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Abstract

The Relativistic Heavy Ion community at the Relativistic Heavy Ion Collider
(RHIC) at Brookhaven National Laboratory (BNL), New York, aims to study nu-
clear matter under extreme condition of temperature and density. This is sup-
ported by lattice QCD prediction. The prediction is that at sufficiently high tem-
perature and/or nuclear density, colored quarks and gluons, which are confined
in a nucleon become de-confined resulting in a new phase of matter, called the
Quark Gluon Plasma (QGP). In a QGP phase, quarks and gluons are able to move
over regions larger than a hadronic length. Additionally, QGP is believed to have
existed during the first few microseconds after the Big Bang. Understanding the
properties of QGP could provide valuable insights on the evolution of our uni-
verse. The experimental investigation at RHIC and intensive theoretical calcu-
lations with state-of-the-art computers have led to the refinement of the physics
goals. The task of the RHIC heavy-ion programme, therefore, will be to investi-
gate the properties of the de-confined matter in much greater details.

Hadronic resonance states have extremely short lifetimes (~few fm/c) which
are comparable to or smaller than the lifetime of the system formed in relativis-
tic heavy-ion collisions. Due to their short lifetimes, hadronic resonances can be
used to investigate the freeze-out mechanisms after hadronization. In order to
understand the properties of matter formed in relativistic nucleus-nucleus colli-
sions, it is important to understand the production and absorption processes of
resonant states created in those collisions. This is attributed to the resonance
daughter particles’ re-scattering and re-generation effects. Thus, a systematic
measurement of the resonances properties such as mass modification and/or
width broadening is essential to study the hadronic in-medium effects in heavy-

ion collisions. Again, the elliptic flow measurement will extend the sensitivity
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of resonance yields to the partonic state through additional information on con-

stituent quark scaling.

So far, RHIC has produced a great amount of data on various resonances. The
p° vector meson (m,o = 775.5MeV/c?, T 0 = 150 MeV/¢?) is one among such res-
onances through which various properties of the hot and dense medium created
in such heavy- ion (i.e. Cu+Cu and Au+Au) collisions can be studied. Because
of the broad width, the p° vector meson is expected to decay, re-scatter, and re-
generate all the way from the chemical freeze-out to the kinetic freeze-out. In the
context of statistical models, the measured p° vector meson yield should reflect
conditions at kinetic freeze-out rather than at chemical freeze-out. In p+p and
d+Au collisions, the p° vector meson is expected to be produced predominantly
by string fragmentation. Therefore, the measurement of the p" vector meson in
p+p and heavy-ions, such as Cu+Cu and Au+Au, collisions at the same nucleon-
nucleon center of mass energy can provide insight for the understanding of the

dynamics of these systems.

In addition, in-medium modification of the p° vector meson mass and/or
width due to the effects of increasing temperature and density has ben proposed
as a possible signal of the phase transition of nuclear matter to a de-confined
plasma of quarks and gluons, which is expected to be accompanied by the restora-
tion of chiral symmetry. Therefore, the production of the p" vector meson is stud-
ied and compared with other resonances to investigate the evolution of the fire-
ball. The other important physics goal of this thesis is to study and discuss the
results of elliptic flow (v;) measurement of the p” vector meson. The number of
constituent quark scaling of v, for the p° vector meson will potentially provide

information about the p" production mechanism.

The data used for the analysis in this thesis were taken with the Solenoidal
Tracker at RHIC (STAR) detector. Measurement of the p° vector meson, through
the hadronic decay channel p° — 7" + 7, in peripheral Cu+Cu and Au+Au
collisions and minimum bias p+p and d+Au collisions are presented. The invari-

ant mass spectra of the p° vector meson are reconstructed using a combinatorial



technique, and the same-event like-sign technique is applied to estimate the un-
correlated background. A line shape analysis is carried out to extract the various
information for the p° vector meson. A much complicated hadronic cocktail func-
tion is fit to the background subtracted invariant mass spectra to extract the mass
and the uncorrected yield for the p° vector meson. The corrected pr spectra, in-
verse slope parameters, and yields of the p’ vector meson in the mid-rapidity
(i.e. -0.5 <y < 0.5) is studied. The average pr (< pr >) of the p° vector meson
is compared with other particles to investigate effects of radial flow and particle
production mechanism. The p°/7~ ratio is studied and compared with K*/K~
ratio to understand the regeneration vs. re-scattering effects.

In addition, significant amount of the p” vector meson elliptic flow, (va(pr)),
has been measured in Au+Au collisions at /sy =200 GeV. It has been observed
in peripheral, i.e. 40% - 80% Au+Au collisions that in the intermediate py (1.5
< pr <5 GeV/c), the p° vector meson elliptic flow coefficient (v5) followed the
number of constituent quark, n=2, meson-scaling. This is a strong evidence for

the partonic collectivity of the medium created in the collisions.

Keywords : QGP, Resonances, Vector meson, Chiral symmetry, Freeze-out, Re-
scattering, Re-generation, Cocktail fit, Elliptic flow, Quark scaling, Partonic col-

lectivity.
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Chapter 1

Introduction

“I, a universe of atoms, an atom in the universe.”

- Richard P. Feynman

Since ancient times, mankind has been driven by the quest for observing and
understanding the vastness of the Universe around. Over times, mankind has
developed a systematic and scientific approach to understand the fundamental
forces in nature. In conjunction with astrophysics and cosmology, particle physics
research seeks answers to the fundamental nature of the physical Universe and
its evolution over the last billion of years. Nuclear physics shows how the fun-
damental building blocks from the early Universe combine to make stable and
unstable chemical elements today. With the advancement of technologies, bet-
ter particle detectors and higher energy particle accelerators, mankind has suc-
ceeded to explore the small length scale or sub-atomic level. This exploration has
led to a better understanding of the building blocks of matter and their interac-
tions, and eventually ended up with what is today known as “Standard Model”
[1,2].

The Standard Model provides a comprehensive understanding of electromag-

netic, weak and strong interactions of the elementary particles and constitutes the
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foundation of particle physics. A part of the Standard Model has been validated
by the discovery of the W= and Z° particles at CERN’s Super Proton Antiproton
collider in 1983 [3, 4] and by the observations of the predicted top quark and tau
neutrino at FNAL’s Tevatron (USA) in 1995 and 2000 [5, 6]. In spite of this suc-
cess, the Standard Model of physics cannot explain the origin of mass and has
also shown other unexpected flaws [7, 9]. Recent observations in astrophysics in-
dicate that the Universe is mostly made up of “dark” matter and energy, concepts

that cannot be modelled with our present theories.

The dearth for understanding the fundamental interactions and its conse-

quences has fascinated the young minds for all the time.

1.1 The Standard Model

There are four fundamental interactions in nature: Strong, Electromagnetic, Weak
and Gravitational. Each of these interactions are mediated by gauge bosons, i.e.
gluons for the strong interaction, photons for the electromagnetic interaction, W=+
and Z" for weak interaction and graviton for the gravitational interaction [10]. An
attempt has been made to unite all the interactions and to have one model. But
so far three fundamental interactions, i.e. Strong, Electromagnetic and Weak, are
incroporatd in a model, called the Standard Model, to describe all the properties
of elementary particles. The standard model is the best available theory in par-
ticle physics till date. In this model, the elementary particles are classified into
two groups: quarks and leptons which are spin half particles and are termed as
Fermions [11]. Figure 1.1 shows the three generations of quarks and leptons, and

the intermediating gauge bosons involved in different interactions.

Among the three interactions incorporated in the Standard Model, Strong in-
teraction is the most challenging one to understand. The theory to describe the

strong interactions between quarks and gluons is known as Quantum Chromo-

dynamics (QCD) [7, 12].
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Figure 1.1: The fundamental particles of Standard Model and the force-mediating
bosons.

1.2 Confinement and Asymptotic freedom

Theoretical investigations of QCD show a remarkable property of Strong Interaction:-
At very high energies, the strength of the interaction between quarks becomes
weaker. In other words, the effective coupling constant of strong interactions
becomes smaller at higher energies, eventually approaching zero value. This is
known as “Asymptotic Freedom”. This behavior is opposite to the behavior of
Quantum Electrodynamics (QED), where the coupling constant increases with
energy. The behavior of asymptotic freedom is well tested in experiments to a
high accuracy [8]. However, the understanding of QCD in the domain of low
energy remains poor. This is the domain where hadrons form, and quarks are

confined into these hadrons. This is called “Colour Confinement”.
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Apart from this “confinement” there is another domain, where QCD is not
well understood. This is the domain of high temperature and high density matter.
From theory side this is the expectation based on asymptotic freedom that at high
temperature the interactions between quarks will become weak. This leads to
an obvious question that whether one should expect an ideal gas of quarks and

gluons at such high temperatures or not.

1.2.1 The Quark Gluon Plasma
The coupling constant in QCD is given by [8]:

41
(11 — 2np/3) In@Q?/A\?

. (Q) = (1.1)

where Q% is the momentum transfer, nx is the number of quark flavors and A is
the scaling parameter. The typical value of A, obtained from scattering experi-
ments, is about 200 MeV. Equation 1.1 shows that the coupling constant is small
when Q? >> A?. This means that the interactions between quarks and gluons
become weaker at very high energies, while they are strong at lower energies.
Thus, a collection of quarks and gluons interacting with each other with typical
momentum transfer much larger than A should constitute a weakly interacting
system of particles. Perturbative QCD (pQCD) has been very successful in pre-
dicting and describing various processes observed in different experiments as
illustrated in Figure 1.2 [18]. The value of o, is extracted from experimental re-
sults and compared to pQCD predictions. Thus, if a system of quarks and gluons
is at a temperature much higher than several hundred MeV, then coupling con-
stant will be small and the system should behave like an ideal gas. In such a
system, one does not expect the effects of confinement of QCD interaction to sur-
vive. This system of quarks and gluons, where quarks and gluons are no more
confined within the region of a hadron, is called the Quark Gluon Plasma (QGP)
[16,17,22,23].

Even at sufficiently high density (i.e. compressed baryonic matter), one ex-

4
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Figure 1.2: Summary of measurements of o, (Q?) extracted from experimental
results compared to QCD predictions (curves) from [18].

pects that hadrons will overlap. At such high densities, typical separation be-
tween constituents quarks of different hadrons become much less than 1 fm, i.e.
the typical size of a hadron. This means that at such high densities the effective
coupling constant for quark-gluon interaction will be very small. Under such
condition, one can also expect a state like QGP.

This expectation is strongly supported by lattice QCD calculations and other

phenomenological approaches.

1.3 Lattice QCD and Phase Diagram

The non-perturbative aspects of Quantum Chromodynamics is dealt with the lat-
tice QCD. These lattice QCD calculations are done numerically by putting quarks
and gluons on a discrete space-time lattice and many properties like, energy den-
sity, pressure etc. are calculated as a function of temperature. The energy density
scaled with 4th power of temperature (e/7*) is calculated in lattice QCD as a
function of temperature scaled with the critical temperature (7'/7,) for different

quark flavors [13] and the result is shown in Figure 1.3. It is predicted that at

5
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T =T,, ¢/T* rises up and gets saturated below the value of the Stefan-Boltzmann

value shown by arrow for different flavors in Figure 1.3. It has been predicted
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Figure 1.3: The energy density in QCD from lattice calculations. When the tem-
perature 7" reaches the critical temperature 7, the number of degrees of freedom
rapidly rises indicating that quarks and gluons become relevant degrees of free-
dom. The arrows represents the Stefan-Boltzmann values for asymptotically high
temperature. The Figure is taken from [13].

that at very high temperature the energy density value will finally achieve the
ideal Stefan-Boltzmann value [14]. One of the most important observation is that
at the critical temperature suddenly the degrees of freedom increase to a larger
number indicating a de-confinement phase transition. Although the critical tem-
perature varies with the quark flavors, but the observation of the increase of the
degrees of freedom at critical temperature remains valid for all quark flavors.
The QCD phase diagram which maps out the different phases of QCD mat-
ter as a function of baryon chemical potential (115) and temperature (7) is shown
in Figure 1.4 [15]. If baryon chemical potential increases beyond a critical value
keeping the temperature low, there is a possibility of formation of baryon rich
plasma, which is produced in Neutron Star. It may so happen that in high baryon
rich plasma, there will be attractive force between two quarks leading to the for-
mation of color superconductor phase as shown in Figure 1.4. The phase tran-
sition is then predicted to be first order in this region of ;15 and T'. If the tem-

perature is increased with zero baryon chemical potential, it has been predicted

6
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Figure 1.4: The QCD Phase Diagram. The Figure is taken from [15].

by lattice QCD that there will be smooth cross over. This scenario is the early
Universe scenario. By suitably changing the baryon chemical potential and the
temperature, one can get the point on the phase boundary where first order phase
transition stops and beyond that temperature the phase transition will be a cross
over. This end point on the phase boundary is known as the Critical point. By
suitably tuning the energy of the heavy-ion beam, one can get different combi-
nation of baryon chemical potential (15) and the temperature (7') as shown in
Figure 1.4. From this one can possibly get some information about the critical
point as predicted by the lattice QCD. This is one of the main objectives of the
STAR experiment at RHIC to have beam energy scan program that is going on
since the year 2010.

1.4 Relativistic Heavy-Ion Collisions

There are two ways, as depicted in Figure 1.5, to create the dense hadronic mat-

ter. The first one is by squeezing the nucleus and second one is by heating up

7
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the nucleus. In the first case, the nucleons, i.e. neutrons and protons, inside the
nucleus start to overlap when the inter particle distance is smaller than the in-
dividual nucleon size. In the second case, number of pions produced is so large

that the partons no longer belong to a specific hadron.

Heat Quark-Gluon
Pressure + [creates pions) + Plasma

\ . -
" | e elo X
d

Figure 1.5: Compression and heating can produce the QGP phase.

Relativistic heavy-ion collisions provide a unique opportunity to study the
quark gluon plasma in the laboratory experiments. For example, at Relativistic
Heavy Ion Collider, beams of Au-Au are collided at 200 GeV per nucleon center
of mass energy. At such high energies nuclei, or even protons and neutrons,
lose their identity. The density of the secondary partons grows due to multiple
scattering among the quarks and gluons initially present in the nucleons. In this
case, one could expect a local thermal equilibrium where the quarks and gluons
are the degrees of freedom rather than the hadrons.

As the two heavy nuclei approach each other at ultra-relativistic energies, they
appear to be Lorentz contracted. Depending on the energy of the nuclei, the
nucleons are either opaque or transparent to each other. If the energy is very
high, the nucleons pass through each other leaving behind a trail of energy. This
energy is confined in a small volume and is called a fireball. Inside the fireball, all
quarks and anti-quarks are generated and may lead to locally equilibrated quark
gluon plasma, which is shown in Figure 1.6. The fireball expands and cools down.
At the same time particle production continues. After certain time, the inelastic
process ceases, leading to the Chemical freeze-out. However, the elastic process
continue till the mean free path of the particles becomes comparable to the size of

the fireball. Then the elastic process stops, leading to the Kinetic Freeze-out. At

8
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this point of time, particles come out of the fireball and hit the detector. Different
experimental observables are proposed to extract information about the Kinetic

Freeze-out and Chemical Freeze-out.

n, K, p, .-

Mid Rapiciity

Hydrodynamic
Evolution Pre-Equilibrium
Phase (< 1))

a) without QGP// \\ b) with QGP “
B

A

Figure 1.6: A light-cone diagram of a collision for a case (a) without a QGP and
(b) with a QGP.

The experimental signatures proposed for the quark matter formation in rela-
tivistic heavy-ion collisions can be categorized into two groups, namely - the soft
probes and hard probes. The soft probe includes the bulk matter properties such
as particle multiplicities, particle yields, transverse momentum spectra and cor-
relations of hadrons especially in the low momentum region (pr < 1.5 GeV/c). It
is also possible to produce energetic particles through hard scattering processes.
The interaction of these highly energetic particles with the medium provides a

unique set of penetrating probes for the medium, also known as hard probes.

In the following sections, some of the proposed signatures of the QGP phase

9
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are briefly discussed.

1.5 Experimental Observables

1.5.1 Particle Spectra and Ratios

The initial short-lived source in relativistic heavy-ion collisions cannot be mea-
sured directly. Therefore, one has to explore different signatures to get the infor-
mation about different stages of the fireball. The thermal freeze-out temperature
is extracted from the transverse momentum (pr) spectra by fitting an exponential

function.

1.5.1.1 Exponential Distribution

The particle production is expected to follow an exponential distribution, as pre-
dicted by Hagedorn in the early 1960’s [24, 25]. For a thermally equilibrated par-
ticle distribution, the pr spectrum can be described by

1 d&®N mp

= Ae” T 1.2
2mpr dprdy (1.2

where my is the transverse mass, defined as mr = /p% + m3 and A is the multi-

plicative constant. The left side of Equation 1.2 can be re-written as,

1 &N 1 d*N
2mpr dprdy — 2mmy dmpdy

(1.3)

Substituting Equation 1.3 into Equation 1.2 and integrating over mrp,

0 1 2N 0 —m
/ d dmy = / Ae T dmy. (1.4)

mo 2TMT dmpdy o

Equation 1.4 can be re-arranged so that the multiplicative constant, A, can be

evaluated directly as,

10
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Figure 1.7: The x* contours for T}, and < fr > extracted from thermal and radial
flow fits for different hadrons produced in Au+Au collisions at \/syy =200 GeV.
The results from p+p collisions are also shown.The Figure is taken from [17].

dAN/dy B dAN/dy

A= — = - (1.5)
fmo 2re T mpdmy 27T (mog+T)e 7
Now Equation 1.2 can be expressed as,
1 d’N dN/d ~(mp—m
[dy g (1.6)

2y dmpdy T T (mo+1T) ‘
Equation 1.6 is used to describe the pr spectra of the particles that are measured.
The temperature parameter 7', commonly referred as the inverse slope parameter,
was initially expected to be directly related to the freeze-out temperature (77%,).

However, in presence of the transverse flow in the system, 7" is written as [27]:

1+ Br
1 —Br

Tepp=T (1.7)

where T, is the effective temperature of the fireball and for a given m, it is
obtained from the p; spectrum for that m,. By measuring 7., for various m, one

can extract 7y, . In Equation 1.7, 3 is the transverse velocity.

Figure 1.7 shows the values of T}, and < r > extracted from hydrodynamics-

11
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Figure 1.8: pr integrated ratios of different hadrons at mid-rapidity in central
Au+Au collisions at /syy = 200 GeV in STAR experiment. The horizontal bars
represent statistical model fits to the measured yield ratios for stable and long-
lived hadrons. The fit parameters are 7;;, = 163 £+ 4 MeV, up= 24 £ 4 MeV, 5 =
0.99 £ 0.07 [28]. Figure is taken from [17]

motivated fits [27] to the py spectra of identified hadron species for different cen-
trality in Au+Au collisions at \/syx =200 GeV. Also in the same Figure, the result
from p+p collisions is shown. It is clear from Figure 1.7 that the flow velocity
increases with the size of the system. This is argued in favor of more re-scattering
in a larger system, which allows larger collective flow velocities to develop. This
is also supported by the drop in the thermal freeze-out temperature with system
size, which suggests that larger systems are in thermal contact for a longer time
period. Interestingly, the {2-baryon and ¢-meson have highest kinetic freeze-out
temperatures which suggests that these particles thermally decoupled from the
expanding fireball at an early stage. In case of p+p data in Figure 1.7, one should
be careful in interpreting the parameters, i.e. Ty, and (fr), as these collisions are

not expected to produce a thermalized medium under collective flow.

1.5.1.2 Statistical Model

The basic ingredient required to compute the thermal composition of particle

yields measured in heavy-ion collisions is the partition function. The statistical

12
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model [29-31] is based on a grand canonical ensemble to describe the partition

function. Hence, the density of particle species in an equilibrated fireball is writ-

) e 2d
n, gz/ p~dp (1.8)
0

ten as:

- 272 e(Ei(p)—pi)/Ten + 1

where Ty, is the chemical freeze-out temperature, n; is the particle density, g;
is the spin degeneracy, p is the momentum, FE; is the total energy and y; is the
chemical potential and equals to ppB; — psS; — ursI?. The quantities B;, S; and I
are the baryon number, the strangeness number and the third component of the
isospin quantum number of the particle of species i. In the above equation, the
temperature 7}, and the baryon chemical potential ;.5 are two independent pa-
rameters of the model. The volume of the fireball, V, is fixed and the strangeness
chemical potential 15, and the isospin chemical potential /.5 are fixed by the con-

servation laws as follows:

VY nBi=Z+N (1.9)

VY nS = (1.10)
Z—-N

1% AR 1.11

Xijn 5 (111)

This statistical model has been applied to fit the STAR data in Au+Au colli-
sions at v/Syx = 200 GeV [17]. By using various particle ratios obtained from
STAR, the best agreement of the model and the data is achieved with minimum
x? at the baryon chemical potential pp ~ 24 + 4 MeV and the temperature T, ~
163 + 4 MeV. The comparison of the STAR experimental particle ratios and the

statistical model calculations is shown in Figure 1.8.

1.5.2 Azimuthal Anisotropy (Collective Flow)

In a non-central heavy-ion collision, the initial state is characterized by a spatial

anisotropy in the azimuthal plane. In such collisions, the overlapping reaction

13
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zone of two colliding nuclei is not spherical and has rather an almond shape as
shown in Figure 1.9. The initial momenta of the produced particles are predom-
inantly longitudinal. Transverse momenta, if any, are isotropically distributed.
On the other hand, if these particles interact with each other frequently and with
an adequate strength, then local thermal equilibrium is likely to be reached. In
that case, the system can be described in terms of thermodynamical quantities
such as temperature, pressure, etc [32]. The spatial anisotropy of the almond-
shaped overlap zone via sufficient interactions among the produced particles en-
sures anisotropic pressure gradient in the transverse plane. This leads to a final
state, characterized by a momentum anisotropy in the P, P, plane as shown in

Figure 1.9.

The measurement of the azimuthal anisotropy, resulting from non-central nu-
clear collisions, appears to be one of the most informative directions in studying
the nature and properties of matter created in high energy nuclear collisions. The
main importance of this study lies in its sensitivity to the system properties very
early in its evolution. The flow refers to a collective expansion of the bulk matter.
Because the spatial asymmetries rapidly decrease with time, “self-quenching”,
anisotropic flow can develop only in the first few fm/c. Therefore, the momen-
tum anisotropy is particularly sensitive to the early stages of the system evolution
[36]. Thus, the azimuthal anisotropy is a measure of the degree of thermalization
of the matter produced in a non-central heavy-ion collision and hence, is sensitive

to the equation of state (EoS) of the expanding matter [32-37].

