ integrated v, 5<pT<lO

Figure 5.7:

3
An

Pion v, (20-40%)

2

> [ EP (particles p.>2 GeV/c)
- L
o 0.3r
< L
5 |
[} -
c02re
0.14@®
8 o c o 8
LS .. o © o e
0 1 2

Pion v, (20-40%)

3
An

0.1

integrgted v
o
a1

T lloll
e

s

-0

=

o

o

(&)
T

[ EP (particles p.>2 GeV/c)

e

o
S —

Pion v, (20-40%)

3
An

4

[any
o1

integrated v
o ¢
£

o

o

a1
T

[ EP (particles pT>2 GeVi/c)

L] @ I

3
An

81
Pion v, (40-60%)
o~ .
>
? 0.3f
8
T °
E 02._ e ()
[ [ ]
[ ° . ¢
0.1 LA
:... . 1 .. ... 1 .. .. 1
q} 1 2 3
An
0.1 Pion v, (40-60%)
>(V) .J.-
2 [
8
@©0.05F
o [
Q I ®
£ o'—g—o—o—o—o—:—
[ ) [ ] [ J L
s ¢
-0.05F ¢ I
! ®
: ®
N 1 Q@ T L1
0% 2 3
An
Pion v, (40-60%)
><r [ [ ]
-80.15_-
< [
2 |
*é' 0.1-
[ ®
0.0} ® * % .
® o o o ‘
0—0—070—070—*—

3
An

The integrated ve (top) and vs (bottom) as a function of An. Event plane is

estimated by the particles in the region of pr > 2 GeV/c. An is the difference between the event
plane and the region of measuring the pion angle. The v,, within 0 < py < 2 (blue), 2 < pr <5
(green), and 5 < pr < 10 GeV/c (red).



82 CHAPTER 5. DISCUSSION

v,, makes large

Central arm

- Jet biasing event plane
- Away side jet
- Biased 2nd event plane

E.P.
- Biased 3rd event plane

detector

v,&v, makes large
v; makes small

(a) side view (b) beam view

Figure 5.8: The image of the vn with affected by particles fragmented from jet from side view
(a) and beam view (b). Jet biasing on determining event plane (red) and away side jet (blue).
Biased 2nd order event plane (orange) and 3rd order event plane (green).

5.2.1 Comparison of direct photon and neutral pion v,

Figure 5.9 shows the comparison of vy, v3, and vy between direct photon and neutral pion
measured via RxN(I4+O) event plane. It is found that the strength of photon vy and wvs at
around 2 GeV/c is comparable to that of neutral pion and the centrality dependences of them
are similar to those of neutral pion. These results suggest that the strength of direct photon v,
correlates with the initial geometry anisotropy and photons are emitted from late stages of the
collisions where radial expansion is strong. The photon v,, in low pp region will be discussed in
followings. In pp > 4 GeV/c, it is observed that photon vs is much smaller than neutral pion v
in all centrality bins, and there is difference for v3 and v4 in 40-60% and 0-20 % centrality bin,
respectively.

In order to study the centrality dependence of direct photon v,, in high pp region, the inte-
grated vy, v3, and vy of direct photon and neutral pion within 6 < pp < 10 GeV/c are shown in
Figure 5.10. It is found that there is clear difference between neutral pion and direct photon in
vg. As discussed in Section 5.1, since neutral pion would be mostly originated from jet fragmen-
tation after the strong energy loss in the medium, there should be difference between in-plane
and out-of-plane directions due to their path length. On the other hand, direct photon would be
given by the summation of jet fragmentation photon (v4™ =~ v7) and dominating prompt photon
production (v, ~ 0), therefore it is expected to have small vo. The trend of vy could be similar
to the case of vg, but the uncertainties are too large to distinguish the difference. In the case of
v, neutral pion shows small value in central collisions, while it becomes negative in peripheral
collisions which could be understood by the jet bias on event plane determination. However
the photon w3 is consistent with zero in all centrality bins, which could also be consistent with
no-suppression given by small interaction of direct photon within QGP.

In the region of 6 < pp < 10 GeV /¢, photons are dominantly originated from jet fragmentation
and initial hard scattering. From comparison of photon v, and neutral pion v,, it is found that
photons from initial hard scattering are relatively dominant.
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5.2.2 The ratio of v, to v3

It is predicted that the photon v, is more sensitive to 1/s of QGP than the hadron v, [16].
It is because the n/s affects for the both of the expansion and photon emission rate in hydro-
dynamic model. The models calculations are taken from one of the hydrodynamic model [31].
The photon vy and v3 are calculated with the boost-invariant viscous hydrodynamical model
VISH2+1. The n/s is defined as 0.08 and 0.20 for initial conditions generated from the Monte-
Carlo Glauber (MCGIb) and Monte-Carlo KLN (MCKLN), respectively, in order to describe soft
hadron observables at RHIC and LHC energies.