In heavy-ion collisions, the size and shape of the colliding region depend on
the distance between the centers of the nuclei in the transverse plane, which is
called impact parameter and is denoted by b. The plane spanned by the impact
parameter (b) vector and the beam direction is known as reaction plane. The over-
lap zone in the transverse plane has a short axis parallel to the impact parameter
and a long axis perpendicular to the impact parameter. Due to the pressure gradi-
ent, this almond shape is converted into a momentum asymmetry and thus more

particles are emitted along the short axis [37], as shown in Figure 1.9.
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Figure 1.9: Sketch of an almond shaped fireball. z is the beam direction and = is
the direction of the impact parameter b.

Figure 1.10: Coordinates of the almond shaped fireball. The definitions of the
reaction plane and participant plane coordinate systems.
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As the elliptic flow should be zero for a totally azimuthally symmetric sys-
tem, for small anisotropies in the initial geometry, elliptic flow is proportional to
this spatial anisotropy. The initial spatial anisotropy in the reaction zone can be
characterized by the eccentricity defined as:

(Y2 - X?)

Estd — ma (1-12)

where X and Y are the spatial coordinates in overlapping region as shown in
Figure 1.10. The average in Equation 1.12 is taken over the initial geometry with
some weight. However, the participating nucleons in the collisions fluctuate from
event to event at a fixed impact parameter. In this case, the center of the overlap
zone is shifted, and the orientation of the principal axis of the interaction zone
is rotated with respect to the initial coordinate system. Then the anisotropy de-
velops along the plane spanned by the minor axis of the participant zone and
the beam direction. This is called the participant plane. The eccentricity in the
participant plane, i.e. €, is defined as:
(v2—x)

€part = Y2+ X2) (1.13)

where X' and Y are the shifted coordinates with respect to X and Y coordinates

respectively, as shown in Figure 1.10.

Except for the most peripheral heavy-ion collisions such as Au+Au, the av-
erage values of €y and ¢,,,, are similar. However, in case of smaller systems
fluctuations in the nucleon positions become important for all centralities and

the average eccentricity can vary significantly [38].

The triple differential invariant distribution of the produced particles with
respect to the reaction plane can be written in term of a Fourier series [37, 40] as

follows:
d®*N 1 d®N

Jo
dp® 2w ppdprdy

(1+ Z 2upc08[n(o — ,)]), (1.14)

n=1

where the coefficients v, (= (cos[n (¢; — ¥,)])) are used for a quantitative char-
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Figure 1.11: STAR experimental results of the transverse momentum dependence
of the elliptic flow parameter (v3) in Au+Au collisions at \/syy = 200 GeV. The
hydrodynamic calculations are shown as dot-dashed lines. The Figure is taken
from [52].

acterization of the event anisotropy, ¢ is the azimuthal angle of the produced
particles and W, is the reaction plane angle. The angle brackets mean an aver-
age over all particles in all events. The sine terms are not present because of the
symmetry with respect to the reaction plane. In the above expansion, the Fourier
coefficient v; represents the directed flow and v is the elliptic flow. The elliptic
flow coefficient, v,, is expected to be dominant because of the geometry of the

collisions.

1.5.2.1 Mass Ordering of v,

Atlow pr (< 2 GeV/c¢), the differential elliptic flow (v2(pr)) for different hadrons
has been observed to scale with particle mass. Figure 1.11 shows the STAR ex-
perimental results of v, at low pr in Au+Au collisions at \/syy = 200 GeV for
different charged particles. This can be explained in a hydrodynamical picture
[47, 51] assuming the system is in thermal equilibrium. The systematic depen-
dence of v, on particle mass is a strong indicator of a common transverse velocity

field for all particles [45].
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Ideal hydrodynamics assumes that matter is in local thermal equilibrium and,
therefore, is most likely to be applicable for the low pp particles. The higher
pr particles are produced in hard scattering which are unlikely to reach thermal
equilibrium with the surrounding medium over the lifetime of the system. Hy-
drodynamical models based on initial conditions including a QGP equation of
state have been able to successfully describe the result obtained for RHIC elliptic
flow at low pr, as shown in Figure 1.12.

In ideal hydrodynamics the mass ordering of vy persists up to larger pr, al-
though less pronounced because of the v, of the different particles start to ap-
proach each other [45]. It is observed that as the pr of the particle goes beyond
1.5 GeV/c, the v, values of different hadrons deviate from the expected hydrody-
namics behavior. This mass dependence behavior is the reverse of the behavior
observed at low pr. This is not expected for hadrons in hydrodynamics and is also
not expected, if the v, is caused by a parton energy loss. An elegant explanation
of the unexpected particle type dependence and magnitude of v, at intermediate

pr is provided by the coalescence picture [50].

1.5.2.2 Number of Constituent Quark Scaling of v

Figure 1.12 represents the v, measurement of identified hadrons in Au+Au mini-
mum bias collisions at /syny = 200 GeV in STAR and PHENIX experiments. For
pr > 2 GeV /¢, one can see that the observed values of vy saturate and there is
a substantial difference between the saturation levels for baryons and mesons.
This provides some important information regarding the origin of baryon-meson
difference [45]. The hydrodynamic calculations overpredict the data for p; >
2 GeV/c. However, if we divide the vy value with the number of constituent
quarks, we observe a scaling for pr/n > 1 GeV/c. The observation of number of
constituent quark scaling is of particular interest and importance. It indicates that
the system is in a de-confined stage. If hadrons are formed via the coalescence of
the constituent quarks, then there should be a region in the transverse momen-

tum space where particle yield would be proportional to the quark density to the
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Figure 1.12: v, as a function of py for various identified particles in Au+Au col-
lisions at /syny = 200 GeV. The solid and dotted curves represent the hydrody-
namical calculations.

power equal to the number of constituent quarks in the produced hadron, 2 for
meson and 3 for baryons [50]. Besides other important consequences, such as en-
hanced relative production of baryons in this transverse momentum region, this
picture leads to the constituent quark scaling of elliptic flow, v2(pr) ~ nva(pr/n),
where n is the number of constituent quarks in the hadron [50, 53]. Figure 1.13
shows this scaling holds good. It is important to note that this scaling is lim-
ited to a specific region in the transverse momentum. The reason for the scaling
violation at lower momenta might be due to the break down of coalescence pic-

ture. For identified particles the scaling for mesons and baryons is based on the

equations:
ds’I’L]w ds’I’Lq 2
~ 2 1.1
Png d3nq 3
A 1.1

where M stands for mesons and B stands for baryons. These equations are
valid only if the probability of coalescence is relatively low. According to these

equations the hadron yield scales with power 2 or 3 of the quark density.
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Figure 1.13: Upper Panel - v,/n Vs. pr/n for identified particles measured by
the STAR experiment. n is the number of constituent quarks. The dashed dotted
line is the polynomial fit to the data. Lower Panel - The data from upper panel is
divided by the polynomial fit as a function of pr/n [54].

Elliptic flow of identified particles measured in Au+Au collisions at RHIC ex-
hibits a remarkable scaling with the number of constituent quarks at intermediate
pr. The upper panel in Figure 1.13 shows the STAR experimental results on vy /n
vs. pr/n for identified hadrons in Au+Au collisions at /sy = 200 GeV. Here
n stands for the number of constituent quarks. The dashed-dotted line denotes
a polynomial fit to the data. In the intermediate p; range, the apparent scaling
behavior points towards the quark degrees of freedom as the most effective one
determining the hadron flow. It indicates that hadron formation at intermedi-
ate pr proceeds via quark coalescence. The constituent quarks carry their own
substantial azimuthal anisotropy which is later summed up to give the flow of

hadrons.
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1.5.2.3 High p; region

Athigh transverse momentum (pr > 5 GeV/c), measurement of azimuthal anisotropy
is an interesting observable to study the path length dependence of energy loss of
high pr parton [45, 55]. At sufficiently high transverse momentum, hadron yields
are thought to contain a significant fraction of hadrons coming from the frag-
mentation of high energy partons produced in the initial hard scatterings. Cal-
culations based on perturbative QCD (pQCD) predict that high energy partons
traversing nuclear matter lose energy through induced gluon radiation [56, 57].
The energy loss is expected to depend strongly on the color charge density of
the created system and the traversed path length of the propagating parton. In
non-central heavy-ion collisions, the geometrical overlap region has an almond
shape in the transverse plane. Depending on the azimuthal emission angle, So
partons traversing in such a system will travel different path lengths depending
on the azimuthal angle of emission. Therefore, they lose different energy. This
mechanism of energy loss introduces an elliptic flow at high transverse momenta

of hadrons [55, 57, 58].

The first quantitative theoretical predictions based on energy-loss calculations
in a static medium is shown as the dashed lines in Figure 1.14 [58]. The theoret-
ical predictions are compared with the STAR data points [59]. It is clear from
the picture that the predictions are not perfectly matching with the data points.
This could be realized that in the p; range of 2 - 6 GeV/c hadron yields might
not dominantly originate from the fragmentation of high energy partons, but are
produced by quark coalescence. Therefore, in order to compare the data to the

predictions of parton energy loss, v, has to be measured above p; = 6 GeV/c.
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Figure 1.14: v, as a function of py for minimum bias events (circle). The error bars
represent the statistical errors and the caps show the systematic uncertainty. The
data are compared with hydro + pQCD calculations assuming the initial gluon
density dNY9/dy = 1000 (dashed line), 500 (dotted line), and 200 (dashed-dotted
line). The solid line is pure hydrodynamical calculation. Figure is taken from
[59].

1.6 " vector meson to study the medium created at

RHIC

Resonances are strongly decaying particles having an extremely short lifetime.
The lifetime of the resonance is of the order of 107?* seconds. These are also
known as the excited states of stable particles. Because of the short lifetime they
can only travel about 10~'° meters before decaying. That is why it is very chal-
lenging to identify resonances produced in the collisions. These particles cannot
be measured directly. Therefore, resonances are measured indirectly from their

decayed daughters through the reconstruction of invariant mass.

* In-medium Effects:
The in-medium effects related to the high density and/or high temperature
of the medium can modify the properties of short-lived resonances, such as

their masses, widths, and even their spectral shapes [75].

One of the important approaches on this study of the hadrons in-medium
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effects was theoretically addressed by G.E. Brown and M. Rho in 1991,
which is well known as Brown-Rho scaling [71]. Considering an effec-
tive Lagrangian, dictated by symmetries of QCD, at low energy and zero
density, they studied how the theory evolves with the increase of density
and/or temperature by embedding a hadron in a dense medium. They ob-
served that the mass of the embedded hadron in the dense medium had
been modified. Finally, they established the famous approximation in-medium

scaling law:

my /Mg ~ My [my ~ m,/m, ~m/m, (1.17)

where the masses with the asterisks stand for the values in the dense medium

and the masses without asterisks are for free space values.

Ralf Rapp also started the work on thermal 77~ emission spectra [72] from
the late stages of the heavy-ion reactions at relativistic energies considering
the hadronic in-medium effects. He started with the p propagator, D,, at

finite temperature. The p-propagator is given as:

1

D
prm ZpM - ZpB

= (1.18)

The in-medium self-energy terms consist of three parts: (1) > repre-

pT
sents the free decay width into 2-pion states, (2) >_ ,, describes resonance
p-interaction with surrounding 7, K and p mesons, (3) 3 accounts for the
resonance p-interactions with surrounding nucleons, hyperons and baryon

resonances. Finally, the in-medium p spectral function is given as:

dRp—)mr o § gg k?)

MT
dM T omr M

Forn(k)? x ImD,(M; ug, T)( o

)3/26—(M—up)/T (1.19)

Thus, the spectral function of the p resonance in a medium with finite den-

sity and finite temperature would have a peak at smaller mass and wider
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width than the spectral function of the p in a free space.

E. V. Shuryak and G. E. Brown have also studied the resonance in-medium
effects in t-channel p — 7 interactions[73]. The p can scatter with a pion
in the medium to temporarily form a; resonance. After the a; resonance
decays to a p and a 7, the p properties might have been modified by this
t-channel interactions. They predicted a downward mass shift for the p in

the hot-dense medium.

Thus, a systematic measurement of various properties of resonances, such
as, their masses, widths and line shapes, in relativistic heavy-ion collisions
will provide sufficient information regarding the in-medium effects of the

hadrons.

* Re-scattering and Re-generation effects:
po vector meson, being a short-lived resonance, decays to 777~ inside the
medium created in the heavy-ion collisions. The decay pions go through
multiple re-scattering in the hadron gas phase [74, 76, 77]. In order to under-
stand the properties of matter formed in ultra-relativistic nucleus-nucleus
collisions, it is important to understand the production and absorption pro-
cesses of resonant states created in those collisions. In general, when a
resonance decays before kinetic freeze-out, elastic interactions of the de-
cay daughters with the medium particles will change the momenta of these
particles. This is called re-scattering effect and this causes the loss of res-
onance signal. However, there is another competing scenario. That is the
medium particles may interact among themselves and produce a part of the
resonance signal. This effect is known as re-generation effect. Due to this
effect there will be an enhancement in resonance signal. Figure 1.15 shows
the schematic representation of the p” re-scattering and re-generation effects
between chemical freeze-out (7;;) and kinetic freeze-out (7y,). The contri-
bution of re-scattering and re-generation to the signal yields depends on the

following factors:
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Figure 1.15: The re-scattering and re-generation effects on measured p° yields
during the time between chemical and kinetic freeze-out times.

(1) Time span between chemical and kinetic freeze-out and lifetime of each

resonance.
(2) the interaction cross-section of the decay particles

By studying the particle ratios , like p" /7, and comparing with K*/K, one
can get the information about the re-scattering and re-generation effects,
which are good probes to shed light on the evolution of the fireball between
chemical freeze-out and kinetic freeze-out, and the time scale between the

two freeze-outs.

¢ Collectivity:
The degree of collectivity of the medium created in the heavy-ion collisions
can be proved by studying the elliptic flow (vs) of p° vector meson. The
p° vector meson can be produced either in the de-confined phase or in the
hadronic phase. If it is produced in the de-confined phase, the elliptic flow

in the intermediate pr region will scale with n,=2. If p" vector meson is
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produced in the hadronic phase via 7t7~ re-scattering, it will scale with
n,=4. The elliptic flow measurement of p° vector meson will certainly shed

light on the medium produced in the heavy-ion collisions at RHIC.

1.7 Scope and Organisation of the thesis

The main focus of this thesis is to discuss how the resonance, in particular the
p° vector meson, increases our understanding of the evolution of the fireball in
heavy-ion collisions at RHIC energies.

The present thesis investigates the production of the p" vector meson through
its hadronic decay mode (p° — 7t + 7~) at mid-rapidity in minimum bias p+p,
d+Au, Cu+Cu and Au+Au collisions at /syy = 200 GeV. It also addresses the
measurement of p° elliptic flow in Au+Au collisions at \/syy =200 GeV.

The analysis part of this thesis is mainly divided into two parts. In the first
part, the p° production and possible in-medium modifications of its properties
are discussed in minimum bias p+p, d+Au, Cu+Cu and Au+Au collisions. Al-
though, the main objective of the thesis is to study p° production in Cu+Cu and
Au+Au collision systems, we have tried to measure the same in p+p and d+Au as
a baseline for the heavy-ion study in terms of number of participating nucleons.
In particular, looking at the data in terms of N, offers the possibility of studying
system size dependence of various bulk properties and in particular, the p” mass
vs. pr, particle ratios, mean transverse momentum ((pr)), etc. This may help to
disentangle the initial state versus final state interactions at RHIC. The second
part of the thesis covers the elliptic flow measurement of the p" vector meson.
This measurement is done by using the Au+Au collisions data at \/syy = 200
GeV taken during the year 2007 by the STAR experiment at RHIC. The motiva-
tion behind the o elliptic flow measurement is to understand the p° production
mechanism in such heavy-ion collisions.

The organization of the thesis is as follows: The RHIC complex and the STAR

detector systems are presented briefly in Chapter 2. Since, the main sub-detector
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system used in the analysis is the STAR Time Projection Chamber (TPC), it has
been discussed in detail. AsIhave mentioned, the analysis part of the thesis is ba-
sically divided into two parts. Chapter 3 deals with the first part which includes
the methods and analysis techniques used for the p° production along with a de-
tailed description of the data set used for the study. In Chapter 4, the second
part of the analysis is mentioned which deals with the data set and various meth-
ods used for the p elliptic flow measurement. Results of the presented analysis
which includes both the parts are described in Chapter 5 and this is followed by

the physics discussion based on the results obtained in this study.
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Chapter 2

The Experimental Facilities

2.1 The Relativistic Heavy-Ion Collider

The Relativistic Heavy Ion Collider (RHIC) at Brookhaven National Laboratory
(BNL) is the first collider to accelerate two counter-rotating heavy ion beams and
is capable of accelerating any combination of ion species, such as p+p, d+Au,
Cu+Cu, Au+Au and so on, with varying center-of-mass energy per nucleon-
nucleon pair. Each ion can be accelerated to 99.995% of the speed of light. In
addition to the heavy-ion programs, there is also an active spin physics program
at RHIC, which aims at studying the spin structure of nucleon. Therefore, RHIC
is designed to run polarized proton-proton collisions as a part of the spin physics
program.

The various facilities required to produce collisions of heavy-ions at top RHIC
energy of \/syn =200 GeV are briefly described in this chapter and are outlined
schematically in Figure 2.1 [81, 82].

¢ Tandem Van de Graaff:
The Tandem uses static electricity to accelerate atoms removing some of
their electrons, which are in a cloud around the nucleus. What remains is
a charged atom called an ion. A partial lack of electrons gives each ion a

strong positive charge. The Tandem gives billions of these ions a boost of
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energy, sending them on their way towards the Booster.

¢ Tandem-to-Booster line (TTB):
At the exit of the Tandem, the bunches of ions enter the Tandem-to-Booster
beam line, which carries them through a vacuum via magnetic field to the

Booster. At this point they are traveling at about 5% of the speed of light.

* Linear Accelerator (Linac):
In addition to heavy-ions, experiments at RHIC use colliding beams of pro-
tons. For this, energetic protons are supplied by the 200 MeV Linac. Protons

from the Linac are transferred to the Booster.

* Booster Synchrotron:
The Booster synchrotron is a powerful circular accelerator that provides the
ions more energy by having them surf ride on the downhill slope of radio
frequency electromagnetic waves. The ions are propelled forward at higher
and higher speeds and getting closer and closer to the speed of light. The

Booster then feeds the beam into the Alternating Gradient Synchrotron.

* Alternating Gradient Synchrotron (AGS):
Asions enter the Alternating Gradient Synchrotron (AGS) from the Booster,
they are traveling at about 37% of the speed of light. As they whirl around
the AGS and are accelerated in the Booster, the ions get even more energy

and are traveling at 99.7% of the speed of light.

* AGS-to-RHIC Line:
When the ion beam is traveling at top speed in AGS, it is taken down to
another beam line called the AGS-to-RHIC (ATR) transfer line. At the end
of this line, a switching magnet sends the ion bunches down to one of the
two beam lines. Bunches are directed either left to the clockwise RHIC ring

or right to travel counter-clockwise in the second RHIC ring.

¢ RHIC Rings:

The Relativistic Heavy Ion Collider consists of two independent rings of
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superconducting magnets which bend and focus the ion beams. The rings
are approximately circular in shape (3.8 km circumference), are positioned
in the same horizontal plane and intersect at six points which allows six
interaction points for particle collisions. Each of the rings consists of six arc
sections and six straight insertion sections. The beam pipe runs through the
centre of the magnets which are kept cooled at T' < 4.6" K. The RHIC rings
have dual functions. They operate as accelerator ring and storage ring once
the beams reach full colliding energy. One bunch of ions at a time is filled
into the RHIC ring from AGS. The nominal configuration of 56 bunches in
the 360 radio frequency (RF) buckets per ring is achieved through 14 AGS
cycles. The ions are accelerated to the top energy of 100 GeV /A in a period
of approximately 2 minutes by the acceleration RF-system. Once the top
energy is reached, the storage RF-system (which has a higher frequency
than the acceleration RF-system for limiting the growth of bunch length
from intra-beam scattering) maintains cycles at the top energy. Once the
required energy is achieved, oppositely rotating beams are collided at the

interaction points.

RHIC has six interaction points, out of which four are occupied. BRAHMS,
STAR, PHENIX and PHOBOS experiments are located at 2 o’clock, 6 o’clock,

8 o’clock and 10 o’clock, respectively.

2.2 The STAR Detector

The Solenoidal Tracker at RHIC (STAR) [84] is one of the four detector systems
at RHIC. It was constructed to investigate the behavior of strongly interacting
matter at high energy density through the simultaneous measurement of multiple
observables. In order to achieve these goals, STAR was constructed to measure
hadron production over a large acceptance.

The layout of the STAR detector is shown in Figure 2.2. A cross sectional view

of the STAR detector as configured for the RHIC 2001 run is displayed in Figure
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Figure 2.1: A schematic view of the collider complex at BNL, USA [83].
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Figure 2.2: A perspective view of the STAR detector with a cutaway for viewing
inner detector systems.

2.3.

The STAR detector system is enclosed inside a solenoidal magnet, maintained
at room temperature. The solenoidal magnet produces a uniform magnetic field
of maximum value 0.5 T [85]. The detector consists of various detector sub-
systems for high precision tracking, good momentum resolution, and good par-
ticle identification at mid-rapidity. There are also few sub-detector systems at
forward rapidity region. The various sub-detectors are discussed briefly in this

section.

221 The Time Projection Chamber (TPC)

The Time Projection Chamber (TPC) [86] is the primary tracking as well as par-
ticle identification detector at mid-rapidity. This is a large volume gas detector.
It covers the pseudo-rapidity from -1.8 to +1.8 with full azimuthal coverage. The
STAR TPC is shown schematically in Figure 2.4. It is a 4 meter long cylinder

surrounding the beam pipe with inner radius 50 cm and outer radius 200 cm. It
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Figure 2.3: Cross-sectional view of the STAR detector.

is filled with P10 gas (10% methane and 90% argon), regulated at 2 mbar above
atmospheric pressure [86]. It is surrounded by a magnet that produces a uni-
form magnetic field of 0, £0.25 or 0.5 Tesla in the z-direction depending on the
physics goal. It is divided into two halves by a thin central membrane which pro-
vides the high voltage (28 £V/) to maintain a uniform electric field of ~ 135 V/cm
between the membrane and the read-out endcaps placed at both the ends of the
TPC. The read-out endcaps are maintained at ground potential. When a charged
particle enters through the TPC, it ionizes the gas. There will be primary as well
as secondary ionization. The electrons, released in the secondary ionization, drift
in the direction of the electric field to the read-out endcaps located at each end
of the TPC. The maximum drift length for an electron is half of the entire TPC
length.

The central membrane, acting like a cathode, consists of 70 pm thick carbon-
loaded Kapton film. The membrane is secured under tension to an outer support
hoop which is mounted inside the outer field cage cylinder. It has also 36 alu-
minium strips attached to each side which are used as targets for the TPC laser

calibration system.

The TPC endcap read-out planes are multi-wire proportional counter (MWPC)
with pad read-out and are positioned on the support wheels. Each MWPC cham-
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Figure 2.4: The STAR Time Projection Chamber (TPC).

bers consists of three wire planes and a pad plane. For each endcap, there are 12
read-out sectors which are positioned radially with respect to the hole defined by
the inner field cage with 3 mm gap between each sector. One full sector of the

anode pad is shown in Figure 2.5.

The outer sub-sectors have continuous pad coverage with no spaces between
the pad rows to optimise dE/dz resolution by maximizing the measurement of
the ionization electrons. The inner sub-sectors are in the high track density re-
gion. So they are optimized for two hit resolution by reducing the size of the
pads. The space available for front end electronics limits the number of possible
pad rows on the inner sub-sectors. Therefore, maximum 45 times a TPC track can

be sampled if it crosses all 45 pad rows.

Charged particles traversing the TPC follow a curved trajectory in the (z — y)
plane due to the presence of magnetic field and subsequently leave a trail of ion-
ized atoms in the active volume. Under the influence of the electric field, the
liberated electron clouds drift with an average velocity 5.45 cm/ s towards the

read-out plane which is divided into 24 sectors, 12 at each end of the read out
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Figure 2.5: The anode pad plane of one full sector. The inner sector is on the right
and it has small pads arranged in widely spaced rows. The outer sector is on the
left and it is densely packed with larger pads.

plane, while positive ions drift towards the membrane. The maximum drift time
is ~ 40 ps. At the read-out plane, the electrons encounter a gating grid. Depend-
ing on the trigger, the gating grid will either allow the electrons to pass through
or stop. After this the electrons will pass through a shielding grid which marks
the start of the proportional region. The inner and the outer sectors in this region
contain anode grids maintained at 1.1 £V and 1.39 kV/, respectively, which serve
to amplify the drift electrons by accelerating them and creating an avalanche of
electrons via secondary ionization. The number of avalanche electrons is propor-
tional to the number of drift electrons where the ratio is referred to as the gain,
and for inner and outer sectors this is approximately 3770 and 1230, respectively
[86].

The positive ions created in this process induce an image charge on cathode
pads. The charge is digitized to give an ADC value for every pad. The dimen-
sions of the rectangular pads are optimized to give the best position resolution

perpendicular to the stiff tracks. The width of the pad along the wire direction is
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chosen such that the induced charge from an avalanche point on the wire shares
most of it’s signal with only 3 pads. This is to say that the optimum pad width
is set by the distance from the anode wire to the pad plane. Concentrating the
avalanche signal to 3 pads gives the best centroid reconstruction using either a
3-point gaussian fit or a weighted mean. Accuracy of the centroid determination
depends on signal-to-noise ratio and track angle, but it is typically better than
20% of the narrow pad dimension. The = and y positions of the cluster are deter-
mined by the radial distance of the pad row and the centroid from the Gaussian
fit. For triggered collisions, each pad is read 512 times which leads to a time inter-
val of 100 ns. As the signal from a drifting electron will often cover several time
intervals due to diffusion, a weighted average is taken, and the extracted mean is
used to determine the z position of the electron. The recorded z,y and z values
are assigned to the hit position. The hit position is not quite the true position of
the particle. The position is getting distorted due to the motion of the drifting
electron and also due to the non-uniformities in the electric and magnetic field
[88]. This hit position needs to be corrected before the track reconstruction takes

place.

* Field misalignment : There is a small, but finite (E X é) term, and the TPC
z direction is not exactly parallel to both the E and B fields [86, 89].

e Space charge distortion: The liberated ions can perturb the E and B fields
in the drift volume [86, 87, 89].

e Grid leak: A thin sheet of avalanche electrons enter the drift volume from

a region between the inner and outer sectors which again bias the £ and B

fields [86, 89].

All the three items mentioned above are corrected for by mapping the fields
with further measurements and applying the necessary corrections to the trajec-
tories of drift electrons. Another process which can affect the motion of the drift
electrons is natural diffusion due to the interactions with the gas. However, as

this is a random process, no systematic correction can be applied.
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2.2.1.1 The TPC Track Reconstruction

During the track reconstruction, hits are connected to reconstruct the 3D trajec-
tory of the charged tracks. The maximum number of TPC hits in a track can have
45 as this corresponds to the number of pad rows. Tracking starts at the outermost
pad row where the hit density is lowest. Firstly, a set of 3 hits, close in space, se-
lected and fitted with a straight line. Then the inward extrapolation is being used
to find additional hits. If additional hits are found, a helix is formed with all the
connected hits. Collectively, this is known as a segment. The hits associated with
the segment are then removed from the hit pool, and the process is repeated until
all possible segments are exhausted. Starting with the largest segments, the helix
is projected inwards and outwards in order to find additional hits which were
not removed from the pool previously. Segments are then merged, if they result
from the splitting of a track. After this, the segments are simply known as tracks.
The curvature of the track is used to determine the transverse momentum of the

track using the expression:

pr = 0.3BRq(GeV/c) (2.1)

where B is the magnetic field, R is the radius of the curvature and g is the charge
of the track (units of electron charge). Using the track azimuthal and dip an-
gles (i.e. the angle between the particle momentum and the drift direction, § =
cos™! (p./p)), all three momentum components can be found out. The finite spa-
tial resolution and track length lead to a finite momentum resolution. In order
to provide a better estimate of track momentum, a Kalman Filter is used to fit
the hits in a uniform magnetic field to form a global track. Once all the global
tracks in an event are reconstructed, the trajectories of selected global tracks are
extrapolated to the beam axis at z = y = 0 and thus, the z-position of the pri-
mary collision vertex of this event is found out. Then the global tracks with a
3-dimensional distance of closest approach (DCA) to the primary vertex less than

3 cm are chosen for a re-fit by forcing a new track helix ending at the primary
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vertex. These newly reconstructed helix is called primary tracks.

2.2.2 Particle Identification (PID)

Charged particles passing through the TPC will lose energy via ionization energy
loss. The total ionized charges collected from each hit of a track are proportional
to the energy loss of the particle. For a particle with charge 2 (in the units of e)
and speed /5 = v/c passing through a medium with density p, the mean energy

loss it suffers can be described by the Bethe-Bloch formula

dE o o L2° 2mey*v? By :
<%> = 2 Norimec pAﬁQ In 2 — 20 (2.2)

where Nj is Avogadro’s number, m, is the electron mass, 7. is the classical
electron radius, c is the speed of light, Z is the atomic number of the absorbing
material, A is the atomic weight of the absorbing material, v = 1/4/(1 — 3?),
I is the mean excitation energy, and Ey/(= 2m.c?5?/(1 — %)) is the maximum

transferable energy in a single collision [90].

From the above equation, we can see that different charged particles (electron,
muon, pion, kaon, proton and deuteron) with the same momentum p passing
through the TPC gas can cause different amount of mean energy loss. Figure
2.6 shows the energy loss (dE/dz) as a function of momentum (p) for different

charged particles.

Itis clear from Figure 2.6 that different charged particles have their own dE/dx
vs. momentum band. That is why the energy loss of a charged particles is used
to identify different particles, like 7, K" and p. Pions and Kaons are identified
up to the momentum 0.75 GeV/c and protons and anti-protons up to 1.1 GeV/c.
A dFE/dzx resolution of ~ 8% can be achieved by requiring the tracks of charged
particles to have at least 20 out of a maximum of 45 hits in the TPC [91].
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Figure 2.6: Ionization energy loss as a function of momentum for positively
charged particles in TPC. The solid lines superimposed on the scattered points
are the Bethe-Bloch function shown in equation 2.1 for different particle species.

2.2.3 Time-Of-Flight Detector

The STAR Time-Of-Flight (TOF) is a Multigap Resistive Plate Chamber (MRPC). It
is located between TPC and Barrel Electromagnetic Calorimeter (BEMC). It covers
In| < 1 with 100% azimuthal coverage. The intrinsic time resolution is less than
100 ps and the detection efficiency of charged particles is more than 95% with
pr > 0.5 GeV/c. It identifies 7, K and p up to the momentum ~1.8 GeV/c and
can separate p from 7 and K up to momentum ~3 GeV/c [91]. It also identifies
electron above the transverse momentum (p7) 0.2 GeV/c.

The trigger system of the TOF detector is the two upgraded pseudo Vertex
Position Detectors (upVPD), each staying 5.7 m away from the TPC centre along
the beam. The upVPD provides the starting time information for the TOF detector
and pseudo vertex position in the beam direction of each event. The TOF hit

provides the stop time of each particle. The difference of this two is the time of
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Figure 2.7: 1// vs. momentum (p) in p+p collisions at /s = 200 GeV from Run
IX.

flight of the associated track corresponding to a particle. The velocity of the track
is found from the momentum and mass of the track. In Figure 2.7, the hadron
identification capability of TOF system in Run IX is shown for p+p collisions at

/5 =200 GeV.

2.2.4 Silicon Vertex Tracker

The Silicon Vertex Tracker (SVT) is placed around the interaction region [92]. The
main objective of this detector is to improve the resolution of primary vertex,
reconstruct secondary vertex and improve the low-momentum tracking capabil-
ities. It is a barrel micro-vertex detector based upon silicon drift detector tech-
nology. It enables the reconstruction of very short-lived particles (primarily the
strange as well as multi-strange baryons and D-mesons) through secondary ver-
tex close to the interaction point. The SVT expands the kinematical acceptance by
using independent tracking to very low momentum particles those do not reach
the active volume of TPC because of the magnetic field. In addition to the posi-

tion resolution, the detector also provides an energy measurement on the basis

41



CHAPTER 2. THE EXPERIMENTAL FACILITIES 2.2. THE STAR DETECTOR

of the charged particle energy loss (dE/dx) in each layer. Position resolution of

20 pm as well as energy loss (d£/dx) measurement with a resolution of about 7%

are achieved with the STAR-SVT.

2.2.5 Silicon Strip Detector

The STAR Silicon Strip Detector (SSD) is placed in between the SVT and the TPC
[93]. It is a cylindrical structure with a radius 230 mm. and covers a pseudo-
rapidity range of || < 1.2 with 100 % azimuthal coverage. It has a total sili-

con surface area of ~1 m2

. This detector enhances the tracking capabilities of
STAR by providing two-dimensional hit position and energy loss measurement
for charged particles. It improves the extrapolation of TPC tracks through SVT
hits, increasing the average number of space points measured near the collision
point. This ensures better detection efficiency for long-lived meta-stable particles,

like A hyperon.

2.2.6 Barrel Electro-Magnetic Calorimeter

The STAR Barrel Electro-Magnetic Calorimeter (BEMC) is positioned inside the
aluminium coil of the STAR solenoid and spans a pseudo-rapidity range -1< 7
<+1 with full azimuthal coverage. It has the same acceptance as the TPC. This is
shown schematically in Figure 2.8. The front face of the calorimeter is at a radius
of ~ 220 cm from nominal vertex and parallel to the beam axis.

The BEMC allows the STAR experiment to trigger on and study rare high
pr processes such as jets, direct photons and heavy quark. It provides large ac-
ceptance for photons, electrons, 7%, and 1 mesons in all collision systems span-
ning from polarized p+p to Au+Au collisions [94]. The BEMC design includes
120 calorimeter modules and is segmented into a total of 4800 towers. Each of
the towers is projective and pointing back to the centre of the interaction point.
Each of the module consists of a lead-scintillator stack and a set of Shower Max-

imum Detector (SMD), situated approximately 5.6 radiation length (X,) away
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Figure 2.8: STAR Barrel Electromagnetic Calorimeter.

from the front of the stack. The SMD is used to provide fine spatial resolution in
the calorimeter. The high spatial resolution provides by the SMD is essential for

direct v, electron identification and 7° reconstruction.

2.2.7 Endcap Electromagnetic Calorimeter

The Endcap Electro-magnetic Calorimeter (EEMC) is situated in the west pole-
tip of the STAR detector. It has a pseudo-rapidity coverage of 1 < n < 2 over
full azimuthal range, supporting the barrel EMC (BEMC). It is capable of detect-
ing photons and electromagnetically decaying mesons (7°, 7). It also identifies
electrons and positrons and acts to trigger on high energy particles [95]. The trig-
gering capabilities and its coverage are crucial for the spin physics program in
polarized p+p collisions. It includes a scintillating-strip Shower Maximum De-
tector (SMD) to provide fine granularity. This helps to distinguish the transverse
shower characteristic of a photon and 7°. It is also useful to discriminate between

electron and hadron by correlating with TPC tracks.
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2.2.8 Forward Time Projection Chambers (FTPC)

The Forward Time Projection Chambers (FIPC) were constructed to extend the
acceptance of the STAR experiment [96]. They cover the pseudo-rapidity range
of 2.5 < |n| < 4.0 on both sides of the TPC. The increased acceptance improves
the event characterization and allows the study of asymmetric systems. The full
two-component system measures the momenta and production rates of charged
particles. Each of the units is a 120 cm cylindrical structure, 75 cm in diameter
with a radial drift field. It has read-out chambers located in five rings on the outer
cylindrical surface. This radial configuration improves the two track separation
in the highest particle density region (close to the beam pipe). The Front End
Electronics (FEE) boards are mounted on the back of the read-out chambers. The
ionization electrons drift to the anode sense wires. The induced signals on the
adjacent cathode surface are read-out by 9600 pads. The low electron diffusion
and the radial drift principle results in the required 2-track separation of about 1
mm. The two FTPC’s have 19200 channels of electronics, capable of measuring
the charge drifting to read-out chambers in short time. A schematic diagram of

STAR FIPC is shown in Figure 2.9.

STAR - FTPC
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Figure 2.9: Schematic diagram of a FTPC for the STAR experiment.

The FTPC uses a mixture of Ar and CO, with a ratio of 50%:50% by volume.
The track points are calculated from the charge distribution measured by read-out

electronics. These track points are grouped to tracks which together with mag-
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netic field maps, can be used to get the particle momenta. Due to the high multi-
plicity, in a central Au+Au event, the event-by-event observables like < pr > and

fluctuations of charged particle multiplicity can be studied.

2.2.9 Photon Multiplicity Detector

The Photon Multiplicity Detector (PMD) is installed in the forward region to mea-
sure photon multiplicity produced in the heavy-ion collisions. The inclusion of
the PMD enhances the phase space coverage of STAR for photons considerably,
in pseudo-rapidity range of —3.7 < n < —2.4 with full azimuthal acceptance [97].
The detector is based on a proportional counter design using Ar 4+ CO, gas mix-
ture (70% Ar and 30% Co, by volume). It measures the spatial distribution and
multiplicity of photons on an event-by-event basis. This can probe critical phe-
nomena near the phase boundary, leading to fluctuation in global observables

like multiplicity and pseudo-rapidity distributions.

2.3 The STAR Trigger

There are four primary trigger detectors in the STAR experiment: the Zero De-
gree Calorimeters (ZDCs), the Central Trigger Barrel (CTB), the Electromagnetic
Calorimeter (EMC) and a Beam-Beam Counter (BBC). The purpose of the STAR
trigger is to instruct the slower detectors on when to record data. The trigger
can be used to select central ion-ion collisions, events with high energy particles
with EMC data, or ultra peripheral collisions which involve photon exchanges
that excite the nuclei and produce only a few particles. The most commonly used
configuration is the minimum bias trigger which selects hadronic events with a
range of centralities without any deliberate preference. This configuration was
used for Cu+Cu at \/syy = 200 GeV events in this analysis. The two ZDCs are
positioned at +18.25 meters along the beam axis relative to z = 0. Their purpose
is to determine the energy of the spectator neutrons resulting from a heavy-ion

collision. For a minimum bias trigger, a coincidence between the two ZDCs is
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required with a summed signal greater than ~ 40% of a single neutron signal.
Because of the required coincidence, the timing difference allows for an event’s z-
position to be determined online. An online z-vertex cut is often placed to ensure
triggered events roughly occur in the middle of the TPC (2 = 0) where typical
detector acceptance is most favorable. The CTB which encircles the TPC has an
acceptance of || < 1 and consists of an array of 240 scintillator slats. The signal
of each slat is approximately proportional to the number of charged particles that
have traversed through it. The centrality of an event is determined online tak-
ing the signal from CTB and ZDC. Figure 2.10 shows the correlation between the
ZDC and CTB signals.

)

N
o
o

Zero Degree Calorimeter (arb. units

0
0 5000 10000 15000 20000 25000
Central Trigger Barrel (arb. units)

Figure 2.10: Correlation between the summed pulse hight of ZDC and CTB.

Peripheral events (large impact parameters) typically correspond to a high
ZDC sum and a low CTB sum. This is simply because the number of spectator
neutrons is large, and the number of charged particles produced is small. Con-
versely, central collisions will have high CTB sum and a low ZDC sum because

of high number of charged particles produced, and a low number of spectator
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neutrons involved. This allows the trigger to be configured in order to select the
centrality. The Electromagnetic Calorimeter (EMC) can be used to select events
with rare probes such as high energy v and 7° particles or electrons from .J/¥ and
T decay.

The algorithm which instructs the slow detectors to record data consists of
four levels of different timing constraints. The configuration of all four levels de-
pends on the trigger requirements. Level 0 receives information from ZDCs, CTB
and EMC for every bunch crossing, thus has a timing constraint of ~ 106 ns (for
120 bunches). The ZDC sum, CTB sum, and the z-position are available at this
level as well as EMC information on high energy hits. If interaction passes the
event selection, a trigger is issued to the slow detectors. Level 1 and Level 2 will
then carry out further processing and work with the larger time constraints of
100 ps and 5 ms, respectively. Full EMC information is available at Level 2. For
a minimum bias trigger, both levels are not required for further event selections.
Beyond Level 2, the data acquisition (DAQ) system is responsible for the collec-
tion of data from all detectors. Before this is transfered to a hard disk and/or data
tape, Level 3 can then be used for further event selection with information from
all the available STAR detectors. It is also used to create an online event display

as shown in Figure 2.11.

2.3.1 The STAR DAQ

The design and implementation of the STAR Data Acquisition System (DAQ) [98]
was driven by the characteristics of STAR’s main detectors, i.e. TPC, FIPC and
SVT. If all channels in every detector is read-out, then the event size of one event
becomes 200 MB. The data are produced at 100 Hz. This implies that the data are
produced 20,000 MB per sec. The main task of the STAR DAQ system is to read
20,000 MB data in one second and to store in the RHIC facility.

The large input data rate to the DAQ system demands parallel processing at
the DAQ front end. Multiple Receiver Boards receive data in parallel through

separate optical fibers from the detectors. The Receiver Boards are grouped to-
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Figure 2.11: An online display of one central Au+Au collision event recorded in
the STAR Time Projection Chamber.

gether in VME crates. Each crate is controlled by a Detector Broker CPU, called
DET. There are 12 DETs for TPC, two for SVT, two for FTPC, and one for each
additional detectors. Two strategies are used to reduce the data volume. Firstly,
the channels with zero values are removed from the data stream to reduce the
data volume drastically. This is called zero-suppression and the event size after
the zero-suppression comes down to 10MB approximately. Secondly, a physics-
based filter, known as Level 3 (L3) Trigger, is applied to choose the events to
write to the tape. The L3 must find on the order of 1500 tracks in the TPC and
make trigger decisions based on that within 200 ms. This limits the time avail-
able for DAQ front-end processing, and creates the need for a farm of ~50 CPUs
integrated within DAQ dedicated to tracking. The delay between receiving the
event and the build /reject decision from the L3 trigger makes it necessary for the
system to manage multiple events at the same time.

Event Building is performed on a Sun Solaris 450 workstation which is called
Buffer Box (BB). It has 140GB of buffer disk for use when the RHIC HPSS sys-
tem becomes temporarily unavailable. The BB also writes summary data to the

tag database, which contains a short descriptor record for each event as well as
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summary information for each run and for each data file.

24 STAR Computing Facilities

Computational facilities are an integral part of the high energy physics experi-
ments. The huge data volume (of the order of many TB) recorded by the experi-
ments needs enough computing facility to do the reconstruction and to write the
reconstructed output in an user friendly format for further analysis. The need for
first access to these data volumes for data analysis has helped to drive the high
performance computing in terms of more robust storage and disk access technol-
ogy in hardware and software. Without robust storage and computing capacity
for parallel data processing, analysis of data from heavy-ion experiments in any
reasonable time-frame would be impossible.

During a run period, the data captured by RHIC experiments will be directly
transferred to RHIC computing facility (RCF) at BNL for storage, processing and
further analysis. RCF is a distributed and centralized facility for all its users. An-
other computing facility in data reconstruction, storage and processing for STAR
experiment is the NERSC at Lawrence Berkeley National Laboratory (LBNL),
USA.
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Chapter 3

o Production in Cu+Cu and Au+Au

Collisions at /sy y =200 GeV

The /" is a resonance with a large width. Because of its large width, i.e. 150 MeV,
the life time is very small and approximately 1.3 fm/c. This life time is smaller
than the life time of a fire ball formed in the heavy-ion collisions. That is why the
p° decays to pions inside the fire ball. These decay daughter pions suffer scatter-
ing with other particles inside the fireball. And there is also a finite probability
that a p” is produced from two pions during the evolution of the fireball. Apart
from this, it has also been predicted that there is an in-medium modification of
the properties of p° vector meson such as mass and/or width of p° [99-104].

In this chapter, the detailed analysis method, i.e. trigger selection, event selec-
tion, track selection, invariant mass reconstruction, background subtraction etc.,
used to extract various parameters of p° vector meson in Cu+Cu and Au+Au col-
lisions at /syny = 200 GeV using the STAR experiment at RHIC are described.
Although, the main focus of this chapter is the p° production in heavy-ion col-
lisions, as a baseline we have studied the production in minimum bias p+p and
d+Au collisions and compared with the results obtained in heavy ion collisions.
The measurement of the p” vector meson in p+p, d+Au and in heavy-ion colli-
sions, such as Cu+Cu and Au+Au interactions, at the same nucleon-nucleon c.m.

system energy can provide insight for the understanding of the dynamics of these
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systems.

3.1 Trigger for Data

The data set used in the present analysis is from Au+Au and Cu+Cu collisions
at \/syny =200 GeV. The data were taken from the 2004 Au+Au Run IV and 2005
Cu+Cu RunV at RHIC using the STAR detector [84]. Minimum Bias (MB) data
were used for both Au+Au and Cu+Cu systems. The MB trigger, requiring coin-
cidences between the two Zero Degree Calorimeters (ZDC) located in the beam
direction at § < 2 mrad, was used in the data selection. In both Au+Au and
Cu+Cu collisions, a minimum bias trigger was defined using coincidences be-
tween two ZDCs that measured the spectator neutrons. The MB events were
chosen according to the raw charged track multiplicity within a pseudo-rapidity

window || < 0.5, corresponding to 0-80% of the total measured cross section.