Figure 5.11 shows the comparison of the ratio of ve to w3 for photon and charged pion [§]
with model calculations, and the x? is summarized in Table 5.1. It is observed that the ratio
of photons show weak centrality dependence in pr=2-3 GeV /¢ region, while charged pion shows
clear centrality dependence. Although uncertainties of direct photon wve/v3 ratios are large,
MCGIb+7/s(0.08) describes experimental data better. On the other hand, the ratio of charged
particle is described by MCKLN+7/5(0.20) better.

It is found that the ratio of vs to vy shows the different centrality dependence while the
strength of direct photon v, is comparable to that of pion v, at around pr = 2-3 GeV/e. It
could be because photons are emitted from all stages of the collisions while hadrons are created
at the freeze-out temperature. It is expected that this result provide additional constrain on /s
of QGP and/or initial conditions (MCGIb/MCKLN) as well as the knowledges about the time
dependence of photon production mechanisms.
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Figure 5.11: The ratio of vy to vz of direct photon (black) and charged pion [8] (red). Theoretical
curves are calculated with hydrodynamic model [16, 31].

The summary of x? taken from Figure 5.11
) direct photon charged pion
Centrality
MCGIlb+n/s(0.08) [MCKLN+7/s(0.20)| MCGlb+7/s(0.08) [MCKLN+1n/s(0.20)
0-20(%) 0.09 0.91 0.30 0.57
20-40(%) 0.05 1.87 1.20 0.21
40-60(%) 0.26 1.67 2.03 0.30

Table 5.1: The summary of x? taken from Figure 5.11.
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5.2.3 Comparison to model calculations

There are several model calculations to describe photon vy and vs.

Figure 5.12 shows the comparison of direct photon ve with 20 % centrality steps from 0 to
60 %. The blue and red lines are calculated from the both of thermal and non-thermal photons
in [10]. Thermal photons from not only partonic phase but also hadron phase are included such
asm+p = w4+, 1+ K* — K +~. Elliptic and radial flow are constructed by expanding elliptic
fireball based on [55]. The difference of these lines is a inclusion of non-thermal photon yields. In
this model, non-thermal photon yields are estimated from photon yield in p+p collisions. Non-
thermal photon is estimated by pQCD parameterization (blue) and the fitting to experimental
data in PHENIX experiment (red) [9]. Orange line is calculated by the parton-hadron-string
dynamics (PHSD) model which is transport calculation [32]. The photon production mechanisms
in QGP are ¢+ G — g+, and q(q) + g — q(q) + v as well as the photon production in the
initial hard collision (pQCD) which is given by the hard photon yield in p+p collisions scaled
with the number of binary collisions. In hadronic sources, meson-meson and meson-baryon
Bremsstrahlung as meson+meson — meson+meson+7y, meson+baryon — meson-+baryon-+-,
as well as hadronic interactions are included as 7+ 7 — p+ v, p+ 7 — ®+ . Cyan and
pink lines are calculated by hydrodynamical model VISH2+1 [16]. This calculation includes a
viscous correction to photon emission rate. Cyan is calculated using initial condition with Monte
Calro Glauber followed by a hydrodynamic evolution with 7/s=0.08. Pink is calculated using
initial condition with Monte Calro KLN and then hydrodynamic evolution with 1/s=0.20. Initial
condition and the 7/s are selected in order to successfully describe soft hadron observables at
RHIC and LHC energy. Violet line is calculated by another hydrodynamical model [33]. It is
calculated by initial condition with optical Glauber model tuned to hadronic observables, and
3+1D hydrodynamical simulations.

Figure 5.13 shows comparison of direct photon vy and vz in 20-40% centrality interval with
model calculations. An additional dark violet line is a result of calculation of photon vs in a
strongly coupled plasma with constant and strong magnetic field in non-central heavy ion collision
given by two large charged objects passing during the collision [34]. This calculation is one of
the simplified setup with a constraint and strong B-field, therefore upper bound for photon v is
shown.

It is found that the calculations of fireball calculations and transport model relatively describe
experimental measurement in pr < 1 GeV/c while they still underestimate in pp = 2-3 GeV/c.
It could suggest that photons from the other sources such as the interaction between hard parton
and the medium should be considered at pr = 2-3 GeV/c and it will be discussed in Section 5.2.4.
It is observed that hydrodynamical calculations are much lower than experimental measurement
while hadronic observables are well described with the same conditions. Investigation of the
viscous correction to photon emission rate and including photons from hadron gas could be
helpful.

5.2.4 Possible solution of photon puzzle

As introduced in Section 1.4.3, it is found that the photon pr spectra in Au+Au collision is
enhanced compared with that in p+p collision scaled by the number of binary collisions in
pr < 4 GeV/c. Tt could suggest that very hot medium exists and thermal radiated photons
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Figure 5.12:  Comparison of direct photon vy with model calculations. Blue (red) lines are
photon wve calculating with expanding elliptic fireball from thermal and non-thermal photons,
and non-thermal photon is estimated by pQCD calculations (fit to the experimental data in
PHENIX experiment) [10]. Orange line are calculated by PHSD transport model [32]. Cyan
(pink) lines are calculated with initial condition calculated by Monte Calro Glauber (KLN),
and hydrodynamical simulation is started from 79 = 0.6 fm/c to T = 120 MeV with 1/s=0.08
(0.20) [16]. Violet line is calculated with initial condition calculated with optical Glauber model
and evolved 341D hydrodynamical simulations [33].
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Figure 5.13:  Comparison of direct photon vy and vz in 20-40% centrality bin with model
calculations. Blue (red) lines are photon ve calculating with expanding elliptic fireball from
thermal and non-thermal photons, and non-thermal photon is estimated by pQCD calculations
(fit to the experimental data in PHENIX experiment) [10]. Orange line are calculated by PHSD
transport model [32]. Cyan (pink) lines are calculated with initial condition calculated by Monte
Calro Glauber (KLN), and hydrodynamical simulation is started from 79 = 0.6 fm/c to T'= 120
MeV with 7/s=0.08 (0.20) [16]. Violet line is calculated with initial condition calculated with
optical Glauber model and evolved 3+1D hydrodynamical simulations [33]. Dark violet line is
calculated photon v9 in a magnetic fielda, and it shows upper bound for photon vy [34].
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are dominant in this region. Therefore, thermal photons should be important to study photon
puzzle. In this section, we discuss the possible keys to understand photon puzzle. The discussion
with the blast wave model prediction for photon pr spectra and v, is shown in Section 5.2.4 and
a toy model calculation with blue shift effect is discussed in Section 5.2.4.

Photon observables prediction with Blast Wave Model

Blast wave model is based on a hydrodynamical model to parameterize the expanding medium
at kinetic freeze-out temperature [8, 56]. It has been known that it describes well hadronic
observables such as pr spectra and v, less than K Ep = 1 GeV. The blast wave model assumes
that the hadrons are emitted from an expanding source at kinetic freeze-out temperature. Photon
pr spectra and azimuthal anisotropies are parameterized with blast wave model as massless
particle.

Blast wave equations used in this analysis are written as

dN

ppoT X /rdr/d¢10 aT K1 ﬁT) (5.1)
on(or) = [ rdr [ d¢cos (ng)I,(ar)K1(Br){1 + 25, cos (ng)} (5.2)

" [ rdr [ doIy(ar)Ki(Br){1 + 25, cos (ng)} ’ '
ar(¢) = (pr/Ty)sinh(p(¢)), (5.3)
Br(¢) = (mr/Ty)cosh(p()), (5.4)
o(8) = poll+2pncos (nd)) (55)
<p> — fr(pO j:/lemax)dr’ (56)
p = tanh™1(B), (5.7)

where Ty and pg are the kinetic freeze-out temperature and average transverse rapidity for
azimuthal angle of medium surface, I,, and K,, are the n*" order of modified Bessel functions of
the first and second kind, p,, and s, are the transverse rapidity anisotropy and spatial density
anisotropy, respectively.

In this section, since blast wave model is applied for pr spectra, vy, and vs, there are six
free parameters. They are defined by fitting to pr spectra and v, of 7% (0.14 GeV/c?), K+
(0.49 GeV/c?), pp (0.94 GeV/c?) in 0-20% centrality bin [8, 6] as shown in top of Figure 5.14.
The obtained parameters are summarized in Table 5.2. Then the photon pr spectra and v,
are predicted as massless particle. The predicted line is shown as black in bottom Figure 5.14.
It is found that the both of pr spectra and v,, are well described in pr < 2 GeV/c, while the
freeze-out temperature is much less than the effective temperature, about 240 MeV [30]. It is
because radial flow makes the effective temperature higher than true temperature as introduced
in Section 1.4.5.

Several different lines without radial expansion (p)=0 are calculated. The orange, red, and
magenta lines are predicted with freeze-out temperature Tr=104, 240, and 300 MeV, respectively.
It is observed that red line is similar to the black line while green and orange lines do not describe
photon pr spectra. It is confirmed that radial low makes the apparent temperature higher than
true temperature. Additionally, it is found that the azimuthal anisotropy v,=0 if the radial
expansion (p)=0, as it is naively expected.
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Blast wave model is used to predict photon observables though it could be not adequate
model since photons are emitted from all stages of the collisions. Predicted pr spectra, vs,
and vs agree well with experimental measurement. It suggests that radial flow makes apparent
temperature higher than true temperature and v, existence. It is found that predicted v, is a
slightly higher than experimental measurements, and it could be because photons emitted from
the medium which is not enough expended are included. Radial flow effect could provide us the
keys to understand photon puzzle..