3.2 Event Selection

In order to achieve uniform acceptance in the pseudo-rapidity range, the collision
vertex was required to be within £30 cm along the beam line. Figure 3.1 (a) and
(b) show the z-vertex distribution of Cu+Cu and Au+Au collisions, respectively.

The collision centrality is defined in accordance with the fraction of the charged
particle reference multiplicity distribution within the pseudo-rapidity window
In| < 0.5 for all events. Figure 3.2 (a) represents the charged particles reference
multiplicity distribution in Cu+Cu collisions at y/syx = 200 GeV, whereas Figure
3.2 (b) represents for Au+Au collisions.

In this analysis, four centrality bins, i.e. 20-30%, 30-40%, 40-50% and 50-60%,
for Cu+Cu collisions and two centrality bins, i.e. 40-60% and 60-80%, for Au+Au
collisions are considered. The central collisions (0-20%) in Cu+Cu and (0 — 40%)
in Au+Au were not analysed due to very poor signal to background ratio. The

uncorrected reference multiplicity ranges for different centrality bins for both the
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Figure 3.1: z- vertex distribution at /syx =200 GeV.

systems are given in Table 3.2. The approximate number of events analysed in
each centrality bins in both Cu+Cu and Au+Au systems after imposing the z-

vertex cuts, i.e. |z|-vertex < 30 cm, are listed in Table 3.2.

3.3 Track Selection

The main focus of this analysis is to study the hadronic decay channel of p° vector
meson where p° decays to 777~ The p” vector meson, being a short lived particle,
decays inside the fireball and the decayed pions appear to be coming from the
collision vertex. In order to ensure the tracks originating from the collision vertex,
only charged pions whose distance of closest approach (DCA) to the primary
interaction vertex was less than 3 cm were selected. Such candidate tracks are
referred to as primary tracks. Figure 3.3 (a) shows a typical DCA distribution
after the cut for 7t and 7~ tracks in minimum bias 200 GeV Cu+Cu collisions
where the transverse momentum (pr) of the candidate pions are in the range of
0.2 < pr <4.0GeV/c. In order to avoid the acceptance drop in the high 7 range,
all track candidates were required to have || < 0.8.

Further to assure good momentum as well as d £/ dx resolution, the TPC tracks
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Figure 3.2: Reference Multiplicity distributions at \/syn =200 GeV.

| Collision System | Centrality Bin | Uncorrected RefMult Range |

Cu+Cu (200 GeV) 0-10% TPC RefMult. > 139
10-20% 98 < TPC RefMult. < 138
20-30% 67 < TPC RefMult. < 97
30-40% 46 < TPC RefMult. < 66
40-50% 30 < TPC RefMult. < 45
50-60% 19 < TPC RefMult. < 29

Au + Au (200 GeV) 0-5% TPC RefMult. > 520
5-10% 441 < TPC RefMult. < 519
10-20% 319 < TPC RefMult. < 440
20-30% 222 < TPC RefMult. < 318
30-40% 150 < TPC RefMult. < 221
40-50% 96 < TPC RefMult. < 149
50-60% 57 < TPC RefMult. < 95
60-70% 31 < TPC RefMult. < 56
70-80% 14 < TPC RefMult. < 30

Table 3.1: Centrality definition for different uncorrected multiplicity ranges for
Cu+Cu and Au+Au system at \/syn =200 GeV.
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| Collision System | Centrality Bin | [V;| cm | Number of Events |

Cu+Cu (200 GeV) 0-60% 30 2.059 x 107
20-30% 30 1.057 x 10°
30-40% 30 9.150 x 10°
40-50% 30 9.082 x 10°
50-60% 30 8.241 x 10°
20-60% 30 3.871 x 10°
Au+Au (200 GeV) 0-80% 30 1.322 x 107
40-60% 30 1.491 x 10°
60-80% 30 1.451 x 10°
40-80% 30 3.023 x 10°

Table 3.2: List of dataset used in the analysis. Cuts on V, centrality range selected
and number of events used are also shown.

2k g E: -
3107k . [ Minimum bias Cu+Cu collisions

Cu+Cu @ 200 GeV § 20: 20-60% centrality

Counts

02<p <40 GeVic

PRPIFRRFIY
0 5 10 15 20 25 30 35 40 45
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(a) DCA distribution of pion candidates (b) NFitPnts of pion candidates
Figure 3.3: Track quality assurance for Cu+Cu collisions at /syy = 200 GeV.

were required to have at least 15 fit points out of maximum 45 fit points of the
TPC. Figure 3.3 (b) shows a typical distribution of the fit points that is used in
the analysis. Also the ratio of the number of fit points to the number of maxi-
mum possible fit points was required to be greater than 0.55. This was applied to
remove any split tracks.

In order to describe the particle identification, the variable N, is defined. This
N, corresponds to the standard deviation of a Gaussian distribution resulting
from the difference between the measured energy loss of a track and its theoretical

expected value. In case of pion, (V) is defined as:
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1 (dE/dx)measured

N, =
TR < dE/dr >,

(3.1)

where (dE/dx), ......q 15 the measured energy loss of a pion track, < dE/dx >,
is the theoretical expected mean energy loss of a pion track at a given momentum

[105-107] and R is the dF/dx resolution which is around 8.1%.
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Figure 3.4: dE /dx as a function of rigidity (momentum x charge) for all charged
particles in Cu+Cu collisions at /sy = 200 GeV.

In order to identify charged kaons, protons etc. similar definition of N, x and
N,, are defined. Thus, a suitable cut on the variables N,., N, and N,, are ap-
plied to select 7, K and p, respectively. In this analysis, the charged pions are
selected by taking the track dE/dx within three standard deviations (30) of the
expected value (| N,,| < 3). Figure 3.4 (a) and (b) show the typical dE/dx distri-
bution as a function of rigidity (momentum x charge) for all charged particles
measured in the TPC for Cu+Cu collisions at /syy = 200 GeV in 30-40% and
40-50% centrality, respectively. The charged pions within 30 of the energy loss
parameterization are identified with red color. Figure 3.5 (a) represents a typical
Nyr+ distribution and (b) represents N,,- in the range 0.6 < pr < 0.8 GeV/cin
Cu+Cu collisions at \/syy =200 GeV.
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Figure 3.5: No distributions fit with multi-gaussian functions.

In addition, a minimum p; cut was applied to maintain reasonable momen-
tum resolution. To improve statistics, pions are selected with both momentum
and transverse momentum up to 10 GeV/c. A compilation of the cuts used in the

p° analysis is given in Table 3.3.

| Analysis Cuts | Values |

Nyt (-3.0, +3.0)
Pion p (GeV/¢), (0.2,10.0)
Pion pr (GeV/c¢), (0.2,10.0)
NFitPnts, > 15
NFitPnts/MaxPnts, 0.55
Pseudo-rapidity (), In| <0.8
DCA < 3.0 cm.
Rapidity (y) of pion pair | |y| <0.5

Table 3.3: List of track cuts for charged pions (7¥) in the p° analysis for spectra
calculation in both Cu+Cu and Au+Au collisions at /syx = 200 GeV.
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3.4 p' Invariant Mass Reconstruction

The most challenging part of the analysis is to find out the number of p° produced
in the collisions. This is done using the invariant mass technique. The invariant
mass of p° is calculated from the energies and momenta of the decayed pions and

is defined as:

Myor =\ (B + Be VP = (e + 5 ) (3.2)

where E,+ and E,- are the energies of 7 and 7, and p,+ and p,- are the 3-

momenta of 7 and 7~ (|p] = \/p.> + p,2 + p.?), respectively. Since it is not known
in the experiment which pions are coming from the p° decay, that is why all the
possible combinations of 7 and 7~ are considered for the invariant mass recon-
struction. In this way, not only the p’s are reconstructed, but also a huge com-
binatorial background is reconstructed. Unless the combinatorial background is
removed, the signal, i.e. the p° peak, will not be visible. There are two possible
ways of reconstructing the background: One is the mixed-event technique and

the other one is same-event like sign technique.

3.4.1 Mixed-event Technique

The mixed-event technique has been widely used in extracting the signal for
many resonance particles like ¢ [108, 109], A** [110], K* [111], etc. Figure 3.6
(a) shows the invariant mass distribution of K and K. The blue solid circles
represent the invariant mass obtained from K and K~ in the same event and
the red open circles represent the invariant mass of K+ K~ in the mixed-event in
Au+Au collisions at \/syn =200 GeV. A clear peak is seen at ¢ mass. After proper
normalization and background subtraction a clean ¢ signal is obtained which is
shown in Figure 3.6 (b).

The same technique is adopted to calculate the combinatorial background for
the p° signal extraction. The mixed-event sample pair is formed taking the first

partner from one event and the second partner from another event. For example,
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Figure 3.6: Invariant mass distribution of K and K~ in 40-80% Au+Au collisions
at \/syn =200 GeV. (a) Same-event invariant mass distribution (solid blue closed
circles) along with the normalized mixed-event (closed red open circle) invariant
mass distribution. (b) Mixed-event background subtracted invariant mass distri-
bution.

if a 7 is taken from event # 1, the 7~ is taken from event # 2. For mixed event,
a pool of events of similar event structure are considered. This is done by taking
a small bin of z-vertex and the centrality. In this calculation, the data sample was
divided into 10 bins in multiplicity and 10 bins of collision vertex position. In the
present analysis, the number of events used for mixing is 10. In doing so, it is

assured that the event structure is maintained and the correlations are lost.

Figure 3.7 (a) shows the same event 77~ spectrum and the mixed event 77~
spectrum before normalization. In order to get the p signal, the combinatorial
background is subtracted from the same event 7+ and 7~ invariant mass spec-
trum after normalization of both the spectra in the invariant mass region from 1.5

GeV/c? to 2.5 GeV /2.

Figure 3.7 (b) shows the p° signal after the mixed-event combinatorial back-
ground subtraction. The tail portion of the invariant mass, i.e. M +,- > 0.9
GeV/c?, does not remain flat and also the distribution becomes negative. This
could be because of the normalization being carried out far away from the p°

mass region. In order to check the behavior of the tail portion in the mixed-event
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Figure 3.7: (a) The same-event 7t 7~ invariant mass distribution (blue dots) and
the mixed-event 77~ invariant mass distribution (red dots). (b) The mixed-event
background subtracted 7t 7~ invariant mass distribution.

background subtraction, the same study is investigated in ¢ meson via K+ and
K~ decay and is shown in Figure 3.8. The normalization is done in the region
from 1.5 GeV/c? to 2.0 GeV /. 1t is also clear from the Figure 3.8 that the mixed-
event technique does not work nicely when normalized in a region far away from

the ¢-meson mass peak.

Hence, the mixed-event technique is not used for p° analysis.

3.4.1.1 Like-Sign Technique

The same event like-sign approach is adopted to subtract the background from
the same-event unlike-sign (77 ~) pair invariant mass spectrum. The advan-
tage of like-sign technique is the like-sign pairs are taken from the same event so
that there is no event structure difference between the like-sign spectrum and the
unlike-sign spectrum. There is no bias due to the multiplicity and the z-vertex of
the event.

In this measurement, the real pair represents all the possible combinations of
't~ invariant mass distributions in an event and the total background is calcu-

lated from the geometric mean of the invariant mass distribution obtained from
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Figure 3.8: Invariant mass of KK ~ after the background subtraction normalized
far away from the ¢ mass peak.

the uncorrelated 77" and 7~ 7~ pairs from the same event.

Real pair = 7 7~.

Background pair =2 x\/7t7nt x 77,

The invariant mass distribution of real pair and the like-sign combinatorial
background are represented in Figure 3.9 by red and blue solid dots, respectively.
Figure 3.9 (a) represents the invariant mass distribution of correlated and uncor-
related pions for Au+Au at \/syy = 200 GeV, whereas Figure 3.9 (b) represents
for Cu+Cu at same energy. Both the figures are in 0.6 < pr < 0.8 GeV/c. The
factor 2 in the background pair is not taken while constructing the combinatorial
background just to clearly distinguish the real pair and background pair distri-

butions.

The p° signal is extracted after properly normalizing the background with the
signal. Since there are many resonances coming from the 7t and 7~ up to the
mass 1.25 GeV/c?, it is safer to do the normalization after 1.5 GeV/c?. In this
analysis, the 777~ invariant mass distribution (M, ,) and the like-sign reference
background distribution were normalized to each other at 1.5 GeV/c* < M, <
2.5 GeV/c?. The normalization was done by taking the ratio of the counts ob-
tained from the unlike-sign distribution to the counts obtained from the like-sign
distribution in the mass region 1.5 GeV/c* < M,, < 2.5 GeV/c?. The normaliza-

tion factor is calculated in each transverse momentum bins.
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Figure 3.9: The raw n"n~ invariant mass, which corresponds to the real pair
(red dots) and the like-sign reference distribution, which corresponds to the back-
ground (blue dots) in 0.6 < pr < 0.8 GeV/c at /sy =200 GeV.

Figure 3.10 shows the same event unlike-sign 7*7~ invariant mass spectrum
and the same event like-sign (v/7+7+ X 7=7~) invariant mass spectrum after nor-

malization.

The normalization and background subtraction of the unlike and like-sign in-
variant mass spectrum to get the true resonance signal, as mentioned above, can

be written in the following form:
Nopo (M) = Nt (M) = N goo/mrmtscmz=) (Mr) (33)

where, N stands for the number of 777~ pairs in a bin, having bin center at
M. R represents the normalization factor and (2 x v/7+7+ x 7~ 7 ) represents
the total geometric mean of the like-sign pairs. Figure 3.11 shows the normal-
ization region which is obtained by dividing the yields for the real pair and the
background pair in the invariant mass 1.5 < M, < 2.5 GeV/c. The red solid line
is the fit to a straight line which tells about the flatness of the invariant mass in

this region.

After properly normalizing and subtracting the like-sign background from the
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Figure 3.10: The normalized geometric mean of the background pair distribution
(blue points) and the real pair distribution (red points) in 0.6 < pr < 0.8 GeV/c
at A/SNN = 200 GeV.

unlike-sign distribution, the p" signal is observed. A typical result is shown in
Figure 3.12. Figure 3.12 (a) and (b) represent the p” signals for minimum bias p+p
and d+Au collisions at /s = 200 GeV, whereas Figure 3.12 (c) and (d) represent the
same for 20-60% centrality in Cu+Cu collisions and 40-80% centrality in Au+Au
collisions at /sy =200 GeV, respectively.

Throughout this thesis, the same event like-sign technique is used for the

background estimation and " signal extraction.

3.5 Hadronic Cocktail

Figure 3.12 shows the p° signal after the combinatorial background subtraction.
In Figure 3.12, the p° signal is not very clean. This is because p" has a large width.
This makes the p° mass from 0.28 GeV/c? to 1.2 GeV/c?. There are few more
resonances lying in this mass region. For example, K?, w, fo, 0° and f, are con-
tributing to the p” signal. Therefore, a different analysis technique, known as line
shape analysis, is adopted to extract the p° contribution from the entire spectrum

of two pion invariant mass. A cocktail of all these mentioned short lived res-
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Figure 3.11: The same event unlike-sign and like-sign invariant mass distribu-
tions are normalized in the region 1.5 GeV/c* < M, < 2.5 GeV /%

onances are made with some fixed parameters and some free parameters. The

different parameters of the short lived resonances are described below:

e The K? in PDG has a very negligible width. Whatever width we obtain
in our analysis for 7*7~ invariant mass spectrum in the K mass region is
due to the momentum resolution of the detector. Therefore, in the cock-
tail, the KV was fit to a Gaussian function. The mass and width are set as
free parameters in between 0.47 to 0.5 GeV/c¢? and 0.004 to 0.025 GeV/¢?,

respectively.

* w— "+ has a very small branching ratio (~2%). Therefore, it appears
to be a very small signal peak under the true p° signal. On the other hand,
w— 7" 4+ 7~ + 7° has almost 90% branching ratio. In the later case, when
the 7’s are missing in the detector there is a mass shift towards the lower
invariant mass region. Therefore, in the 7*7~ continuum, we observe a
huge contribution from the w Dalitz decay in the low mass range. In this
analysis, the w shape is obtained from the HIJING event generator [112,
113]. The mass and width of the w are fixed according to the PDG value
[161].

* The K* shape was obtained from the HIJING event generator [112, 113],

with the kaon being misidentified as a pion. When the pions being misiden-
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Figure 3.12: The like-sign background subtracted 77~ invariant mass distribu-
tions in different collision systems at /syx =200 GeV for a particular py bin, i.e.
0.6 <pr<08GeV/e.

tified as kaons they give rise to a distribution near the K* mass region. In
this study, the number of such misidentified K*s were calculated and then
subtracted out from the cocktail contributions. How the fraction of uncor-

rected K* yield was calculated is discussed later in this chapter.

e The f,(980), 0°(400-1200) and f»(1270), being scalar mesons with .J = 0 for
the first two and J = 2 for the last one, are fit to s-wave and d-wave rela-
tivistic Breit-Wigner function [114, 115] respectively. The detail of the func-

tional form used for the Breit-Wigner function is discussed below. Because
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Figure 3.13: A cocktail function fit to the invariant mass distributions of 77~
after like-sign background subtraction at \/syx = 200 GeV. Different particle con-
tributions in the cocktail are shown in different colors.

Figure 3.13 represents the hadronic cocktail fit to the background subtracted
invariant mass distributions for different collision systems, i.e. minimum bias

p+p, d+Au, 20-60% Cu+Cu and 40-80% Au+Au, at \/syn = 200 GeV. The solid
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black line in Figure 3.13 is the sum of all the contributions in the hadronic cocktail

and the different individual particle’s contribution is shown in different colors.

3.6 p” Mass and Yield Extraction

The p"(770), a resonance vector meson, has J = 1. The 77~ invariant mass
distribution for p° is therefore fitted to a p-wave relativistic Breit-Weigner (BW)
function [114] of the form:

AM . Mol (M)

W M) = (07 = 02+ MT (V)

(3.4)

where A is a constant parameter proportional to the yield of the p°, M, is
the 777~ invariant mass, M, is the PDG p° mass, and T" (M, ) is the momentum

dependent width [114, 116].

(M2, — 4mi)} B

LN =

x To x (Mo/M,r) (3.5

In Equation 3.5, T is the p° full width at half maximum and m, is the pion
mass in PDG.

In heavy-ion collisions, besides the direct production of p" from partons [117,
118], a p° can also be produced through 7+7~ scattering in the hadronic medium
viant + 77 — p° = 7777 [119, 120]. The 77~ invariant mass distribution for
the p” generated in this way might be modified by the initial pions phase space
distribution. Thus, the relativistic Breit-Wigner function should be multiplied by
a Boltzmann factor [121-123] to account for Phase Space (PS). In case of p+p col-
lisions, the hadronic medium is much smaller than that formed in heavy-ion col-
lisions, but still the p° can be produced in the same process [110]. The functional

form of the PS can be written as:

Mﬂ'ﬂ'
VM2 +pj

where pr is the transverse momentum of the p° and 7' is the temperature at

PS (M) = x exp(—y/ M2, + p2/T) (3.6)
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which the resonance is emitted [121]. In case of heavy-ions, i.e. Au+Au and
Cu+Cu, the observed p° is emitted at the kinetic freeze-out stage and the hadronic
medium has already cooled down and the temperature is lower than the chemical
freeze-out stage [120, 121]. That is why in heavy-ion the temperature used in
the phase space factor is 120 MeV. In p+p and d+Au collisions, the temperature
used is T'=160 MeV according to a statistical model calculation [124-126] which

reasonably reproduces particle compositions.

Thus, the p° mass was obtained by fitting the data to a relativistic p-wave
Breit-Weigner function times a factor which accounts for the phase space (BW x
PS) in the hadronic cocktail. The parameters A and M, are two free parameters,
whereas the parameter Ty is fixed at 160 MeV/c? in the fit function. Then the

mass of p° is extracted from the fit.

Since the PS factor modifies the position of the peak for the BW function, the
mass derived from the BW xPS fit may be shifted compared to the peak of the
BW function alone. To check this, the p” peak was also fitted to a BW function
excluding the PS factor in the hadronic cocktail. However, the fit failed to repro-
duce the p” line shape, and underestimated the position of the peak in general,

particularly at low pr.

This measurement does not have sufficient sensitivity to permit a systematic
study of the p" width. Therefore, for the cocktail fits in this analysis, the p° width
was fixed at 'y = 160 MeV /c? which is consistent with the convoluted p° natu-
ral width (150.9 4= 2.0 MeV /c? [127]) with the intrinsic resolution of the detector
[128]. The p°, w, K*°, fy, 0¥ and f, distributions were corrected for the detector
acceptance and efficiency determined from a detailed simulation of the TPC re-
sponse using GEANT [128] in the STAR environment and is explained later in
this chapter.

In order to extract the raw p° yield in certain transverse momentum range, the
background subtracted 77~ invariant mass distribution was fit to the cocktail
function as discussed above. Then the specific p° raw yield from the cocktail

was obtained by taking the area under the red curve which represents the BW
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Figure 3.14: The 77~ invariant mass distributions along with the cocktail fit in
40-80% centrality Au+Au collisions at /syy =200 GeV for different pr bins.

function times the PS factor as shown in Figure 3.13. Figure 3.14 shows the p°
raw invariant yields [1/(27)d*N,q.,/prdprdy|, normalized by the total number of
collision events at mid-rapidity |y| < 0.5 as a function of py in minimum bias p+p,
d+Au, five centralities (20-30%, 30-40%, 40-50%, 50-60% and 20-60%) in minimum
bias Cu+Cu and 3 centralities (40-60%, 60-80% and 40-80%) in minimum bias
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The signal-to-background ratio as a function of 77~ pair py for minimum
bias p+p, minimum bias d+Au, 20-60% peripheral Cu+Cu and 40-80% periph-
eral Au+Au collisions at /sy = 200 GeV is shown in Figure 3.15. The ratio is
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Figure 3.15: The signal-to-background ratio for p” measurements as a function of
pr for different collision systems at \/syy = 200 GeV.

observed to increase with increasing py for all systems.

Figure 3.23 shows the background subtracted 77~ invariant mass distribu-
tion in eight different p; bins (with each pr bin width 0.2 GeV/c) in the p; range
between 0.2 and 2.6 GeV /¢ in minimum bias p+p collisions at /s = 200 GeV. Fig-
ure 3.24 shows the same invariant mass distribution in the pr range between 0.2
and 2.8 GeV/c.

Figure 3.25 and 3.26 show the background subtracted 77~ invariant mass
distribution in nine different p; bins (with each pr bin width 0.2 GeV /c¢) in the pr
range between 0.2 and 2.6 GeV/ ¢ in 20-60% Cu+Cu and 40-80% Au+Au collisions
at \/syny = 200 GeV, respectively. In case of Cu+Cu and Au+Au collisions, the
hadronic cocktail fit range has been slightly changed in order to get a better fit.