The parameters defined by blast wave 0-20%

Ty MeV] {p) P2 S2 P3 83

104.5+0.6 0.6614+0.004 | 0.0214£0.002 | 0.0324+0.004 | 0.01640.001 0.006=0.001

Table 5.2: Parameters of blast wave function obtained by fitting to pr spectra and v, of identified
charged particle [8, 6]. T is kinetic freeze-out temperature, (p) is the average transverse rapidity,
pn and s, are the transverse rapidity and spacial density anisotropy.
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Figure 5.14:  (Top) The pp spectra (left), vy (middle), and v3 (right) of identified charged
particle (7%, K%, pp) [8, 6]. The thick lines are the blast wave functions obtained by fitting, and
thin lines are extrapolations. (Bottom) The pr spectra [30] (left), vo (middle), and wv3 (right)
of direct photon. Black lines are predicted photon observables. Orange, red, and violet lines
are predicted lines with freeze-out temperature 7y=104, 240, and 300 (MeV) with zero radial
expansion (p)=0.
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A toy model calculation for thermal photon py spectra and v, with blue shift effect

In Section 5.2.4, blast wave model suggests that radial flow effect should be taken into account
so that photons have high effective temperature and large v,,. However blast wave model is not
appropriate for photon observables because photons are emitted from all stages of the collision. It
is needed to consider the superposition of all photons from high temperature to low temperature.
In this section, the photon pp spectra and v,, are calculated with the radial flow effect (blue shift
correction).

The temperature is assumed to be the highest at t=0 and monotonically decreases with time.
In this calculation, the evolution time ¢ is defined by the temperature from the beginning of the
QGP expansion (t=0) to the freeze-out (t=1). The apparent temperature 7" (t) affected by blue
shift effect is calculated with the velocity G(t) as

1+ 8(¢t)

) =T\ T 50

(5.8)

The amount of emitted photon from the medium could described with transverse momentum
pr and temperature T'(t) as

1
exp (pr/T(t)) —1°

n(pr, T(t)) = (5.9)

The assumptions in this toy model calculation are summarized below.

e acceleration of expanding medium monotonically decreases with time (and become zero at
t=1) : a(t)

e azimuthal anisotropy of medium in momentum space monotonically increases with time :
Un, (pTv t)

e the photon pr spectra is described with 7'(¢) as Eq. (5.9)

Because photon pr spectra and azimuthal anisotropy v, are superposition of different con-
tributions from initial to final stages, they are calculated as

Al (pp) = / din(pr, T(1)), (5.10)

vﬁnal(pT) — f dtvn(pT’ t) i n(pT’ T(t)) . (511)

" Jdtn(pr, T(t))

In order to constrain the assumptions, the temperature 7'(¢), velocity3(t) at final stage (t=1)
are fixed to be consistent the parameters obtained from blast wave model fitting to hadron
observables summarized in Table 5.2. It is assumed that the final value of azimuthal anisotropy
vn(pr,t) of direct (thermal) photon is assumed to be same as pion v,. The time is defined by
temperature from initial stage (t=0) to the freeze-out stage at Ty=104 MeV (t=1).



90 CHAPTER 5. DISCUSSION

The time dependence of temperature T'(t), acceleration a(t), velocity 5(t), and azimuthal
anisotropy v, (pr,t) of the medium are defined as

T(t) = Ty—D-t, (5.12)
a(t) = A(l-—1), (5.13)
Bt) = /Oa(t’)dt’, (5.14)

vn(pr,t) = V-t (5.15)

where T} is initial temperature, and D is defined so that T'(1)=104 MeV. Because it is expected
that the medium becomes free-streaming at t=1, it is assumed a(1)=0. The constant A in
Eq. (5.13) is determined from the conditions of velocity 5(0)=0 and £(1)=0.57 (=tanh ((p))).

The V in anisotropy component is parameterized with v, (pp, t = 1) = v5"

(pr). As a first basic
assumption, Figure 5.15 shows the time dependence of temperature, the normalized yield (prob-
ability density) N(T'(t)) = No [ dprn(pr,T(t)), acceleration, velocity, and azimuthal anisotropy
(pr=2.135 GeV/c). The time dependence of apparent temperature corrected for blue shift effect

is also shown as blue line.

Photon pr spectra and v2 and v3 with basic assumptions Figure 5.16 shows the calcula-
tions of photon pp spectra and v, with initial temperature T;=300 MeV. The calculations of pp
spectra are scaled to be consistent with experimental measurement [30] at 1 GeV/c. To extract
the effective temperature, the exponential equation is fitted in the range of 0.6 < pr < 2 GeV/c.
It is confirmed that the temperature of the calculation with blue shift correction is higher than
that without correction. It is shown that the calculations for vo and vs with blue shift correction
are larger than that without correction. In high pr region, photons from high temperature are
dominant if radial flow are not taken into account. However, if blue shift correction is considered,
photons from the medium at low temperature having strong radial flow are relatively increased
in high pr region. Therefore, it could be understood that radial flow makes effective temperature
high and azimuthal anisotropy large.

There are the differences of effective temperature and v, between calculations and experi-
mental measurement. In order to study the difference quantitatively, the relative difference o is

defined as

o — Vvobs. - Vcal. (516)

\/ ESst. + Es2tat.

where Vips. (Vear.) is the variable (Tess, vo, or v3) of experimental measurement (this calculation)
and Egar. (Esys.) is the statistical error (systematic uncertainty) of experimental measurement.
In the case of pp spectra, effective temperature from the fitted exponential equation at pr =
0.6-2 GeV/c is compared. In the case of v, the averaged values within 1 < pp < 3 GeV/c are
used.

While it is assumed that temperature decreases linearly with time, because the medium
expands, the time dependence of acceleration, yield, and azimuthal anisotropy do not have to be
linear. In the following section, the various different time dependences will be studied with the
time dependence of acceleration, yield, and azimuthal anisotropy.
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The acceleration dependence The behavior of effective temperature and v, is studies by
varying the time dependence of acceleration. The time dependence of acceleration is modified as

a(t) = A(1— %) (a > 0). (5.17)

The time dependence of parameters are shown in Figure 5.17. When the time dependence
of acceleration is varied, the time dependence of velocity and apparent temperature are also
modified accordingly with fixed initial (5=0) and final expansion velocities (=0.57). In this
assumptions, « is varied from 1/10 to 10.

Figure 5.18 shows the calculations of pr spectra, vs, v3, and the relative difference with exper-
imental measurements. It is found that effective temperature decreases largely with increasing
« parameter, while there is only a weak change for v,.
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Figure 5.17: The time dependence of temperature (top left), yield (top middle), probability (top
right), acceleration (bottom left) velocity (bottom middle), and azimuthal anisotropy (0-20%,
pr=2.135 GeV/c) (bottom right) of the photon sources. The color shows the difference of « in
Eq. (5.17).

The yield dependence Because the area of photon emission source expands with time, it is
expected that the amount of thermal photons would also increase with time. In order to take
this effect into account, the ppr spectra is modified as
b 1

exp (pr/T(t)) — 1

The time dependence of parameters are shown in Figure 5.19. It can be seen that the photons

(0<

n(pr,t) =t b). (5.18)

from late stage increase with increasing the parameter b. In this assumptions, b is varied from 0
to 10.

Figure 5.20 shows the calculations of pr spectra and v,. As it is expected, the effective
temperature decreases and v, increases with increasing the amounts of photons from late stage.
It is found that the behavior of time dependence of yield is very sensitive to the both of effective
temperature and v,,.
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The azimuthal anisotropy dependence The time dependence of anisotropy in momentum
space is modified as

v (pr,t) =V -1¢ (0 <¢). (5.19)

Figure 5.21 shows the time dependence of parameters. In this assumptions, ¢ is varied from 1/10
to 10.

Figure 5.22 shows the calculations of pr spectra and v,. Since the pp spectra is not affected
by the medium azimuthal anisotropy, the effective temperature is not varied. If the azimuthal
anisotropy is saturated in early stage where c is small, the v,, gets larger and becomes close to
the experimental measurement.
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The summary for the varying time dependence The difference of effective temperature
and v9 with the time dependence of parameters is shown in Figure 5.23. Black point is the dif-
ference with the first basic assumption, and solid lines show results by varying the power of ¢ for
acceleration (blue), photon yield (green) and v, (re). It is confirmed that the effective tempera-
ture depends on the evolution of acceleration and yield, and v,, depends on all components. In
order to constrain this calculations, the parameters « in Eq. (5.17) and b in Eq. (5.18) are opti-
mized so that effective temperature is comparable to the experimental measurement (67cs¢ =0).
Then, the parameter ¢ in Eq. (5.19) is determined to be consistent with experimental measure-
ment (ov,=0).

o | c a=1,b=0,c=1
r 10
L 1/10<a <10
a

1/10<c <10

3 1/10

Figure 5.23: The difference of effective temperature (67¢s¢) and vy (0v2) between calculations
and experimental measurement. (Black) The difference obtained from the basic assumption.
(Blue) The « controls the time dependence of acceleration. (Green) The b controls the time
dependence of yield. (Red) The ¢ controls the time dependence of v,,.

The constraint on parameters The time dependence of acceleration a(t) and velocity 5(t)
can be rewritten with maximum velocity B = (1) from Eq. (5.17) as

a+1

a(t) = 5 B(1—1t), (5.20)
a+1 1
t) = B(t———t*"]. 5.21
800 = 0B (1= ) (5.21)
If the « is taken limit, they can be calculated as

lim a(t) = —Blogt, (5.22)

a—0
lirrb B(t) = Bt(1—logt), (5.23)

a—

Cylgr()lo a(t) = B, (5.24)
ILm B(t) = Bt (5.25)

These two limit of acceleration is used to constrain the b in the time dependence of yield.
The b dependence on difference of effective temperature with the limit of acceleration in left of
Figure 5.24. Then the b is defined 7.65 (2.53) when « is limit of 0 (c0).
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The o and b are fixed, the ¢ in the time dependence of anisotropy is limited. The ¢ dependence
on difference of vy and vz with the limit of acceleration and defined b in middle and right of

Figure 5.24
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Figure 5.24: (Left) The b dependence in yield component on the difference of effective tem-
perature between calculations and experiment measurement. (Middle) The ¢ dependence in
azimuthal anisotropy component for vs on the difference between calculations and experiment
measurement. (Right)) The ¢ dependence in azimuthal anisotropy component for vs on the dif-
ference between calculations and experiment measurement. Blue (green) line is calculated with
the limitation of v — 0 (c0). Solid black line indicates oT¢s¢, ov,=0 and dotted lines indicate

the limitation within 1 o.