3.7 Other Possible Ways of Cocktail Fit

One of the very important parts of this analysis is to extract the fitting parameters
for various particles used in the cocktail. For this one has to be very careful while
fitting the data points with a much complicated cocktail functions with multi

parameters.
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As we have mentioned earlier in this chapter, for our analysis in Cu+Cu RunV
and Au+Au RunlV at /sy =200 GeV, we are dealing with a much higher statis-
tics than the published data for Au+Au 200 GeV Run II [104], the cocktail itself
has to be redefined to get a better fit to extract the information properly. Below,
we have mentioned three different possible ways that we have studied and tried

to put the physics argument for and against each of the possibilities.

* Cocktail Possibility I
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Figure 3.16: A cocktail function fit to the invariant mass distributions of 7+ 7~
after background subtraction at \/syy = 200 GeV. In these plots, the width of p°
is taken as a free parameter in the cocktail function.

One of the very obvious question is why not the p” width is a free parameter

in the fit function and to justify this argument we have done the following study.
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The background subtracted invariant mass distribution was fitted with a cock-
tail function with the following:

1) p° mass is a free parameter, but constrained between 0.6 GeV/c¢? and 0.8
GeV/c.

2) p° width is free.

3) Temperatures used in the Phase Space (PS) factor is 160 MeV for minimum
bias p+p and d+Au collisions, whereas for Cu+Cu and Au+Au collisions it is 120
MeV.

Figure 3.16 shows the cocktail fit with p° width as a free parameter for p+p,
d+Au, Cu+Cu and Au+Au collisions at 200 GeV.

From Figure 3.16, it is very clear that the p” width is very high and can go up
to ~350 MeV/¢? in peripheral Au+Au collisions, which seems to be unphysical.
The temperature used in the phase space is not sufficient enough to produce such
width for p° [129]. Therefore, although this fitting gives better y?/ndf, we are not

following this way of the cocktail fit where the p° width is a free parameter.
* Cocktail Possibility II

We have observed in possibility-I that the p° width cannot be a free parameter
in the fitting function. Therefore, we are trying to understand the goodness, i.e.
X?/ndf, of the cocktail by fixing the width of p" vector meson.

In this case, the background subtracted invariant mass distribution was fitted
with a cocktail function with the following description:

1) p° mass is a free parameter, but constrained between 0.6 GeV/c? and 0.8
GeV/c2.

2) p° width is fixed at 0.16 GeV /2.

3) Temperatures used in the Phase Space (PS) factor are 160 MeV and 120 MeV
tor p+p, d+Au and Cu+Cu, Au+Au collisions at /sy x = 200 GeV, respectively.

Figure 3.17 shows the cocktail fit with p° width fixed at 0.16 GeV />

As we have mentioned earlier, because of the larger event statistics, the above

cocktail is not representing the data points well and therefore, we have a poor
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Figure 3.17: A cocktail function fit to the invariant mass distributions of 7*7~

after background subtraction at \/syy = 200 GeV. In these plots, the width of p°
is fixed at 0.16 GeV/¢? in the cocktail function.

x?/ndf. We believe that this is not a good idea to carry on the analysis with such

a fit function which may affect the yield extraction of the p°.

* Cocktail Possibility III

In our analysis, we have observed that there is a bump around 600 MeV/¢?
in background subtracted 7" 7~ invariant mass distribution. The cocktail is not
well explaining the data points in this mass region. Therefore, we tried to include
o’ meson in the cocktail. Although there is a huge uncertainty in the mass and
width of the ¢° in the PDG. but after including in the cocktail it gives a better fit.

The different parameters in the cocktail are mentioned below.
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Figure 3.18: A cocktail function fit to the invariant mass distributions of 7+ 7~
after background subtraction at \/syx =200 GeV. In these plots, the % mass and
width are taken as free parameters in the cocktail function.

1) p° mass is a free parameter between 0.6 and 0.8 GeV /.

2) p* width is fixed at 0.16 GeV /c?

3) 0" mass is a free parameter.

4) 0° width is free.

It is observed from Figure 3.18 that if we make the ¢° mass and width free,
then it dominates in the continuum and kills the other signals contribution. Since
0¥ is not a well detected particle in experiments, it looks unphysical to get such a

huge yield contributions from these fits. Therefore, the mass and width of ¢° are

not taken free in the fit and henceforth this way of cocktail fit is discarded.
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Since these three possibilities did not give either good x?/ndf or physical re-
sults, the entire p” analysis was done taking the cocktail mentioned in the section

3.5.

3.8 Efficiency Correction

After obtaining the p” raw yields in each pr bins, corrections for the detector ac-
ceptance and tracking efficiency are applied. Although the STAR TPC has a full
27 azimuthal acceptance, there are some gaps between the TPC sectors which
cause some loss of particle identification and measurement. The tracking effi-
ciency is also inverse function of momentum since high momentum particles
have almost straight trajectories in the 0.5 T magnetic field and it is therefore

more difficult to reconstruct the momenta of these particles. These effects are

Input P, (GeVl/c)

P bow oo b b b by a bl
0 1 2 3 4 5 6 7
Reconstructed p_(GeV/c)

Figure 3.19: Input MC p° pr vs. reconstructed p° pr compared to the case where
the most likely associated track candidate is chosen on the basis of most common
hits.

corrected by comparing with MC simulations. MC simulated p° mesons are gen-
erated using a flat p; and rapidity distribution. They are then passed through
GSTAR [130] (the STAR framework software package to run the simulation using
GEANT [131, 132] and TRS (TPC Response Simulator) [130]. The p mesons are
then decayed by GEANT through their hadronic decay channel, p° — 7+ + 7~.

The simulated p° mesons and their decayed daughters are then embedded into
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the real raw events. This combination of real and simulated data was then passed
through the standard STAR reconstruction chain subject to the same analysis cuts
that were applied in the real data analysis. After reconstruction of the complete
event, known as reconstructed event, we move towards “Association”. The pro-
cess of matching or associating the reconstructed information of decay daughters
of p° meson with the MC information is called Association. A cut of 15 common
hit points was applied on the number of common hit points in the TPC for both
the reconstructed and input simulated tracks. The ratio of the reconstructed "
mesons to the input p° meson is the (efficiency x acceptance).

The correlation of input py and the reconstructed pr of p° is shown in Figure
3.19. Figure 3.19 represents a nice correlation between the input p; and the recon-
structed pr of p° suggesting that the embedding is working as expected. As we
go to higher pr bin, the resolution of single track becomes worse. This produces
some outliers on both the sides of the correlation plot as shown in Figure 3.19.

Therefore, the reconstruction efficiency for a given pp bin can be determined as

O.8_| LU I LI I LI I T 1 rr I LI I T 1 rr I LI |_
F| O 20-30% centrality 0 .
0 | A 30-40% centrality p .
s db 40-50% centrality Cu+Cu 200 GeV i
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Figure 3.20: The total reconstruction efficiency multiplied with the detector accep-
tance as a function of transverse momentum of p" in Cu+Cu collisions at /syy =
200 GeV.

follows. First we obtained the total number of simulated p meson in the above
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mentioned pr bin. Then we obtain the associated decay daughter information
in the reconstructed event and subject them to the same dynamical cuts to get
the number of reconstructed p mesons in that particular bin. The ratio of the
above two quantities is known as reconstruction efficiency. The reconstruction
efficiency as derived above has been studied as a function of collision centrality

for various pr bin in Cu+Cu collisions and is shown in Figure 3.20.

3.8.0.2 p° Efficiency

The p° correction factor (reconstruction efficiency multiplied by the detector ac-
ceptance) as a function of invariant mass for different p; bins is shown in Figure
3.21 in Cu+Cu collisions at \/syx = 200 GeV. In general, the correction factor in-
creases as a function of transverse momentum. The fact that the correction factor
is larger at low values of M, and large values of py is simply due to kinemat-
ics. In case of narrow resonances, such as K*, ¥*, and A*, the correction factor
is dependent only on the pr bin being analyzed. Therefore, the correction is per-
formed as a function of pr only. On the other hand, for wider resonances, such
as p® and AT, the correction factor depends on the invariant mass for each pr
interval that is being analyzed. In this case, the correction is applied as a function
of the invariant mass for each pr bin.

In this analysis, the correction factors as a function of invariant mass for dif-
ferent pr bins are obtained from minimum bias Cu+Cu collisions for different
centralities. The correction factors for Au+Au collisions could not be obtained
because of the time constraint. Therefore, the same correction factors obtained in
Cu+Cu are used for Au+Au system. Before using the same correction factors in
Au+Au data, we have done a systematic study of the validity of the correction
factors obtained in different centrality bins Cu+Cu collisions.

Figure 3.21 shows the acceptance x efficiency as a function of 77~ invariant
mass for different pr bins obtained from 40-50% centrality in Cu+Cu collisions
and represented by the green line, plotted together with the acceptance x effi-

ciency obtained from the minimum bias Cu+Cu and scaled up by an arbitrary
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Figure 3.21: Detection efficiency as a function of 77~ invariant mass in different
pr bins in Cu+Cu collisions at /syy = 200 GeV.
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normalization. It is shown from Figure 3.21 that the acceptance x efficiency ob-
tained from Cu+Cu minimum bias scaled up by an arbitrary normalization are in
good agreement with the acceptance x efficiency obtained from the 40-50% cen-
trality. So, the idea is to use the “shape” of the acceptance x efficiency as a func-
tion of invariant mass for different py bins obtained from Cu+Cu minimum bias
to fit the invariant mass distributions of different collision centralities in Cu+Cu

as well as in Au+Au systems.

3.8.0.3 K*° Mis-Identification

In the STAR TPC, the particle identification is done through the energy loss (dE/dx).
Kaons and pions are identified only when their momenta are less than 0.7 GeV /¢
and protons are identified only when their momenta are less than 1.1 GeV/c. In
our analysis, we have selected the pion candidates with their momenta between
0.2 GeV/c and 10.0 GeV/c. Thus, it is clear that a pion track with momentum
greater than 0.7 GeV/c can be mis-identified as a kaon track. A proton track
with momentum greater than 1.1 GeV/c can be mis-identified as either a pion
or a kaon track or both. In case of p° vector meson, where p' — 7t7~, if its
positive pion daughter has a momentum greater than 0.7 GeV/c, then it can be
mis-identified as a kaon and thus it can be falsely reconstructed as a K*° or K*0. If
both the daughters have momenta greater than 0.7 GeV /¢, it can be mis-identified
twice as both a K*° or K*0. So, in order to get the contamination for each pr bin

and each centrality. the following procedure has been adopted.

First, the K* efficiency of being mis-identified (EffMis) as a function of py is
calculated and this is same for all centralities. Then, the efficiency of measuring
the K* (EffK*) with our analysis cuts, which is similar to the p° analysis, is calcu-
lated. Figure 3.22 shows the efficiency of measuring a K* with our analysis cuts

for Cu+Cu collisions in different centralities.
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Figure 3.22: Efficiency of measuring a K* in Cu+Cu collisions at \/syy =200 GeV
in different centralities.

Finally, the contamination is calculated using the following formula:

_ 2
(K* + K*) counts = pr X dpr x X2 X 3 XEffMisxX Noyens X 21 X Ef f K %

(3.7)

2nprdydpr

where % is the branching ratio correction for the K*° yields, N, is the number

of events used in the corresponding centrality. The quantity 5 4V is calculated

rdydpr
for each py bin and each centrality, and this is given by [133, 134]:

dN N
Srprdydpr @ (my+ 1) < P (7 (mr =mo) /T) (3.8)

where, T' = inverse slope parameter,

N =yield of K*°,

mr = /p% + m and my = 0.896 GeV /¢? (K* mass).

Also to check the purity of the sample, we have done the study with various
values of N,, cut. In our analysis, the charged pions are selected by requiring
their dE/dx to be within three standard deviations (30) of the expected value. In
order to test the purity of the selected pion candidates, we have checked with

more tighter values of the N, cut as well as pair py cut.
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Figure 3.23: The 77~ invariant mass distributions in minimum bias p+p at 200
GeV for different pr bins, each having bin width 0.2 GeV/c. The solid black line
is the hadronic cocktail fit function discussed in section 3.5 and 3.6. The units of
the fit parameters mass and width are in GeV /.
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Figure 3.24: The 7*7~ invariant mass distributions in minimum bias d+Au at 200
GeV for different pr bins, each having bin width 0.2 GeV/c. The solid black line
is the hadronic cocktail fit function discussed in section 3.5 and 3.6. The units of
the fit parameters mass and width are in GeV />
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Figure 3.25: The 7t 7~ invariant mass distributions in 20-60% centrality in Cu+Cu
at 200 GeV for different py bins, each having bin width 0.2 GeV/c. The solid black
line is the hadronic cocktail fit function discussed in section 3.5 and 3.6. The units
of the fit parameters mass and width are in GeV/c%.

83



CHAPTER 3. p° PRODUCTION IN CU+CU AND AU+AU
COLLISIONS AT /Sy n =200 GEV 3.8. EFFICIENCY CORRECTION

Invariant mass distributions in Au+Au (40-80% Cent.)
200 GeV:

. . .
a0 < 10 0.6<p_<0.8GeVic e <p.<
g 04< p.< 0.6 GeVic ‘ i g p. P asof 08< [ 1.0GeVic i
r Eries e r Enves 202 [t Enties s
20 Vean 06201 300 e osus [ vean 06zzs
[ s o7 L s o F s 0109
r ¥ et 22019 r i 2815 200 ¥ Inot 1641195
ool Roto 17005630008 250 o 2amtesizees [ Ade srisssimol
[ o e e 3 Aok, 2082605 r MassK? oo 0000s
F vkt o saomes E ek oz ows [ wank? oots2s 000
t widnk ! 0cossis s0000435 200 wankS oottt oost 150 Aorp 2
w50l Aoy sozmeiars 32306 E P L olp 87000084 23360007
F Mass. 4 C e r Mass p 0.7636 + 0,003
b Nty g e E we orssoom [ A, 2arss ssten
[ . Roll,  psszene e E
L RO, 10680108 3648007 ot pate asecss e . AU, 59660108 195008
1008 4 Aoic’ 38656407 432168406 il @ BORs08L 7582107 i Ao 0" 26060408 421786407
iy L Aol o® 96736507 £95006+06

B v v b b Ly 1 oo b b b e b 1 e b b b e b 1
04 06 08 1 12 14 04 06 08 1 12 14 04 06 08 1 12 14

M, (Gevic?) M, (Gevic?) M, (Gevic?)
ﬂ_‘l s 1.0<p_<12GeVic ki il 14<p_<16GeVic
F <P G5 [ 12¢< P, < 1.4 GeVic dif6 F pT ] i
[ e ] Loy Erves ) E Erves 3
1601 L em osms 600001~ em owzs
. 100]
L Vean osi2 L RS oz r RS o7
10f- s o165 [ it s £ cin warss
[ X fndt 2556154 [ 50000 Ao 3416054180104
r Aol 103900624 304es08 wl . L il 15012 1351
120 Aoik! 272141209 L Massk! oz 0006 r MassK? 04897200008
£ Mk, oot omos [ vk aorsr oo oo wank
100 wighK®  001102% 000047 L " F .
Fy Aol p  2486er09: 70508407 60— n * gl
a0l Mass p 07559 00030 [y 30000@%
bt Aoll 14350409412310408 ; | E
f At 1170009 So05e108 of! E
aof Aot 10409:9.1e405 [ 200001~

401F
E 2 10000
zoj
E ofs =
oF o L f
Y O U RO BAORPAN NP Y I U RO BARR B Y O U R BARRPAN B
04 06 08 2 06 08 12 04 1
2 2 2
M (GeVIC?) M (GeVIC?) M (GeVIC?)
4‘ 16<p_<18GeVic 18<p <2 Y
[ Py | i F \ .B_DT 0Ge /C‘ Fi) i 24<p_<2.6GeVlc iz
[y s B 5 B E] 8000~ e i
L Mean 07049 25000~ Mean 0201 E Ve 73t
40000— RS 02325 = RMS 0238 F RMS. 02665
F i worss [ xin noerss [ it wais
t Adlu 2065 LaZENA ool Ao 1350051255001 o0l Aot saueatsiiet
r AOIKE Toote 1139 r Aork? Tzt [ g a9 %3
r Messk® 040 0008 L sk omson vk omssoons
300007~ winnk® ootz 000131 r + WERKS 0019872000196 r wank]  ootanss 000
F Aolp 9.18e+10 £ 2.80e+09 Aofp  3383erlls114ler10 r Aofp  0668e+12+ 6.039e411
it Mass p oo 15000% Massp 077592 00062 4000) s oTe:000%
}H Aoffy  3071e+102 39750409 rC Aoffy 15124112 1.39%e+10 Ao 552264124 63126411
20000) ot oo 5 AT, stz agenn }l R r——
[ [ 2000
10000— 50007
f .
S SR R BRI B S S RS U BRI B WO, L e b e
04 0.6 08 1 12 14 04 06 08 1 12 14 04 06 08 1 12 14
M, (Gevic?) M, (Gevic?) M, (Gevic?)

Figure 3.26: The 7" 7~ invariant mass distributions in 40-80% centrality in Au+Au
at 200 GeV for different py bins, each having bin width 0.2 GeV/c. The solid black
line is the hadronic cocktail fit function discussed in section 3.5 and 3.6. The units
of the fit parameters mass and width are in GeV /.
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Chapter 4

p" Elliptic Flow (v5) Measurement
in Au+Au Collisions at /sy = 200
GeV

The elliptic flow of any specific particle is nothing but the azimuthal anisotropy of
the corresponding particle. In non-central nucleus-nucleus collisions, there is ini-
tial spatial anisotropy. This spatial anisotropy is transformed into an anisotropy
in momentum space because of sufficient interactions among the constituents
within the system. Once the system is expanded enough to quench the spatial
anisotropy, further development of momentum anisotropy ceases. Because of
this reason the signal of azimuthal anisotropy is self-quenching in nature and
sensitive to the very early stages of the collisions. This phenomenon is called
anisotropic flow [135-139], where the azimuthal angles of the outgoing particles
are correlated with the impact parameter direction[140].

The elliptic flow (v2) of hadrons shows a universal nature when scaled with
the number of constituent quarks[141]. It has also been proposed that the mea-
surement of elliptic flow of short-lived resonances can shed light on their pro-
duction mechanism. That means, whether the short-lived resonances are pro-
duced during hadronization via quark-quark coalescence or later in the collision

via hadron re-scattering [142]. Here, the measurement of elliptic flow (v;) of the
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P° (p° — 7t 4+ 77) vector meson can potentially provide more information in this

direction [143].

4.1 Data Analysis

In this chapter, the elliptic flow (v,) measurement of p” vector meson is discussed.
For the differential measurement of elliptic flow, i.e. vy (pr), of p° vector meson,
a good amount of event statistics is required. That is why for this analysis, a
higher statistic Au+Au data at \/syy = 200 GeV, taken during the year 2007, was
used. The measurement of v, of p” was carried out in the peripheral, i.e. 40-
80% centrality, events. Also, the v, measurement of p° was carried out in three
different centrality bins, i.e. 20-30%, 40-60% and 60-80%, in Au+Au collisions.
Though the current statistics did not allow us to make any conclusive statement
on the centrality dependence of p° elliptic flow, but a systematic trend is observed

similar to other identified particles, like 7, K, p etc.

4.1.1 Event and Track Selection

The STAR experiment collected about 64 million minimum bias events during
RHIC Run VII for Au+Au collisions at /syx = 200 GeV. The details of the trigger

and event selection for this data set are summarized in Table 4.1.

| Trigger Set-up Name | Production | Vertex Cut | Trigger ID | No. of Events |

2007ProductionMinBias P08ic £+£30cm | 200001, 200003 ~50M

2007Production2 PO08ic + 30 cm 200013 ~10M

Table 4.1: Run VII trigger and events selection for minimum bias data in Au+Au
collisions at /syx =200 GeV.

Earlier the reference multiplicity was used to determine the centrality of the
event. But in Run VII, because of the inclusion of inner tracking, the reference
multiplicity could not be used to determine the centrality. This was because the

reconstruction efficiency became a function of z-vertex position even if |z|-vertex
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< 30 cm. This was highly undesirable. This was not the case with the TPC tracks
only. In order to avoid this problem, a new variable, called global reference mul-
tiplicity, was used to determine the centrality in Run VII data.

Global reference multiplicity is the number of global tracks, lying within the
pseudo-rapidity coverage from -0.5 to 0.5, with TPC hits more than 10 and the
distance of closest approach (DCA) to the primary vertex less than 3 cm. The
nine centrality bins and the corresponding geometric cross-sections for Au+Au

collisions are listed in Table 4.2.

| Centrality Bin | Global Reference Multiplicity | Geometric Cross Section |

1 10-20 70% - 80%
2 21-38 60% - 70%
3 39 - 68 50% - 60%
4 69 - 113 40% - 50%
5 114 -177 30% - 40%
6 178 - 268 20% - 30%
7 269 - 398 10% - 20%
8 399 - 484 5% -10%
9 >485 0% - 5%

Table 4.2: Run VII centrality bins in Au+Au collisions at \/syy =200 GeV.

The remaining issues are biases on multiplicity distribution introduced by the
main online Vertex Position Detector (VPD) trigger-setup (200013). The biases
come from two sources. Firstly, the VPD is more efficient in triggering central
events than peripheral events. This leads to a general deficit of peripheral events
in a given data sample. Secondly, the online z-vertex resolution of VPD is worse
for peripheral events compared to the central events.

The z-vertex dependent biases in multiplicity distribution requires a re-weighting
correction to be applied for all analysis. For any analysis with a “signal” summed
up over a range of global reference multiplicity, events at |z|-vertex ~ 0 cm will
have their peripheral contribution scaled up in order to restore the unbiased case
via the correction. The opposite will be true for events at higher |z|-vertex where

the peripheral contribution will be scaled down again to restore the unbiased
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case. The correction has to be applied as a function of z-vertex in 2 cm bins for
acceptance reasons.

In a given z-vertex bin, the weights are determined by normalizing the global
reference multiplicity distribution by the number of events with global reference
multiplicity larger than 500. The Monte Carlo (MC) Glauber histogram is then
divided by the normalized global reference multiplicity distribution to calculate
the weights. Finally in each event, we multiply the event quantities by its weight
which is obtained according to the z-vertex and global reference multiplicity in

this event.

3500—
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Run Vil
3000~ Aut+Au @ 200 GeV

Mean -0.507 | ]

2500~ H
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Figure 4.1: z-vertex distribution in Au+Au /syy = 200 GeV Run VII data.
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Figure 4.2: Reference Multiplicity distribution for minimum bias data in Au+Au
collisions at \/syx = 200 GeV.

Figure 4.1 represents the z-vertex distribution in Au+Au at \/syx =200 GeV
RunVII data in the range between -30 cm. to +30 cm. Figure 4.2 (a) shows global
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reference multiplicity distribution and (b) shows the global reference multiplicity

distribution after the correction.