Because the parameters, «, b, and ¢ are defined, we can get the time dependence of the
components. Figure 5.25 shows the results of pr spectra, ve, and v3 of thermal photons. Fig-
ure 5.26 shows the time dependences of temperature, normalized yield, acceleration, velocity,
and anisotropy for vo. Initial temperature is varied from 300 MeV to 400, 500, 600 MeV, and
b, ¢ are defined with the same method. The obtained apparent temperature, true temperature,
and average emission time are summarized in Table 5.3. It is confirmed that true temperature is
lower than apparent (effective) temperature. It is found that true temperature is within 125 to
160 MeV regardless of initial temperature while the range of true temperature slightly increases
with decreases initial temperature. This result indicate that photons are emitted in late stage
under the assumptions of time dependent temperature Eq. (5.12, acceleration Eq. (5.17, yield
Eq. (5.18), and azimuthal anisotropy Eq. (5.19).

The adiabatic expansion assumption

The photon observables are calculated with a simple adiabatic expansion model. This model
includes the longitudinal expansion with the velocity of light and radial expansion with velocity
B(t). With thermodynamic relations, we obtain the relation of the entropy density s as

s o T3, (5.26)
s(to)V(to) = s®)V(D), (5.27)
(5.28)
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The summary of calculations

Initial temperature| Apparent temperature True temperature Average emission time
300 (MeV) 245.5 (MeV) 130 - 164 (MeV) 0.69 - 0.87
400 (MeV) 246.0 (MeV) 128 - 146 (MeV) 0.86 - 0.92
500 (MeV) 245.0 (MeV) 128 - 138 (MeV) 0.91 - 0.94
600 (MeV) 244.5 (MeV) 128 - 135 (MeV) 0.94 - 0.95

Table 5.3: The summary of true temperature and average emission time. Lower (upper) limit

of true temperature is determined by v = 0 (00). Lower (upper) limit of average emission time

is determined by @ = oo (0). The time of freeze-out is defined as 1.
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where t is a given initial time, 7" and V (¢) are the temperature and volume of the photon source,
respectively. The radius R(t), volume V (¢), and temperature T(¢) are written as

R(t) = R0+/t,6’(t’)dt’, (5.29)
0
V(t) = trR(t)% (5.30)

o\ 1/3
) = T, <’m> , (5.31)

where Rg is the initial radius and 3 fm defined by RMS radius is utilized. In this study, the
freeze-out temperature is fixed at the radius of 10 fm/c after the expansion. The temperature
and velocity at freeze-out temperature are defined at 104 (MeV) and 0.57 obtained by blast
wave model. It is assumed that the time dependence of the evolution of velocity and azimuthal
anisotropy in momentum are same as

B(t) = BB xt, (5.32)
vn(pr,t) = V xtb, (5.33)

where BB is defined with 5(10)=0.57 and V is determined with v, (pr,10)=v,(pr) of pion.
Figure 5.27 shows the parameters as a function of time. Because it is natural that pressure
gradient degreases with time, the b is selected at least smaller than 1. The amount of photons
at temperature 7'(¢) is defined as

V(t)
exp (pr/T(t)) —1°

The final pr spectra and v, are calculated with Eq. (5.10) and (5.11).

Figure 5.28 shows the calculations of photon pr spectra and v,,. The effective temperature is
obtained by fitting in the region of 0.6 < pp <2 GeV/c. It is found that the effective temperature
degrease and v,, increases with decreasing the b parameter.

n(pr, T(t)) = (5.34)

The calculations for photon observables with a simple adiabatic expansion is performed. It
is found that the effective temperature is much higher than experimental measurement in the
region of b < 1. This might be indicating that the energy conservation due to the photon
emission should be taken into account. The azimuthal anisotropy is calculated with the same
assumption of the time dependence of the evolution which is also applied for the radial expansion
velocity. It is observed that the estimated vo and v3 values are much smaller than experimental
measurement. It might indicate that we would have to consider the v, source which is not only
given by the radial expansion velocity but also the spacial density anisotropy profile included as
in the Blast Wave model such as s,, parameter.

Photon v, calculations with pQCD calculations

As explained above, photons are created from several sources. In [30], photons are classified as
thermal photon and the photons based on p + p collisions. Panel (a) in Figure 5.29 shows the
photon pr spectra in Au+Au collisions. Panel (b) shows the pr spectra estimated from p + p

2
collisions with pQCD based equation F; = A (1 + %) which is scaled by the number of the
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via exponential equation in the region of 0.6 < pr < 2 GeV/ec.
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binary collision. Panel (c) shows the pr spectra after subtracting F; shown in panel (b) from
pr spectra in Au+Au collisions shown in panel (a). We assume that subtracted pr spectra is
determined as thermal photons. It is fitted with Fy = Cexp (—pr/T) in the region of 0.6 < pr <
2 GeV/c. The obtained equations are combined as

2

2
P=A (1 + pBT> + Cexp (—pr/T), (5.35)

which is shown in the panel (a) as black line. The ratio of the number of thermal photon to that
of all photons is shown in panel (d). It is found that thermal photons are dominant in pp < 2
GeV/c and decreases ~ 70% at pr = 2 GeV/c.