In this analysis, we have used wider centrality bin (40% - 80%) in peripheral
Au+Au data to get better statistics. Thus, the four narrow centrality bins, i.e. 40%-
50%, 50%-60%, 60%-70%, 70%-80%, are used to combine to a wider centrality bin.
Approximately 30 M events in the peripheral Au+Au collisions are used for the
vy measurement of p” in 40-80% centrality bins and pions are identified with a cut

of | Ny, | < 3.

4.2 Reaction Plane Estimation

In order to calculate the elliptic flow as described in section 1.5, the reaction plane
angle (¥,) which is unknown apriori has to be estimated on an event-by-event
basis. The estimated reaction plane is known as event plane. The first step of the
flow analysis is to determine the flow vector of each event. Itis a two-dimensional

vector known as event flow vector () = (Q),, @),) and is defined as [144, 145]

Q. = Qcos(n¥,,) Zwlcos (ng;), 4.1)

Qy, = Qsin(nV,,) Zwlsm ne;), 4.2)

where the sum goes over all detected particles in an event [144]. M is the
observed multiplicity of the event, ¢; are the azimuthal angles of the produced
particles measured with respect to a fixed direction in the laboratory. The co-
efficients w; in Equations 4.1 and 4.2 are the weights. Usually, the weights are
assigned with the transverse momentum. The choice of weights is to make the
event plane resolution the best by maximizing the flow contributions to the flow
vector. The track selection criteria to reconstruct the event plane are listed in Table

4.3. The event plane angle can be calculated for each harmonic as follows:
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v, = 1 [t(m_l (M)} . 4.3)
n > wicos(ng;)
| Flow track selection criteria | TPC | FIPC |

nHits > 15 > 15

nHits/nMax > 0.52 > (0.52

DCA <2cm | <2cm

transverse momentum (GeV/c) | (0.15,2) | (0.1, 2.0)

eta <1.0 |(2.5,4.0)

Table 4.3: Track selection criteria for flow analysis used in the event plane recon-
struction in Au+Au collisions at /syy = 200 GeV.

In this analysis, the weighting is done by taking the p; and ¢ of each particle
in each event and is defined as w; = pr x wy, where w, is the ¢-weight factor. The
¢p-weight correction is necessary to take care of the detector effects which can lead
to anisotropic particle distributions in the lab frame. This anisotropic distribution
can result a fake flow. Therefore, it is necessary to ensure the event plane angle
distribution over all events to be isotropic, i.e. flat with respect to the azimuthal
angle ¢.

In order to calculate wy, tracks from all events are distributed as a function of
¢. Then, w, is given as:

(4.4)

where N(¢) is the count in an azimuthal angle bin with its bin center at ¢ and
< N(¢) > is the average of N(¢) over all the bins of ¢. It is also important to
perform the correction for the positive and negative 1, regions separately since
the acceptance in the STAR TPC is different in the two regions.

Figure 4.3 (a) and (b) show the ¢ distributions of east (n < 0) and west ( > 0)
TPC for 40-80% centrality in Au+Au collisions at \/syn =200 GeV. The ¢ weights
corresponding to east and west TPC are shown in Figure 4.3 (c) and (d), respec-
tively.

Figure 4.4 shows the distribution of the event plane angle in Au+Au collisions

at \/syn =200 GeV. This distribution is supposed to be flat. So it is essential to test
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Figure 4.3: ¢ and the corresponding ¢ weight distributions in east and west TPC
for 40-80% centrality in Au+Au collisions at \/syn =200 GeV.

the flatness of the distribution. That is why this distribution is fitted to a function

as follows:

P01+ pl X cos(2W,)] . 4.5)

In Equation 4.5, the value of p; corresponds to the contribution from v,. From
the fitting, it is clear that there is negligible contribution (0.047%) from the non-

flatness of the event plane in our study.

We have also used both the Forward Time Projection Chambers (FTPCs) to
determine an event plane for each event. Since the FITPCs cover pseudo-rapidity
from 2.5 to 4.0 and -2.5 to -4.0, it helps to reduce the non-flow contributions. These
non-flow effects refer to the correlations those are not associated with the event

plane.

Due to several acceptance loss for FTPC, the ¢ weight method alone is not
sufficient enough to generate the flat event plane distribution for FTPC. Thus the
shifting method [146] is applied in this analysis to make the event plane distribu-
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Figure 4.4: The distribution of the 2"? harmonic event plane angle (¥) from TPC
in Au+Au collisions at /syxy = 200 GeV. The red solid line is the result from the
fit function mentioned in the text.

tion flat. The corrected new angle is defined as:
U= U450 (4.6)
here 0V is written in the form

o = Z (A, cos(n¥) + B, sin(nW¥)]. 4.7)

n

Requiring the vanishing of the n'™ Fourier moment of the new distribution,

the coefficients A, and B,, can be evaluated by the original distributions

2

A, = - (cos(nV)) , (4.8)
2, .

B, = - (sin(nW)), 4.9)

where (...) is the average over the whole event sample. Putting Equation 4.8

and 4.9 in Equation 4.7, the formula for the shift correction can be written as
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1
U=+ Z - [— < sin (2nV) > cos (2nV) + < cos (2nV¥) > sin (2n¥)]. (4.10)

The average in Equation 4.10 goes over a large sample of events. In this anal-
ysis, the distributions of ¥5*" and W} are treated separately and then the full

event plane distributions are constructed.

10° 10°
F T T T T T ™y FrrT I o e o e O ERmam e
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(a) Before shift correction (b) After shift correction

Figure 4.5: The distribution of the 2"¢ harmonic event plane angle (¥5) from FTPC
in Au+Au collisions at /syy = 200 GeV. The red solid line in the right figure is
the result from the fit function mentioned in the text.

Figure 4.5 (a) shows the second harmonic event plane azimuthal distribution
only with the FTPC ¢ weight correction and Figure 4.5 (b) shows the FTPC event
plane distribution after shift correction. The histogram in Figure 4.5 (b) is fitted
to a function mentioned in Equation 4.5. From the fit parameter p1, it is very clear
that the contribution of event plane itself towards the v, measurement is very

negligible while considering the FTPC event plane.

4.3 Removal of Auto-correlations

While calculating the elliptic flow (v9) in a specific psseudo-rapidity coverage, it
is good to find out the event plane from a completely different pseudo-rapidity

range to avoid the auto-correlations. For this, FTPC event plane would be the

93



CHAPTER 4. p° ELLIPTIC FLOW (V5) MEASUREMENT
IN AU+AU COLLISIONS AT /S n n =200 GEV 4.4. EXTRACTING p° ELLIPTIC FLOW

ideal one. But because of the bad FTPC event plane resolution, due to less number
of particles detected, in this analysis it is decided to consider the event plane from
TPC. Hence, it is required to remove the auto-correlations while calculating the
elliptic flow of p, vector meson in the mid-rapidity. To remove auto-correlations
one has to subtract the ()-vector of the particle of interest from the total event -
vector and obtain a V¥, to correlate with the particle [145, 147]. A bit detail of the
procedure for removal of auto-correlations is discussed below.

Strong auto-correlations exist when tracks used to calculate the p° vector meson
invariant mass are also used to calculate the reaction plane angle. These auto-
correlations are eliminated by excluding those tracks already been used for the
p° invariant mass calculation from the reaction plane angle estimation. In order
to avoid the auto-correlations between tracks and to measure the p° elliptic flow
correctly, the following technique has been followed. For each 7*7~ pair in an
event, we calculate the event plane angle by using all other primary tracks except
these 7t and 7~ candidates. Now the original event plane angle in Equation 4.3
will become

v lt(m_lzi w;iSIN(2¢;) — Wyt SIN(2¢5+ ) — Wr-5iN(20,-)
L=

2 > wico8(2¢;) — wrt€0S(2¢0+) — Wa—c0S(2¢0,-)

The subscripts 7 and 7~ stand for positive pion and negative pion tracks,

(4.11)

respectively. Using this method, the auto-correlations between 77~ azimuthal

angle (¢.+,-) and the event plane angle is avoided.

4.4 Extracting p" Elliptic Flow

The are several methods to calculate the elliptic flow coefficient (v5). In our anal-
ysis, two different methods are adopted to extract the differential elliptic flow of
p° vector meson. The most obvious one is the standard reaction plane method or
known as (¢ — ¥, bin) method [145] and the other one is called invariant mass
method or known as (v5 vs. m;,,) method [140]. Both the methods are based on
the definition of vy = (cos2 (¢ — Vs)) where both ¢ and ¥, are measured with
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respect to a lab-fixed frame of reference. The details of each method are outlined

in the following subsections.

44.1 The Event Plane (¢ — V5) bin Method

The standard (¢ — ¥5) binning method of v, extraction of identified particles in-
volves the measurement of the raw yield of the chosen particle in bins of the
(¢ — U,). Here, ¢ is the azimuthal angle of the particle in the lab-frame and ¥, is
the 2"? harmonic event plane angle. In order to have a better statistics, we have
taken 5 bins of the (¢ — ;) distribution in each of the p; bin. After the like-sign
background subtraction and the cocktail fit to the background subtracted invari-
ant mass distribution as described in chapter 3, the p° yield has been obtained in
each pr and in each (¢ — U,) bin. The extracted p° yield as a function of (¢ — ¥5)

can then be fitted by the following functional form to get the observed v, value:

dN

o observed o
m = A[l + 21)2 COSQ(Qb \:[12)], (4:12)

Figure 4.8 represents the 777~ invariant mass distribution in six different py
bins in the angle between 0 < ¢ — ¥, < /5 for Au+Au collisions at \/syy =
200 GeV. Figure 4.9 shows the same distribution in the angle between /5 < ¢ —
U, < 2n/5. Figure 4.10, Figure 4.11, Figure 4.12 are the same 77~ invariant
mass distributions in angles 27/5 < ¢ — ¥y < 37/5, 37/5 < ¢ — ¥y < 47/5,
A /b < ¢ — Wy < , respectively.

Once the p° counts are obtained from each (¢ — ¥5) bins for a particular pr bin,
the p” counts are plotted as a function of (¢ — U,). Figure 4.13 represents (¢ — ¥5)
distributions for different py bins used in this analysis. The solid line is the fit
result to the data with Equation 4.12 where the two free fitting parameters F,
corresponds to the constant of proportionality A and P; corresponds to v9"s¢rved.,

Especially for the case of resonances, where the signal typically consists of a
very small mass peak sitting above a large combinatorial background, i.e. the

signal to background ratio is very poor, it is a difficult task to extract the raw
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yields accurately. Again, the (¢ — V) bin method of extracting v, requires that
for each pr bin, the already small signal is further divided into bins of (¢ — W¥3)
angle. This can lead to a large systematic errors in the final v, measurement as
the systematic (or statistical) error in extracting the raw yield is large. Because of
this reason, another method (v, vs. m;,, ), described in the following section, is

used to extract the resonance v, coefficient.

4.4.2 The vy vs. m;,, Method

A different method, i.e. vy vs. my,,, is applied to extract the vy of p° meson.
This method is inspired by “Azimuthally sensitive correlations in nuclus-nucleus
collisions” proposed by N. Borghini and J.O. Ollitraut [140]. A brief description
taken from the referenced paper, is mentioned below.

The probability distribution in terms of the azimuthal angle ¢ can be written

as:
1 +oo _
— —_ in(¢p—V,)
Plp—0,) = o nzgoo Upe (4.13)

where ¢ is the azimuthal angle of the particle and ¥, is the reaction plane

angle. In case of a symmetric system with real v,,, Equation 4.13 reduces to:

P(p—V,) = % 1+2 i vpcos(n(op — )| . (4.14)

Equation 4.13, can be extended for pair of particles as:

400

1 o
P air \I]r = 5o ,Upalrem(zﬁpa”f\llr) 4.15
(6 )= n;x, ; (415)
where ¢ is replaced by ¢,,i,. In case of resonances, ¢, is the azimuthal angle
of the parent resonance particle. v?*" are called the pair-flow coefficients. But
unlike in the previous case of single particles, here v?*" are not necessarily real
numbers [140]. Hence, both cosine and sine terms exist in the Fourier expansion.

Now the probability becomes
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P(‘bpair - \I[T> (1 + 2 Z Upazrcos (bpazr - r)) + Ué),aniTSin (n((bpair - qu))]) )
(4.16)

where the real coefficients v2%" = < cos[n(¢pair—V,)] > and 074" = < sin[n(pair—

W,)] > are related to the complex v2*" by the relation v2*" = vP%" — wP%".

In experimental analysis, any method that can be used to measure the single-
particle flow v, can be applied to extract the cosine terms v%%". Without any
modification one can simply consider the pair as a single particle with azimuthal
angle ¢, [140]. A resonance particle, identified through its mass peak in an
invariant mass distribution, consists of signal and background in its mass peak

region. The invariant mass distribution can be separated into:
Npair (minv) - NBg (minv) + NSig (minv) (417)

where Np, is the number of combinatorial background pairs and Ng;, is the num-
ber of signal pairs (the number of real pairs). One then performs a decomposition
similar to Equation 4.17 for the azimuthally dependent part of the pair-flow coef-
ficients. In a similar way, for a resonance particle, we can write the contributions

to the pair-flow coefficients as:
Npair (mznv) Uc,n (mznv) - NBg (mznv) chn (mmv) + NSzg (mznv) USZQ (418)

Npair (minv) Us,n (mznv) - NBg (minv) Ufn (mmv) + NSzg (mznv) USzg (419)

Because of the symmetry of the particle with respect to the reaction plane,
v5% = 0 and if the background is composed of uncorrelated particles, then v =
0 [140]. Based on Equation 4.18, the v, distribution as a function of invariant mass

(Miny) can be fitted using:
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Sig+Bg _ Sig Nsig By Npyq
Vg (mmv) = Uy X Ni (mznv) + Vg (mmv) X 573 (mlnv) (420)
Sig+Bg g+ bg

The v, of all resonance candidates is divided into two parts, one is the signal
v multiplied with the signal yields, and the other is background v, multiplied
with the background yields as shown in Equation 4.20.

Before applying this technique to extract the v, of p°, it was checked with a
narrow resonance such as ¢ meson where the background is nicely explained by
a polynomial function. Figure 4.6 (a) shows one example plot for the ¢ meson
invariant mass distribution in our calculation for RunVII Au+Au collisions at
Vsnvn =200 GeV, where the signal is fit with a BW function and the background
is fit with a polynomial function. By fitting the signal and background, as shown

N, . Bo -
NS,B;’B can be obtained. Here, we assume that v, is
g g

in Figure 4.6 (a) and

’NS

a linear function of 1nvariant mass (Miny)-

s T QL P
r Raw Yield 1.711e+05+4.750e+03 al 2 g =
L FWHM 0.007420.00026 | _| 0.085 20-80% centrality po 0.2995 +0.0048
] . 04<p <1.0GeVlc 1 0224000
10000 Mass 101920000 | ’13 P -0.22£ 0.
pol0 5245+ 25437 | | 008 g
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Figure 4.6: (a) The invariant mass of K™K~ fitted with a BW function after back-
ground subtraction, (b) The total v, as a function of K"K~ invariant mass. The
red curve is the fitting function mentioned in Equation 4.20.

A 37 order polynomial fit to describe the background distribution is shown
as solid dotted line. S” (mmv) is obtained by dividing the BW fit line by data.
% %) Then the total v, which is v5""?9 is

plotted as a function of m,,, and fitting with Equation 4.20 will give rise to the

(M) 18 calculated as (1 —
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observed v, parameter for ¢ meson. Figure 4.6 (b) shows one such example of the
fitting result.

For a broad resonance, such as p° (p° — 7t +77), the vy of 77~ pairs is composed
of the v; of the background, the v, of the p° signal and the v, for all other particles
used in the cocktail. Since our main focus is to find out the v, of p°, we shall be
only discussing the v, contribution coming from p° in the whole 7+ 7~ continuum

in this analysis. In this way, the invariant mass distribution can be separated into:
Nt - (mmv) = NSig(minv> + NBg(mz'nv> (421)

where N, +,- (M) is the total number of 7+ 7~ pairs in each invariant mass bin,
Ngig(Miny) is the number of signals and Np,(m;n,) is the background pairs in the
particular invariant mass bin. So the total v, of the 7" 7~ pairs vs. invariant mass

can be described by the function:

NSig

NSig+Bg

NSig

NSingBg

Si

U;‘ingBg(mmv) = v} 9 %

(minv) + UQBg(minv) X |:1 - :| (mmv) (422)

The right hand side of Equation 4.22 is used to fit the data obtained from the
vf 9+B9 a5 a function of invariant mass to extract the observed v, signal, which is
one of the free parameters in the fitting function. Also, for a narrow resonance
signal (for example ¢-meson), the v} is assumed to be a polynomial function
which makes the calculation much simpler. In case of o vector meson v, anal-
ysis, the background is much more complicated and many resonance particles
are contributing to the background within the p° mass range. That is why the v,

of the background is estimated from the data instead of just assuming a polyno-

mial function. Therefore, in our analysis, the above Equation 4.22 is modified to
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extract the v, of p' vector meson as follows:

VB () = b x

(4.23)

where Ngg = Ngigig — (Nyo + Noo + Nyo 4+ N, + Ny, + Ny, ).

Figure 4.14 represents few example plots of the cocktail fitting to the back-
ground subtracted invariant mass distributions in different transverse momen-
tum bins in Au+Au RunVII data at \/syy = 200 GeV in 40-80% centrality. In
Figure 4.15, the UQS 9B s m,,, distribution is fitted to a function described in
Equation 4.23 for different py bins. The fitting results for the observed v, param-
eters of p° are shown in each plot along with the observed v, parameters of other

particles in the cocktail function.

In case of FTPC event plane, we have merged few p; bins into one to get better
statistics and therefore, we have less number of data points. Figure 4.16 shows

the results of the fit to extract the v, of p° meson for FTPC event plane.

As the fitting covers a wider range of m;,, for p°, the data points far from

the mass peak region come from background contributions. Thus, in this case

NBy

. Sig+Bg . . . . .
Norgi 50 (Miny) isequal to 1. v;, data points in this region have strong constraint

on vy ¢ while doing the fitting.
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4.5 Event Plane Resolution Correction

There is a limited number of tracks in each event to estimate the reaction plane.
Therefore, there is a finite resolution of the estimated event plane angle. In order
to calculate the true value of the elliptic flow coefficient (v3), the observed v, value
obtained using the described methods in section 4.4.1 and 4.4.2 must be corrected
for the event plane resolution factor. The non-zero resolution factor always makes

the observed v, value smaller than the true v,. So the final v in this case will be

written as:
,Uéjbserved 404
2= cos[2 (Wy — W,)] > (429
The event plane resolution for v, can be expressed as [145]:
< cos(2(Wy — 1)) = YT D TOE/A) + LG/ (4.25)
2 r = 2\/§X2€$p( Xo/4)o(xz/4) + Li(xa/4)], .

where [ and I, are the modified Bessel function of order 0 and 1, respectively.

The resolution can be estimated using the correlation of the event planes cal-
culated using independent sub-events. For this analysis, the sub-events were
reconstructed by randomly dividing particles (which satisfy the condition to be
used in the event plane calculation) into two groups, (A) and (B). Then, the corre-
lation between flow angles of independent sets of particles can be written in the

simple relation:
{cos [2 (W5 —UD)]) = (cos [2(¥5 — W,)]) x {cos [2 (V5 —W,)]).  (4.26)

Since the multiplicity of each sub-event A and B should be approximately same
and their respective resolutions should be equal, the resolution of each sub-events

is given by:

(cos (2 (3 —W,))) =/ (cos (2 (4 — W5))). (4.27)

Now, the event plane resolution determined in the above way is the event plane

resolution of the sub events. Then, the full event plane resolution can be calcu-
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lated from the sub-event resolution using Equation 4.25 taking into account that
the multiplicity of the full event is twice as large as the multiplicity of the sub-

event. Because y» = v2/0 is proportional to VN, Equation 4.27 reduces to

(cos (2(Uy — T,))) = V2 {cos (2 (g — (4.28)

v,)))-
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Figure 4.7: The 2" order TPC event plane and FTPC event plane resolution for v,
in Au+Au collisions for 9 different centrality bins at /syx =200 GeV.

| Centrality (%) | U, Resolution (TPC) | U, Resolution (FTPC) |

0-5% 0.605164 £ 0.000537 | 0.074567 £ 0.000600
5-10% 0.740933 £ 0.000360 | 0.135662 £ 0.000503
10-20% 0.818574 £ 0.000188 | 0.200273 £ 0.000430
20-30% 0.831454 £ 0.000184 | 0.248951 + 0.000385
30-40% 0.794789 £ 0.000224 | 0.250984 £ 0.000349
40-50% 0.714916 £ 0.000310 | 0.216444 £ 0.000325
50-60% 0.596990 + 0.000466 | 0.163508 £ 0.000318
60-70% 0.467668 £ 0.000755 | 0.109759 £ 0.000476
70-80% 0.354777 £ 0.001241 0.084352 £ 0.002105

Table 4.4: TPC and FTPC event plane resolution in Au+Au collisions at \/syx =
200 GeV for different centralities.

The event plane resolution for TPC and FIPC as a function of centrality is
shown in Figure 4.7. The event plane resolution increases from central to mid-

central and then it decreases towards peripheral. This is because the event plane
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resolution depends on the multiplicity taken in the calculation and the strength
of the anisotropic flow. Although in the central event, the multiplicity is high, the
anisotropic flow is very very small and vice versa in the peripheral events. That
is why the event plane resolution is small at both central as well as peripheral
events. The red solid circles in Figure 4.7 represents the event plane resolution
of TPC, whereas the blue solid squares represent the event plane resolution of
FTPC. The values of the event plane resolution are given in Table 4.4. Since the
multiplicity of FIPC is small compared to TPC, the event plane resolution of
FTPC is small compared to TPC. The event plane resolution for wider centrality
bins for p° analysis is calculated by weighting the event plane resolution with the
corresponding p" yield. The event plane resolutions of TPC and FTPC in 40-80%
centrality Au+Au collisions are 0.5964 and 0.1493, respectively.
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Figure 4.8: The 7"~ invariant mass distribution fit with the hadronic cocktail for
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M. (GeVic?)

0 < ¢ — V¥, < /5 in different p;y windows in Au+Au 40-80% centrality.
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Figure 4.9: The 77~ invariant mass distribution fit with the hadronic cocktail for
/5 < ¢ — ¥y < 21/5 in different pr windows in Au+Au 40-80% centrality.
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Figure 4.10: The nt7~ invariant mass distribution fit with the hadronic cocktail
for 27 /5 < ¢ — ¥y < 37/5 in different p;y windows in Au+Au 40-80% centrality.
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Figure 4.11: The 77~ invariant mass distribution fit with the hadronic cocktail
for 37 /5 < ¢ — ¥y < 47/5 in different pr windows in Au+Au 40-80% centrality.
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Figure 4.12: The nt7~ invariant mass distribution fit with the hadronic cocktail
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Figure 4.13: The p° yield as a function of ¢ — ¥, in 40-80% Au+Au collisions in
different pr bins.
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Figure 4.14: The 7"~ invariant mass distributions in different p; bins for 40-80%
centrality in Au+Au collisions. These plots are used in the p° yield extractions for
the v, measurement in the vy vs. m,,, method.
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Figure 4.16: The total v, as a function of 777~ invariant mass where the event
plane is reconstructed from FTPC.
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Chapter 5

Results and Discussion

In this chapter, the results on p° vector meson mass for minimum bias p+p, d+Au,
Cu+Cu and Au+Au events as a function of transverse momentum (pr) are pre-
sented. This has been done to look at the medium induced modification of the p°
mass parameter. The pr distributions of p° yields for different systems have also
been studied. This is expected to provide valuable information on particle pro-
duction mechanism. The p°/7~ yield ratios are compared with the K*/K~ yield
ratios to look at the effects of re-generation and re-scattering. In the end, the re-
sult on p” vector meson elliptic flow (v2) in Au+Au collisions at /syy = 200 GeV
with high statistics data is presented. The number of constituent quark scaling of

vy of p° will potentially provide information about the p° production mechanism.

5.1 p” mass vs. transverse momentum

In a strongly interacting matter at high temperature and/or high density, dynam-
ical interactions of the p° with the surrounding matter may cause the modification
of the p' mass and/or width due to the so-called in-medium effect [101, 103, 148,
149]. In case of a hadron gas, 777~ can re-generate p° through 7+ + 7= — p°
— 7 + 7 so that p° resonance line shape might be affected by the pions initial
phase space distributions [121-123, 150-152].

The upper panel of Figure 5.1 shows variation of the p° mass as a function
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Figure 5.1: Upper Panel-The p” mass as a function of py for minimum bias p+p
collisions at /s = 200 GeV. The dashed line represents the p mass value from
Particle Data Book [127]. Lower Panel-The p° mass as a function of p; for mini-
mum bias d+Au collisions at /syx = 200 GeV. The dashed line represents the p°
mass value from Particle Data Book [127]. In both plots, the brackets indicate the
systematic uncertainty. The statistical errors are represented by the error bars.
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Au+Au collisions at \/syy = 200 GeV. The dashed line represents the p mass
value from Particle Data Book [127]. In both plots, the brackets indicate the sys-
tematic uncertainty. The statistical errors are represented by the error bars.
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of pr for minimum bias p+p collisions at 200 GeV and the lower panel of Fig-
ure 5.1 shows the same for minimum bias d+Au collisions. The dotted straight
line represents the standard mass value as given in the Particle Data book for p"
(775.5 MeV /c?). The error bars correspond to statistical errors, while the brackets
represent systematic uncertainties.

The upper panel of Figure 5.2 shows variation of the p° mass as a function of
pr for 20-60% centrality in minimum bias Cu+Cu collisions at /syx = 200 GeV.
The lower panel of Figure 5.2 shows the same for peripheral 40-80% centrality
in minimum bias Au+Au collisions. The dotted straight line represents the stan-
dard mass value as given in the Particle Data book for p° (775.5 MeV/c?). The
error bars correspond to statistical errors, while the brackets represent systematic
uncertainties.

The p" invariant masses for different pr bins for minimum bias p+p and d+Au
collisions are listed in Table 5.1 and for peripheral, i.e. 20-60% Cu+Cu and 40-80%

Au+Au collisions, these values are listed in Table 5.1.

Minimum Bias p+p Minimum Bias d+Au

pr Mass =+ Stat. + Sys. - Sys. pr Mass =+ Stat. + Sys. - Sys.
02-04 757.1 £2.0+6.5-9.1 02-04 748.3 +1.8+6.1-6.3
0.4-0.6 768.5+21+4.4-5.4 0.4-0.6 750.2 +£1.9+3.2-7.4
0.6-0.8 763.7 £ 2.4+5.6-8.6 0.6-0.8 750.5 + 2.0+4.6-7.6
0.8-1.0 763.7 £2.5+7.0-9.0 0.8-1.0 755.0 £ 2.1+5.7-8.7
1.0-1.2 760.3 £ 2.3+5.5-7.5 1.0-1.2 753.3 +2.0+4.5-7.5
12-14 754.5 £ 3.3+6.7-9.0 1.2-14 745.1 £2.945.2-9.7
14-1.6 757.0 + 3.4+8.3-10. 14-1.6 751.0 + 3.0+7.0-14.3
1.6-1.8 746.5 + 4.0+12.-13. 1.6-1.8 753.2 + 3.1+10.3-16.5
1.8-2.0 750.1 + 4.8+14.-12. 1.8-2.0 749.1 +4.1+11.5-15.3
20-22 752.1 £5.0+5.3-5.5 20-22 757.7 + 4.3+15.3-16.3
22-24 753.8 £ 6.0+8.3-12. 22-24 754.2 + 5.6+18.3-14.3
24-26 753.0 £ 8.1+9.3-12. 24-26 756.8 + 3.4+19.1-19.2
26-28 759.1 £ 8.0+11.-13. 26-238 772.2 +4.4+17.1-19.3

Table 5.1: The p" mass for each pr bin in minimum bias triggered p+p and d+Au
collisions. The unit for pr is GeV/c and the unit for mass is MeV/c?. The mass
values in p+p and d+Au collisions are listed together with statistical uncertainties
and systematic uncertainties. The first error corresponds to the statistical error
and the last two errors are the asymmetric systematic errors.
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Cu+Cu (20-60% centrality) Au+Au (40-80% centrality)
pr Mass =+ Stat. + Sys. - Sys. pr Mass =+ Stat. + Sys. - Sys.
02-04 750.9 + 3.0+7.5-8.1 02-04 758.9 + 2.0+6.5-9.1
04-0.6 753.8 £ 2.7+6.4-8.4 04-0.6 762.1 +£4.1+4.4-54
0.6-0.8 751.6 £ 2.6+7.6-9.6 0.6-0.8 751.7 £ 3.945.6-8.6
0.8-1.0 760.7 £ 2.7+6.0-8.0 0.8-1.0 763.0 + 3.4+7.0-9.0
1.0-1.2 762.6 + 3.0+7.5-9.5 1.0-1.2 760.7 + 3.2+5.5-7.5
12-14 760.7 + 3.0+8.7-10 12-14 754.1 + 3.0+6.7-10.
14-1.6 761.8 +2.7+10.-12. 14-1.6 761.4 + 3.3+14.-13.
1.6-1.8 764.2 + 3.3+12.-14. 1.6-1.8 767.7 + 3.4+12.-12.
1.8-2.0 757.6 £ 3.7+14.-13. 1.8-2.0 775.8 £ 3.9+14.-13.
20-22 768.1 + 4.0+6.0-6.4 20-22 771.2 £ 4.24+6.4-7.0
22-24 776.0 £ 6.0+8.3-6.0 22-24 767.6 £ 5.0+8.3-12.
24-26 771.9 + 6.4+9.3-12. 24-26 764.8 + 7.3+9.3-12.
26-28 770.5 +7.2+11.-13. 26-28 770.3 £ 7.7+11.-13.
2.8-3.0 771.6 +7.5+12.-13. 2.8-3.0 760.5 + 7.9+12.-14.

Table 5.2: The p° mass for each pr bin in 20-60% Cu+Cu collisions and 40-80%
Au+Au collisions. The unit for py is GeV/c and the unit for mass is MeV /2.
The mass values in Cu+Cu and Au+Au collisions are listed together with statisti-
cal uncertainties and systematic uncertainties. The first error corresponds to the
statistical error and the last two errors are the asymmetric systematic errors.

5.1.1 In-Medium Effects and Mass Modification

In Figure 5.1 and Figure 5.2, a downward p° mass shift up to ~40 MeV/c? is
observed in all the four collision systems, i.e. p+p, d+Au, Cu+Cu and Au+Au at
Vsnvn =200 GeV. Also, it has been observed that the mass shift is pr dependent
and it approaches towards the particle data book value with increasing py.
Dynamical interactions with the surrounding matter, interference between
various 77~ scattering channels, phase space distortions due to the re-scattering
of the pions forming p", and Bose-Einstein correlations between the p° decay
daughters and pions in the surrounding matter were previously given as the pos-
sible explanations for the downward mass shift [104]. It has been proposed [153]
that the mass shift observed in p+p collisions is due to 77 re-scattering, which

requires no medium. Since one also does not expect a medium to be formed in
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d+Au collisions, if dynamical interactions are also the explanation for mass shift,
then the re-scattering of the p" with the surrounding particles must exist.

In comparison to the in-medium p° production in hadronic Au+Au interac-
tions, no modifications of the p° properties are expected for coherent p° pro-
duction in ultra-peripheral heavy-ion collisions [162], where impact parameter
b > 2R 4. In such collisions, a photon emitted by one gold ion fluctuates into a
virtual p° meson state, which scatters diffractively from the other nucleus. The
p° line shape in ultra-peripheral collisions measured with STAR detector is pro-
duced by a BW plus Soding interference term. The p° mass and width are consis-

tent with their natural values reported in PDG [161].

5.2 Transverse Momentum Spectra

The transverse momentum (p7) distributions of p° meson from Cu+Cu collisions
at \/syn =200 GeV are presented in Figure 5.3. For Cu+Cu collisions, the spectra
are corrected for the detector efficiency and acceptance for various collision cen-
tralities. The statistical error bars are very small. The solid black lines shown are

exponential fits to the data points, as given by

1 &N dN/dy
2rpr dppdy 27T (myo +T)

exp[—(mp —myp)/T] (5.1)

The above fitting function has two free parameters, i.e. 7' and dN/dy. T is
known as the inverse slope parameter and dN/dy is the p° yield per unit rapid-
ity. The p° invariant yields (d*N/2rprdprdy) at mid-rapidity in each pr bin for
different collision centralities in Cu+Cu system at /sy = 200 GeV are listed in
Table 5.3 and 5.4. For other systems, such as p+p, d+Au and Au+Au, only the
p® raw spectra are discussed in section 3.6, without the detector acceptance and
efficiency corrections.

The particle production at low py is primarily due to non-perturbative soft
processes and thus the pr distribution at this regime is expected to be exponen-

tial in nature. However, hard processes dominate particle production at high py
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Figure 5.3: The detector efficiency and acceptance corrected p° vector meson
transverse momentum spectra for different centralities in Cu+Cu collisions at
Vvsnvn = 200 GeV. The error bars shown are statistical only. The solid line rep-
resents an exponential function fit to the data points as given by Equation 5.1.
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5.2. TRANSVERSE MOMENTUM SPECTRA

p° Invariant yield (d° N/2wprdprdy) in Cu+Cu collisions at y/syy = 200 GeV
pr (GeV/c) \ (20-30)% Cent. \ (30-40)% Cent. \ (40-50)% Cent.
02-04 2425+ 0.1211 1.65735+ 0.0708 1.29581 + 0.0452
04-0.6 2.05915 4+ 0.0727 1.38804+ 0.0439 0.860342 + 0.0270
0.6-0.8 1.305234 0.0381 0.879889 + 0.0288 0.604296 + 0.0177
0.8-1.0 0.928404+ 0.0243 0.4823334+ 0.0162 0.345862 + 0.0109
1.0-1.2 0.498611+ 0.0150 0.3051424+ 0.0098 0.210027 + 0.0062
1.2-14 0.258041+ 0.0086 0.209185 + 0.0066 0.115067 + 0.0036
14-1.6 0.1902+£ 0.0055 0.125511+ 0.0041 0.0681062 £ 0.0023
1.6-1.38 0.123592+ 0.0033 0.0778808=+ 0.0028 | 0.0452984 + 0.0016
1.8-2.0 0.0771656+ 0.0026 | 0.0452063+ 0.0017 | 0.0242196 + 0.0010
20-22 0.0346161+ 0.0014 | 0.0232836 + 0.0011 | 0.0156657 + 0.0007
22-24 0.0180285+ 0.0016 | 0.0135435+ 0.0007 | 0.00764155 + 0.0004
24-26 0.0107183+ 0.0008 | 0.00623524+ 0.00054 | 0.00436956 + 0.0003
26-28 0.0057453 4+ 0.0005 | 0.00525048+ 0.00042 | 0.00266675 £ 0.0002
2.8-3.0 0.004936554 0.0006 | 0.00336328+ 0.0002 | 0.00207881 £ 0.0001
3.0-3.2 0.003377524 0.0004 | 0.00257648+ 0.0002 | 0.0012363 + 0.0001

Table 5.3: The p° invariant yields (d* N/2rprdprdy) in different p bins and differ-
ent centralities in Cu+Cu collisions at /syy = 200 GeV. The errors are statistical

only.
p° Invariant yield (d* N/2wprdprdy) in Cu+Cu at \/syy = 200 GeV
pr (GeVIo) | (50-60)% Cent. | (20-60)% Cent.
02-04 0.606191+ 0.0272122 1.42834 + 0.0315104
04-0.6 0.5425374+ 0.016900 1.06937 + 0.0203099
0.6-0.8 0.390118 + 0.0121507 0.761513 + 0.0135052
0.8-1.0 0.212968 + 0.00646184 0.482955 + 0.00775297
1.0-1.2 0.142274+ 0.00437899 0.252397 + 0.00498305
1.2-14 0.0659414+ 0.00223831 0.142444 + 0.0030919
14-1.6 0.0428836+ 0.00157285 0.102003 £ 0.0018155
1.6-1.38 0.0243108=+ 0.000991308 0.0652037 £+ 0.00128203
1.8-2.0 0.0149868+ 0.000690439 0.0376788 £ 0.00085387
20-22 0.008499274 0.000491645 | 0.0206281 + 0.000556129
22-24 0.00613939+ 0.000340951 | 0.0114391 + 0.000382478
24-26 0.0033351+ 0.000224524 | 0.00498413 + 0.000271572
26-28 0.00216003+ 0.000160643 | 0.00350809 =+ 0.00021989
2.8-3.0 0.00105714 + 0.000118588 | 0.00269169 + 0.000152891
3.0-3.2 0.000754329+ 0.00009 0.00197942 + 0.000115827

Table 5.4: The p invariant yields (d* N/2rprdprdy) in different pr bins in different
centralities in Cu+Cu collisions at \/syny =200 GeV. The errors are statistical only.
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which is described by the perturbative QCD (pQCD) and a power-law like dis-
tribution is expected. But, in our analysis, we have observed a good fit with only
exponential function and therefore it may be concluded that the p" production
is mainly dominated by the soft processes. The contributions from hard pro-
cesses are negligible in the covered p; range. The two free parameters (7" and
dN/dy) obtained from the exponential fit to the data are tabulated in Table 5.5.
The main contributions to the systematic uncertainties are from the tracking effi-
ciency (~8%), and the normalization between the M, and the like-sign reference

distributions which is ~ 23% for peripheral 20-60% Cu+Cu collisions.

| Centrality | T (Inverse Slope) (MeV) | dN/dy |
20-30% 344.442 1(stat.)£34(syst.) | 6.7 = 0.10 (stat.) = 1.3 (syst.)
30-40% 339.0£2.3(stat.)£35(syst.) | 4.4 £0.11 (stat.) £ 1.1 (syst.)
40-50% 321.2+2.8(stat.)£36(syst.) | 2.9 £ 0.12 (stat.) £ 1.2 (syst.)
50-60% 329.4+3.1(stat.)£37(syst.) | 1.8 £ 0.14 (stat.) £ 1.3 (syst.)
20-60% 334.1£1.1(stat.)£35(syst.) | 4.0 £ 0.10 (stat.) £ 1.1 (syst.)

Table 5.5: The p° dN/dy at |y| < 0.5 and the inverse slope parameter (T) measured
in Cu+Cu collisions at /syy = 200 GeV for different centralities. Both statistical
and systematic errors are shown.

5.3 Mean Transverse Momentum (< py >)

The p” mean transverse momentum (< pr >), is calculated using the formula:

00 1 d?N
fO br 2mpr dyde poT

1
f(] 27pr dydeppoT

< br >= ) (52)

Now, plugging Equation 5.1 in Equation 5.2, we get

fomp%exp[—(\/m my)/Tdpr

<pr>=—C (5.3)
fo prexp[—( pT+m§0 mpo)/T]dPT

where, m o is the p mass taken from the PDG (775.5 MeV/c?). The obtained

P

< pr > for different centralities in Cu+Cu collisions using Equation 5.3 are listed
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in Table 5.6. The quoted error bars are the square root of the quadratic sums of
the statistical and systematic errors. The main contributions to the systematic un-
certainties quoted are from the tracking efficiency and the normalization between

the M, and the like-sign reference distributions.

| Centrality | < pr >(GeV/0)) |

20-30% 0.88+0.4

30-40% 0.87+0.37
40-50% 0.84+0.31
50-60% 0.85+0.23
20-60% 0.86+0.17

Table 5.6: The p° average transverse momentum (< pr >) for different collision
centralities at \/syx = 200 GeV Cu+Cu collisions.

Figure 5.4 shows < pr > of p° vector meson as a function of number of par-
ticipants in different centralities and in various collision systems at /syx = 200
GeV. The data points for < pr > of p” vector meson in p+p collisions is from the
power-law fit to the pr spectrum of p° vector meson [163]. The < pr > for p,
K~ and 7~ [154] are also shown in Figure 5.4 for comparison. Also, in order to
compare the p’ < py > with another short lived resonance, we have compared
with the K* < pp > [133]. All the results shown in Figure 5.4 are from |/syn =
200 GeV.

From Figure 5.4, we observe the mean transverse momentum, < pr >, has no
significant centrality and system size dependence in heavy-ion collisions (Au+Au
and Cu+Cu). However, < py > of p° and K* in heavy-ion collisions is larger than
the same in p+p collisions. This can be explained by arguing that in the hadronic
phase, i.e. between chemical and kinetic freeze-out, the resonances with higher
pr have a greater chance to escape the hadronic medium. They decay outside the
fireball and avoid the daughter particles’” re-scattering effects. Therefore, high pr
resonances have a greater chance to be detected than low p; resonances [133, 164].
That is why it is expected to observe higher < pr > distribution for p” and K* in

relativistic heavy-ion collisions than in elementary collisions, such as p+p. Also,
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Figure 5.4: The mean transverse momentum, < pr >, of different particles as a
function of number of participants in different collision systems at 200 GeV.
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it is seen that the < py > is strongly dependent on the mass of the particles. The
< pr > is higher for higher mass particles. In case of resonances, because of the
final state effects, this argument of mass dependence is not valid and therefore,
p” and K* have higher < py > than proton although they are of smaller masses

than proton.

5.4 Particle Ratio

The yield ratio of the resonances to their stable particles such as kaon, pion and
proton, produced in various collision systems can shed light on the particle pro-
duction mechanisms during hadronization. These ratios can prove the dynamics
involved in heavy- ion collisions and also help to constrain the predictions of
thermal model calculations [101, 155-157].

Since p° lifetime is smaller than the lifetime formed in heavy- ion collisions,
the p” vector meson is expected to decay, re-generate, and re-scatter all the way
from chemical freeze-out to kinetic freeze-out. In the context of statistical models,
the measured p° yield should reflect conditions at kinetic freeze-out rather than
at chemical freeze-out where the inelastic interactions vanish [72, 73, 151, 152]. In
p+p collisions, the p” vector meson is expected to be produced predominantly by
string fragmentation. Therefore, the measurement of f—i ratio in p+p and heavy-
ion collisions at the same nucleon-nucleon c.m. energy can provide insight for
understanding the dynamics of these systems.

In order to compare our results on p" to 7~ yield ratio, we have taken the K*
to K~ yield ratio in different collision systems at the same ,/syn. The K*/K~
data points are taken from [133]. Figure 5.5 shows the ratios of resonances such
as p and K*? to their corresponding stable particles as a function of the number
of participant nucleons in the collisions for various collision systems at |/syn =
200 GeV.

In case of £- ratio, it is observed that the ratio is smaller in heavy-ion (Cu+Cu

and Au+Au) collisions compared to p+p collisions at the same beam energy. At
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the same time, the 2= ® ratio in heavy-lons has no significant difference from p+p
collisions at the same beam energy. The 2= ~ ratios for p+p and Au+Au are taken
from [104]. The observed decrease of £= ratios from p+p to Au+Au collisions
has been explained by an extended lifetime of the hadronic phase where the re-
scattering of the decay particles dominates over resonance re-generation [155—
159]. As the £- ratios are similar in p+p and d+Au collisions, this would suggest
the absence of an extended hadronic medium in d+Au collisions. The 7f—, ratio in
d+Au collisions is in agreement with the ratio measured in p+p collisions. This
resonance ratio does not show any suppression from p+p to Au+Au collisions
either. Hence, it is not sensitive to the lifetime of the hadronic medium, presum-
ably due to its large re-generation cross-section. The data points for 2= " ratios in

p+p, d+Au and peripheral Au+Au collisions are taken from [104, 110].
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Figure 5.5: The p° /7~ yield ratio at mid-rapidity as a function of N, for different
collision systems. The K*/K ™ yield ratio is plotted for comparison.

The = " ratio is independent of centrality, i.e from 20% to 60% in Cu+Cu and
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from 40% to 80% in Au+Au collisions, and it is of the same order as the corre-
sponding p+p measurement. In p+p collisions, it has been proposed that the
mass shift is due to 77 re-scattering, even in the absence of a medium [153]. If
this is the case, 7*7~ re-scattering might re-generate the p°. In addition, one of
the decay daughters might also re-scatter with other hadrons which prevents the
p° to be measured. Therefore, these two processes compete and balance with each

other.

5.4.1 Re-Scattering and Re-Generation Effects and Evolution Prop-

erties

The ratio of resonance to stable particle can be used to understand the re-scattering
and re-generation effects using a microscopic transport model (UrQMD) calcula-
tions [158, 165]. Different resonances decay into different daughters and different
hadronic daughters may have different interaction cross sections with the pions
which are the dominant hadrons in the medium created in heavy-ion collisions.
Therefore, the relative yields of the resonances destroyed by the daughter par-
ticles re-scattering effect should be different for different resonances. Also be-
cause of the same reason, on the other hand, the amount of resonances signals
re-produced by the re-generation effect in the hadronic medium should be differ-
ent [134]. Now the question is whether both these effects (i.e. re-scattering and
re-generation effects) depend on the interaction cross-section of the hadrons in

the medium or not.