Photons including thermal and pQCD photons v, (v,) can be written with thermal photon
vn (viermal) and pQCD based photon v, (V59“P) as

Nthermal,vvtlhermal + NpQCDUEQCD

'U;YL = N thermal + NPQCD ) (536)
Nthermal thermal
_ Un (5.37)

N thermal + NPQCD’

where Nthermal and NPQRCD are the number of thermal photon and pQCD based photon, respec-
tively. Because it is expected that pQCD based photon do not have anisotropy, vﬁQCD is zero.
Thermal photon v, is assumed to be the results in Figure 5.14 and 5.25.

Figure 5.30 shows the calculation result of photon vy and vs with Eq. (5.37). It is observed
that (Thermal + pQCD) photon v, is smaller than experimental measurement in the region of 3
< pr < 5 GeV/e. Tt may indicate that the photons originated from the other additional sources
such as modification of jet fragmentations and redistribution of the lost energy coming from the

energy loss inside QGP could be existing in 3 < pr < 5 GeV/ec.

Vg @e P, spectra in Au+Au ”,E (b) - Nyy-scaled pQCD “g (c)e P, spectrain Au+Au g (d) = The ratio
> 10°F (thermal + pQCD) > 10%F s 10%F after subtraction of o Fo=FI(F +F))
Q o 2 o p+p contribution _EL 1
Z_'% 10 — F;=F+F, zj? 10k —_— F1=A(1+%)2 ;% 10 (thermal) g
“ugf 1+ Q‘j%k 1L %%F i+ —_— F2=Cexp(—pT/T) 5
— Er._ - 2
i | =
V107 V107 V10 g
10%F 102 10%F 3o
10°F 10° 10°k °
¢
10k i 10 10%F
-5 1 1 1 1 5 1 1 1 1 -5 1 1 1 1
W™= 12731 10 1 2 3 4 W= 17273 1 S N R
p,(GeVrc) p,(GeVic) p,(GeVlc) p.(GeVic)

Figure 5.29: Direct photon pr spectra in 0-20% centrality taken from [30]. (a) Direct photon
pr spectra in Au+Au collisions. (b) Photon pr spectra estimated from p + p collisions by the
number of binary collisions (pQCD photon). (c) The pr spectra after subtraction of scaled p+ p
collisions (Thermal photon). (d) The ratio of the number of thermal photon to that of thermal
and pQCD photons.
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Figure 5.30: The direct photon v (left) and wvs (right). Dotted lines are predicted thermal
photon v, shown in Figure 5.14 (red) and 5.25 (blue). Solid lines are all photons v, calculated
with Eq. (5.37).

Summary for calculations

In Section 5.2.4, photon pp spectra and v,, are discussed to understand photon puzzle. Blast wave
model suggests that radial flow should be taken into account so that photon have high effective
temperature and large v,. The photon pr spectra and v, are calculated with blue shift effect.
It is achieved to obtain the both of high effective temperature and large vy, v3 simultaneously
with radial flow effect. It is found that true temperature is within 125 to 160 MeV regardless
of initial temperature, and photons from late stage are dominant. Photon v, is evaluated from
thermal photons and pQCD based photons. It may indicate that the photons originated from
the other additional sources such as modification of jet fragmentations and redistribution of the
lost energy coming from the energy loss inside QGP could be dominantly existing in the region
of 3 <pr <5 GeV/e.



Chapter 6

Conclusion

The measurement of direct photon is a powerful probe to study quark-gluon plasma (QGP) in
high energy heavy ion collisions. That is because photons do not strongly interact with the
medium due to charge-less and color-less properties and they are emitted during all stages of the
collision. It has been observed that the large excess of py spectra and large elliptic flow vy in
low pp region. It has not yet well understood, and it is called as “photon puzzle”.

The higher order azimuthal anisotropy of direct photon is measured in order to understand
photon puzzle. The measurement of vy, v3, and vy of neutral pion and direct photon in Au+Au
VSNN = 200 GeV collisions at RHIC-PHENIX experiment has been carried out since year 2000.