The upper panel of Figure 5.6 shows the 777~ interaction cross section as a
function of collision energy and the lower panel of Figure 5.6 shows the 7~ K™
interaction cross section as a function of /s from UrQMD calculation [165]. From
these two figures, it is seen that the total cross section for pion-pion interactions
is higher than the total cross section for pion-kaon interactions. Therefore, the
re-scattering effect should be more dominated by the pion-pion interaction than

pion-kaon interaction.
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Figure 5.6: Upper Panel-The total 777~ scattering cross section as a function of
c.m. energy +/s. Figure is taken from [165]. Lower Panel-The total cross section
of 7~ K" scattering as a function of c.m. energy +/s. Figure is taken from [165].
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In case of a K* decays to a kaon and pion, as long as one of its daughters
is re-scattered by hadrons in the medium, one can loose the K *0 signal. Since
pion is the dominating particle in the medium and pion-pion interaction cross
section is more, therefore, there is a higher probability to loose the K*° signal in
the re-scattering of the daughters. On the other hand, the kaon-pion interaction
to re-produce the K* signal is relatively small to compensate the signal lost in re-
scattering effect. Thus, we observe a suppression of K*/K in Cu+Cu and Au+Au
collisions compared to the p+p collisions.

In case of p* — 77, the cross section for the decayed daughter pions re-
scattered by the medium pions is same as the cross section for two medium pions
scattered with each other to re-produce the p” signal. In this case, one can ar-
gue that the amount of p° signal lost by the re-scattering effect is compensated
by the signal formed during the re-generation effect. Therefore, we should not
expect any significant change in the ﬁ—i ratio in heavy-ions in comparison to p+p

collisions.

5.5 Azimuthal Anisotropy (v,)

The measurement of p° elliptic flow (v;) can probe the amount of hadronic final
state interactions for p” at intermediate transverse momenta. This can be studied
by looking at the systematic deviations of the measured elliptic flow coefficient,
vy, from the scaling law given by the quark recombination model at the interme-
diate transverse momentum. Also one of the very important motivations behind
this study is to understand the production mechanism of p° vector meson. This
study can be well understood through the number of constituent quark scaling
of vy of p° in the intermediate pr region. Our expectation for the above study is
the following:

1) If vy of p” scales with n, = 2 in the universal curve, then the ¢g coalescence
mechanism for p° production is dominating.

2) If vy of p° scales with n, = 4 (i.e. 2 for each pion and total 2+2=4), then the
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hadronic 777~ re-generation plays a dominating role for the p° production.

In this section, we present the result of p° elliptic flow (v;) measurement in
40-80% Au+Au collisions at /sy = 200 GeV. The results from (¢ — ¥,) binning
method and the vy vs. M,,, method are compared. In case of v, vs. M;,, method,
the results from TPC event plane method and FTPC event plane method are com-
pared. Dependencies of the elliptic flow coefficient (v2) on transverse momentum
(pr), centrality and particle species are also presented. The p° elliptic flow mea-
surement is done in large statistics data sample obtained in Au+Au collisions at

Vsnn =200 GeV during RHIC Run VIL

5.5.1 Methods Comparison

As mentioned earlier, two different techniques are used to extract the differential
elliptic flow coefficient v, (pr) for the p° vector meson. The upper panel of Figure
5.7 shows the p° elliptic flow (v) in 40-80% centrality Au+Au collisions at \/syy
= 200 GeV at mid-rapidity (|n| < 1.0) measured in (¢ — ¥, bin) and (v vs M;;,.)
methods. The v, values obtained in above two methods are tabulated in Table
5.7.

The v, values are obtained with the TPC event plane in (¢ — V3) bin method
as denoted by the open circle and the v, vs. M;,, method as denoted by the
filled circle in the upper panel of Figure 5.7. The error bars are statistical only.
It is shown that within the statistical error bars both the methods are consistent
with each other. For the case of (¢ — ¥,) bin method, we are making five bins
of the (¢ — Us,) distribution in each transverse momentum bin. Therefore, we
are running out of statistics and to overcome this problem we have merged two
transverse momentum bins into one bin especially in the higher p; region. That
is why the number of data points are less for (¢ — ¥5) binning method as shown
in the upper panel of Figure 5.7.

The non-flow effects are studied for the p° elliptic flow measurement by com-
paring the v, results obtained with respect to the TPC event plane and the results

obtained with respect to the FTPC event plane. However, the p’s were recon-
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Figure 5.7: Upper Panel-The p° elliptic flow coefficient (v;) as a function of pr.
The open circles correspond to the (¢ — V) bin method and the filled circles cor-
respond to the v, vs. M,,, method. The error bars shown are statistical only
Lower Panel-The p° v, measured in TPC and FTPC event plane. Error bars are
statistical only.
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¢ — ¥y bin method vy V8 M;,,, method

pr vy = Stat. pr V9 £ Stat.

0.3 || 0.0177885 + 0.016719 | 0.3 || 0.0135973 + 0.013430
0.5 || 0.0124659 + 0.013045 | 0.5 || 0.0084501 + 0.006183
0.7 || 0.0477550 4 0.011571 | 0.7 || 0.0235723 + 0.009391
0.9 || 0.0795007 + 0.011458 | 0.9 || 0.068091 £ 0.008549
1.1 || 0.0951547 4 0.010822 | 1.1 || 0.1016070 4 0.008661
1.3 || 0.1404320 4 0.011394 | 1.3 || 0.153775 + 0.009020
1.5 | 0.1666801 4 0.011848 | 1.5 || 0.1485860 4 0.008575
1.7 || 0.1902580 + 0.012420 | 1.7 || 0.1829120 4 0.009160
1.9 || 0.1636170 £ 0.014710 | 1.9 || 0.1678630 4 0.010855
2.1 | 0.2125720 4 0.016807 | 2.1 || 0.2052770 4 0.012895
2.3 || 0.1991580 + 0.020683 | 2.3 || 0.1785430 + 0.014869
2.5 || 0.1682710 + 0.026501 | 2.5 || 0.1807520 + 0.017400
2.7 || 0.2220620 + 0.030608 | 2.7 || 0.2254080 + 0.028127
2.9 || 0.2228330 + 0.033834 | 2.9 || 0.2103620 + 0.027393
3.3 || 0.1927310 + 0.023133 | 3.1 || 0.2004780 + 0.031867
3.9 || 0.1807650 + 0.035839 | 3.3 || 0.2076020 + 0.033666
4.5 || 0.1558560 + 0.047311 | 3.5 || 0.1989670 =+ 0.028328
5.1 || 0.2391810 + 0.072946 | 3.7 || 0.2385830 + 0.039516
3.9 || 0.2033630 + 0.037860
4.1 || 0.1921970 + 0.042848
4.5 || 0.2001780 + 0.029519
5.1 || 0.2395310 4 0.044149

Table 5.7: The p° vy values obtained as a function of py in both the methods in
Au+Au collisions at \/syy =200 GeV. Only statistical error is mentioned.

structed from TPC tracks only. Since the FTPC covers a completely different
pseudo-rapidity coverage, there is no auto-correlation in the determination of
the FTPC event plane and the tracks that produce p° in the mid-rapidity. Hence,
there is no need to further subtract the auto correlation between the tracks used
for event plane calculation and the tracks used for the v, measurement. This is the
advantage of using the FTPC event plane. Also, by using FIPC event plane one
can minimize the possible non-flow contributions coming from jet like correlation

in the final measured vy coefficient.

The lower panel of Figure 5.7 shows a comparison between the p° elliptic flow

measured in vy vs. M;,, method using TPC as the event plane and FIPC as the
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event plane for 40-80% centrality in Au+Au collisions at /syx =200 GeV. Because
of the less possible non-flow effect in FTPC event plane than TPC event plane,
one expects smaller v, values for FTPC event plane compared with TPC event
plane. However, the large statistical error bars in the data points for the final v,
measured in FTPC event plane forbid us to derive any such conclusion. Although
we have quite large statistical error bars for the results with the FTPC event plane,
but it is clear that the final v, results are consistent for both the cases. For this
comparison, we have used only the v, vs. M,,, method.

Since the number of tracks detected in FTPC is less than TPC, the FTPC event
plane has a poor resolution than the TPC event plane. For this reason, the p°
final v, in FTPC event plane has large statistical error bars. In order to reduce the
statistical error bars in each data points, we have combined p; bins. Therefore, we
have less number of data points for the results from FTPC event plane as shown

in the lower panel of Figure 5.7.

5.5.2 vy vs. Transverse Momentum py

The transverse momentum dependency of p° elliptic flow (v3) is shown in the
upper panel of Figure 5.8 along with K? meson and A° baryon. The v, values for
K? and A° were taken from [166]. The data points for p° is from the RHIC Run
VII and for the two references (K? and A°) the data points are from the RHIC Run
IV. In case of p” data points, the error bars are statistical only.

Itis shown in Figure 5.8 (Upper Panel) that v, first increases and then saturates
in the intermediate p; region. At low py, v, can be well described by hydrody-
namics [144, 167]. However, the data points start deviating from ideal hydrody-
namics at about 1.5 GeV/c [144]. It is believed that in this region (1.5 < py < 5.0
GeV/c¢) coalescence mechanism can be applied [144, 168].

It is also clear from the upper panel of Figure 5.8 that the v, of p° is following
the same trend of the v, of K meson in the intermediate pr region, not the vy of
A" baryon. This indicates that p° follows the trend of mesons, not baryons.

The elliptic flow (v3) is plotted as a function of transverse kinetic energy in the
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Figure 5.8: Upper Panel-Elliptic flow (v2) as a function of transverse momen-
tum. Lower Panel-Azimuthal anisotropy (v,) vs. transverse kinetic energy
(mr — my) for p° vector meson compared with other particles from the same 40-
80% hadronic cross-section at /syny =200 GeV in Au+Au collisions.
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lower panel of Figure 5.8. The kinetic energy (K Er) is defined as my —m,, where
mr = +/p%+ mi and my is the mass of the particle . From this figure, it is clear

that the meson v, is different from the baryon v, in the intermediate pr region.
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Figure 5.9: Centrality dependence of p° elliptic flow (v2) in Au+Au at \/syy =200
GeV collisions. The error bars are statistical only.

Figure 5.9 shows the v, of p° as a function of pr for 30-40%, 40-60% and 60-
80% centralities in Au+Au collisions at /syy = 200 GeV. The error bars for all
the three centralities are statistical only. Though, with the current statistics we
cannot make a strong conclusive remark on the centrality dependence of elliptic
flow of p° vector meson, but still it is clear that the p° v, is lower in 30%-40%
centrality than the other two centralities, i.e. 40%-60% and 60%-80%. It is difficult
to compare the v, values for 40%-60% and 60%-80% centralities because of the

large error bars.
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Figure 5.10: Upper Panel-Number of constituent quark scaling of v, (ve/n, vs.
pr/ng) in 40-80% peripheral Au+Au collisions at \/syy = 200 GeV. p” v, scales
with n=2 quarks. Lower Panel-Transverse kinetic energy scaling of v, (v2/n, vs.
(mgp — myg)/ny) in 40-80% peripheral Au+Au collisions at /syy = 200 GeV. p° v,
scales with n=2 quarks.
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Figure 5.11: Upper Panel-Number of constituent quark scaling of v, (vo/n, vs.
pr/ng) in 40-80% peripheral Au+Au collisions at \/syx = 200 GeV. p" vy scales
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5.5.3 Number of Constituent Quark Scaling of v,

Elliptic flow of identified particles measured in Au+Au collisions at RHIC ex-
hibits a remarkable scaling with the number of constituent quarks - an appar-
ent dependence of hadron elliptic flow at intermediate transverse momentum,
pr ~ 2 —4 GeV/c, on the the number of constituent quarks in the hadron [168].
This observation is of particular interest and importance as it indicates that the
system is in a de-confined stage. It has been noted in Ref. [168] that if hadrons are
formed via coalescence of the constituent quarks, then there should be a region
in the transverse momentum space where particle yield would be proportional to
the quark density to the power equal to the number of constituent quarks in the
produced hadrons, i.e. 2 for mesons and 3 for baryons. According to the coales-
cence model [168], number of constituent quarks scaling suggests the creation of
QGP with v§ characterizing the properties of the QGP.

Figure 5.10 shows the number of constituent quark scaling of p° elliptic flow

(v9), ie. Vs Z—Z in the upper panel and o Vs in the lower panel. In

mr—mo
Figure 5.10, both the plots are shown with the number of constituent quarks for
p° equals to 2.

Figure 5.11 shows the number of constituent quark scaling of p° elliptic flow
(v9), i.e. fl—i Vs. Z—Z in the upper panel and Z—i Vs. mTT’qmo in the lower panel. In
Figure 5.11, both the plots are shown with the number of constituent quarks for
p° equals to 4.

From Figures 5.10 and 5.11, it is clear that the p° vy scales with n,=2 quarks
rather than n,=4 in the intermediate transverse momentum (1.5 < py <5 GeV/c).
This simply suggests that the p’s in the intermediate pr region are produced from

the de-confined phase of the matter, which could be a signature of the partonic

degrees of freedom of the system formed in the heavy-ion collisions at RHIC.
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Chapter 6

Summary and Outlook

6.1 Summary

The main objective of this thesis has been to study the evolution of the medium
created in relativistic heavy-ion collisions through the measurement of p° vector
meson production and it’s elliptic flow (v;). To study this, the data set of p+p,
d+Au, Cu+Cu and Au+Au collisions at /syx = 200 GeV have been analysed.

The p° vector meson production in the mid-rapidity has been studied through
its hadronic decay channel o' — 7*7~. The decayed particles are detected in
the STAR Time Projection Chamber (TPC). The mass of the p° vector meson has
been extracted from the reconstructed invariant mass distributions of 77~ as a
function of pr. Earlier, similar studies have been carried out in minimum bias
p+p and peripheral Au+Au collisions at /syy = 200 GeV. The statistics used in
the earlier study is almost a factor of ~20 times less than the statistics that we
have used in the current study for heavy-ion collisions. In order to minimise the
x?/ndf, hadronic cocktail function is suitably modified for the current analysis.

The p° mass obtained in this analysis is lower than the PDG value in the lower
pr region. In the higher pr side, the p” mass approaches towards the PDG value.
The centrality dependence and the system size dependence on the p” mass have
been studied.

The p° vector meson invariant yields and the inverse slope parameter have
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been measured in Cu+Cu collisions at /sy =200 GeV over a wide range of cen-
tralities using the STAR detector. The p; spectra have been found to be well de-
scribed by an exponential function for all the centralities. The exponential shape
of the pr spectrum implies a smaller contribution from hard pQCD processes
to particle production. The average pr ((pr)) values calculated from the above
spectra are found to show no significant centrality dependence for a particular
collision system. However, it is found to be systematically higher for Au+Au and
Cu+Cu in comparison to p+p collisions at the same center of mass energy. The
re-scattering effect is much reduced in elementary p+p collisions where no loss in
low pr particles occurs. The presence of low pr particles lowers the mean value.
That is why the < py > (~0.616 GeV/c¢) in p+p collisions is smaller compared to
the < pr > (~0.86 GeV/c) in heavy-ion collisions. Therefore, the mean decided
by the higher pr particles increases. Further, the < py > of the p” vector mesons,

is found to be higher than the proton.

We have also studied the p'/7~ ratio in both Cu+Cu and Au+Au collisions.
The measured p°/7~ ratio is found to be almost consistent with the same mea-
sured in elementary p+p collisions. This is because of the daughter particles, com-
ing from the p° decay, interact among other particles in the medium. Since, the
daughters re-scattering effect compensates with the daughters re-generation ef-
fect, therefore, the p° signal lost in re-scattering will be filled by the signal formed

by re-generation.

The p" vector meson differential elliptic flow (v2(pr)) was measured in periph-
eral Au+Au collisions at \/syy = 200 GeV. A significant amount of elliptic flow
for the p” vector meson has been observed which is comparable to that of parti-
cles consisting of the lighter v and d quarks. Along with the standard event plane
(¢ — ¥y bin) method, a new measurement technique, the v vs. m;,,, method, was
used to calculate the p° elliptic flow coefficient. Both the results are consistent
within the error. In order to check the non-flow effects, we have also used the
FTPC tracks to estimate the FTPC reaction plane to calculate the p° elliptic flow

using the (vg vs. my,,) method. Within the statistical error bars the vy results

140



CHAPTER 6. SUMMARY AND OUTLOOK 6.2. FUTURE PROSPECTIVE

obtained in the TPC event plane and the FTPC event plane are consistant with
each other. The centrality dependance of the p° elliptic flow is studied for three
different centrality bins in Au+Au collisions at /syy = 200 GeV. Although, the
large error bars do not allow us to make any final conclusion on the centrality
dependance of the v, coefficient for the p° vector meson, but still it is clear from
this analysis that the vy of p° is decreasing with increasing centrality as expected
from the decreasing eccentricity in the initial nuclear overlap shape.

For 200 GeV Au+Au collisions, the peripheral (40-80% centrality) p° differen-
tial elliptic flow (v2(pr)) results are compared with other identified particles and
with the resonances like K2 and A°. Tt is found that the v,(p7) results for the p°
at low pr (< 1.3 GeV/c) are not consistent with a mass ordering trend and hy-
drodynamical expectations. Although, the exact reason for this mass ordering
deviation for the p" vector meson is still not understood well, it can be explained
through re-generation effects in this p, region.

At intermediate transverse momentum (1.5 < pr < 5 GeV/c¢), the p° elliptic
flow scales with the constituent number of quarks. The p° vector meson vy (p7)
is comparable to that of particles composed of lighter u and d quarks and is also
consistent with the number of quarks = 2 scaling. This strongly implies that there
are a significant number of interactions between the quarks at the partonic stage
and is, therefore, a strong evidence for partonic collectivity and de-confinement
of the medium created in Au+Au collisions at RHIC. Also, the n=2 quarks scaling
of vy of the p” vector meson implies that the p° production mechanism is mainly
dominated by the quark and anti-quark coalescence at the early stage of the col-

lisions and not from the 77~ scattering at the hadronic stage.

6.2 Future Prospective

In the year 2010, STAR has already collected a large amount of data for Au+Au
collisions at \/syy =200 GeV. Also, by introducing Time of Flight (TOF) detector,
STAR has now improved its particle identification capability up to higher pr.
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Therefore, in addition to the measurements which have been made to date of the
p° vector meson at RHIC, there are yet further interesting aspects to study which
will provide further information about the system created in heavy-ion collisions
at RHIC.

The study of the p° vector meson via measurements of the di-electron decay
channel (p° — e* + e~) with branching ratio ~10~° may help to disentangle con-
tributions from hadronic re-scattering by comparing with hadronic decay chan-
nel of p'. Electrons, being the electromagnetic particles, do not participate in the
strong interactions. So it comes out of the fireball immediately. The p° vector
meson reconstructed from the di-electron will be a good probe to study the in-
medium mass and/or width modifications.

In addition to the measurement of p° invariant yield study through the di-
electron channel, one can also study the elliptic flow of the p° vector meson via
its di-electron decay. Due to the small branching ratio of p° compared to w, the
extraction of the p" signal from di-electron channel may not allow one to study its
various properties. Therefore, instead of looking at the p” signal, one can always
look at the w meson signal which has a very closer mass (782 MeV/¢?) to p°, and
study the various properties and compare the same results obtained for the p°

vector meson studied in the hadronic channel.
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Appendix A

A.1 Rapidity and Pseudo-rapidity

One of the important observables commonly used to describe the kinematical
condition of particles is called the rapidity, which is denoted by the variable y. In

terms of its energy and momentum components, the rapidity is defined by the

1 E+pL
Y= §ln (E_pL) (A.1)

following equation:

where p;, is the longitudinal momentum component along the beam direction and
E is the total energy of the particle. Rapidity is a dimensionless quantity. It can be
either positive or negative. Rapidity is a logarithmic measure of the longitudinal
momentum and it depends on the frame of reference. It has the property of being
Lorentz additive when one goes from one frame to another.

To calculate rapidity, one requires the information on energy and momentum.
However, in many experiments the particle mass is a-priori not known and it is
only possible to measure the angle of the particle relative to the beam axis. So in
that case, to characterize a particle, a new variable, known as pseudo-rapidity is

introduced, which is defined as follows:

n=—Iln (tang) (A.2)

where 0 is the angle between the particle direction and the beam axis. When

a particle’s momentum approaches the total energy (p — E), pseudo-rapidity
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tends to the rapidity variable (n — y).

A.2 Energy Density

In heavy-ion collisions, the initial energy density is not known and also cannot
be measured directly. Thus, it has to be calculated from the final state products.
According to the Bjorken Model [169], the particles created at mid-rapidity can
undergo re-scattering after some formation time, 75. These particles are referred
to as quanta and the model does not distinguish whether they are hadrons or

partons. The energy density can be calculated as follows:

1 \ dEr
=— ) — A.
o <T 0A> dy (8.3)
where df—yT is the total transverse energy carried by the particles per unit ra-

pidity at y = 0, where dEy = < myp > dN. < mp > is the mean transverse mass
and equals to \/< pr >2 +m?2. Where, m, is the particle rest mass. In Equation

A.3, Ais the nuclear overlap area.
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Appendix B

B.1 Systematic Uncertainty on the p’ mass and yield

* Systematic error on the mass by fitting the signal to an exponential plus a
BW x PS function: In order to evaluate the systematic uncertainty in the
p° mass due to poorly known contributions in the hadronic cocktail, the
p° mass was obtained by fitting the peak to a BW x PS function plus an
exponential function representing these contributions. An example of such
a fit is shown in Figure B.1 for a particular p; bin in Cu+Cu collisions at
V/snn =200 GeV. This uncertainty is the main contributor to the systematic

uncertainty, and it can be as large as ~20 MeV /¢
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- Entries 32788
350¢ Cu+Cu @200 GeV | s it
C 4 . RMS 0.1756
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E i const 14.14 +0.36
250 — 4 slope -4.893 + 0.626
= Aof p 4.609e+04 + 3.432e+03
200~ i Mass p 0.7495 + 0.0052
e
L
150—
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Figure B.1: The p° peak is fitted with an exponential plus the BW x PS function.

e Systematic error on the p mass and yield due to normalization: Systematic
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errors on the mass and yield were calculated by using the statistical error
on the constant, which gives the best x2/ndf in the cocktail fit for the factor
R and getting the mass and yield using the R, for constant + E and R, for

constant — E.
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Figure B.2: Systematic error on the yield by varying the constant according to the
statistical error on the constant that gives best x?/ndf.

Figure B.2 (a) and (b) show the error on the p” mass and yield by varying
the ratio R according to the statistical error on the constant that gives the

best x?/ndf of that particular pr bin.

* Other sources: The other sources of systematic errors result from uncer-
tainty in the measurement of particle momenta of ~3 MeV/¢* which leads
to a mass resolution of ~8 MeV/c? at the p° peak. These systematic uncer-

tainties are common to all p7 bins.
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Appendix C

C.1 Background flow

The v, of real pion pair (which is basically background dominated), is calculated
here. The idea is to check the v, of the background, and how the background v,
scales with other hadrons v, in different mass regions. Figure C.1 shows the 77~

pair v, as a function of py calculated in different invariant mass regions.

0.6
C @ mass range 1200 - 1500 MeV
:Background v2 E massrange 300 - 500 MeV
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Figure C.1: 777~ v, as a function of pr in different mass window.
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