The vy, v, and v4 of neutral pion are measured up to ppr = 15 GeV/c¢ with event plane
determined by several forward detectors. In high pr region, it is found that neutral pion ve and
vy are positive in all centrality while vs varies from positive to negative especially in peripheral
event. Since hadrons in high pr region are mainly originated from jet fragmentation, high pr
single particles v, are useful to study jet properties in heavy ion collisions. It is studied that the
jet contribution to measured v, by AMPT simulation. The jet path length dependence of energy
deposit has been studied by measuring vy of high pr hadron. Because di-jet makes v3 small and
third order of initial geometrical anisotropy is smaller than second order, vs of high pr hadron
needs to be investigated more precisely in order to understand their detailed dependencies. The
behavior of vz of high pr hadron could be understood qualitatively by superposition of path
length dependence of jet energy-loss, di-jet effect, and jet-bias effect in determination of event
plane. The vy of high pr particles is similar to the behavior of v, and it could be understood
that it is given by the geometrical asymmetry of the QGP and energy loss of parton inside the
QGP.

The v9, v3, and vy of direct photon are measured up to 15 GeV/c. It is observed that the
strength of photon vs at pr ~ 2 GeV/c is comparable to that of hadron, which is similar to
the case of vy. These results prefer the scenario of that the photon in low pr region are mostly
emitted from late stage after the sizable azimuthally anisotropic and collective expansion. In
high pp region, it is found that v, v, and vy of direct photon are close to zero and it could
be consistent with the expectation that the dominant fraction of photons is originated from the
prompt photons in high pr regions.

The ratio of vy to v3 is compared with hydrodynamical model calculations. It is found that
the model calculation with MCGIlb+7/s(0.08) describes the ratio of photon well while that of
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charged pion is better described by another set of parameters with MCKLM+7/s(0.20).

Photon pr spectra and v,, are predicted as massless particle by the parameters determined
by blast wave model fitting to hadron observables, if those photons are really emitted during
the freeze-out stage. It is found that pr spectra is well described with the combination of low
temperature and large radial flow as well as that of high temperature and no radial flow. It
is naturally expected in the collective expansion scenario that there would be no azimuthal
anisotropy (zero vy,) if radial flow does not exist. Blast wave model suggests that radial flow is
needed to be taken into account in order to understand photon puzzle.

The thermal photon pr spectra and v, are calculated with blue shift correction. It is assumed
that the temperature, acceleration, and azimuthal anisotropy of medium vary with expansion
time. The photon observables are calculated by integrating over the expansion time. The time
dependence of these variables are constrained so that the effective temperature and v,, are well
described. This calculation indicates that the high effective temperature and large v,, are repro-
duced with the blue shift correction given by the large expansion velocity during the freeze-out.
It is obtained that the true temperature during the photon emission is within 120 - 160 MeV and
photons from close to the end of hadronic freeze-out are dominant. Additionally, photon v, is
calculated from thermal photons and pQCD based photons. Although it is observed that there
is large difference between experimental measurement and this calculation in 2 < pp < 5 GeV/ec.
It could suggest that the photons originated from the other sources coming from jet energy loss
inside of QGP and/or possible modification of jet fragmentation are dominant in 2 < pp < 5
GeV/ec.

In this thesis, neutral pion and direct photon vy, 3, and v4 are measured in Au+Au /syny =
200GeV collisions at RHIC-PHENIX experiment. In the case of neutral pion v,, it is found that
the behavior of v, in high pr could be understood by the jet effect; path length dependence of
energy loss and jet bias on event plane determination. It is found that the direct photon v, is
close to zero in high pr region, and it is consistent with the expectation that the prompt photons
are dominant and they have small interaction in QGP as also observed as R4 ~ 1 for direct
photon. In low pr region, it is observed that photons have non zero and positive v3 which is
similar to the case of vo. Blast wave model suggests that a possible explanation of photon puzzle
could be the radial flow effect. The high effective temperature and large v, could be achieved as
a consequence of Doppler (blue) shift caused by a large radial flow. The extracted temperature
of photon emission source is as low as 120 - 160 MeV and photons at close to the end of hadronic
freeze-out are dominant. It also indicates that the photons originated from the other additional
sources such as modification of jet fragmentations and redistribution of the lost energy coming
from the energy loss inside QGP could be existing around 2 to 5 GeV/ec.
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The results of inclusive photon v,

The results of inclusive photon v, with RxN(In)

The results of inclusive photon v, with RxN(Out)

e The results of inclusive photon v, with MPC

The results of inclusive photon v,, with BBC

The results of inclusive photon v, with RxN(In)+MPC
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Figure A.1: The results of inclusive photon vg, v3, and v4 (RxN(In)) with 10% centrality interval.
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Appendix B

The results of neutral pion v,

The results of neutral pion v, with RxN(In)

The results of neutral pion v, with RxN(Out)

e The results of neutral pion v, with MPC

The results of neutral pion v, with BBC

The results of neutral pion v, with RxN(In)+MPC
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Figure B.2: The results of neutral pion vy, v3, and vg (RxN(Out)) with 10% centrality interval.
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Appendix C

The results of direct photon v,

The results of direct photon v, with RxN(In)

The results of direct photon v, with RxN(Out)

e The results of direct photon v,, with MPC

The results of direct photon v, with BBC

The results of direct photon v, with RxN(In)+MPC
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Figure C.1: The results of direct photon ve, v3, and v4 (RxN(In)) with 20% centrality interval.
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