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SYNOPSIS

At very high energy densities, exceeding approximately 1GeV/fm?, quantum chromo-
dynamics predicts a phase transition from ordinary hadronic nuclear matter to a new state
of matter where the degrees of freedom are quarks and gluons. Matter at such high energy
density can be produced in laboratory conditions by colliding heavy nuclei at relativistic
energies at the Relativistic Heavy Ton Collider (RHIC) and recently at the Large Hadron
Collider (LHC). This state of matter exhibits very strong coupling between its constituents
and is thus called the strongly coupled Quark-Gluon Plasma (sQGP).

The quark gluon matter presumably with local thermal equilibrium expands hydrody-
namically and undergoes a phase transition to hadronic matter which further cools till the
multiple scatterings among particles are sufficient to keep them as one system. The hadrons
then decouple from the system and their spectra would reflect the condition of the system
at the time of freeze-out. Hadrons (pions, kaons and protons) form the bulk of particles
produced and are usually the first and easiest to be measured in a heavy ion collision ex-
periment. Traditionally, statistical model has been used at SPS and RHIC energies to infer
the conditions at freezeout using measured hadron ratios as input. Alternatively one can
consider full transverse momentum (pr) spectra of hadrons in heavy ion collisions. The
bulk and collective effects show up in the low and intermediate p regions of hadron spectra
while the high pr region above 5 GeV/c consists of particles from jets which are produced

in hard interactions.

Experimental measurement of strange meson

The particle spectra in heavy-ion collisions are modified due to presence of the medium

4

and are quantified by the “nuclear modification factor” (Rap) defined as:

d*Nag/pr dydpr

Rap = , 1
A8 Noon x d?> Ny [pr dydpr 1)
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where the numerator is the of particle production in A4+ B (heavy ion) collisions, measured
as a function of pr and rapidity (y), d?N,,/pr dydpr is the yield of the same process in
p + p collisions and Ny is the number of nucleon-nucleon collisions in the A+B system.
Rap different from unity is a manifestation of medium effects.

In central Au+Au collisions at RHIC, Rap of hadrons reaches a maximum suppression
of a factor of ~ 5 at ppr ~ 5GeV/c. The high pr suppression is found to be independent of
the particle type, mesons or baryons, and their quark flavor content. In the intermediate
pr range (2 < pr < 5GeV/c), mesons containing light quarks (7, ) exhibit suppression,
whereas protons show very little or no suppression. Measurements of particles with different
quark content provide additional constraints on the models of collective behavior, parton
energy loss and parton recombination. Experimental measurements of particles containing
strange quarks are important to find out whether flow or recombination mechanisms boost
strange hadron production at intermediate pr and to understand their suppression at high
pr. In heavy ion collisions, the ¢ meson shows at high pr the same suppression as particles
containing only u and d quarks, however at intermediate pr it is less suppressed than the 7
meson. On the other hand, the n meson, which has a significant strange quark content, is
suppressed at the same level as m meson in the pr range from 2-10 GeV/c.

The main part of this thesis concentrates on the measurements of the nuclear mod-
ification factor of strange meson K*Y at PHENIX experiment. The K*Y meson spectra
for different centralities are measured in the pr range from 1.1 GeV/c up to 8 GeV/c in
Cu+Cu collisions via K*¥ — K*7~ . The measurements extend the momentum coverage
of the previously published results by the STAR collaboration. These measurements are
further combined with the K2 meson (K9 — 7%(— vv)7"(— 7)) measurements over the
pr range of 3-12 GeV/c. This gives strange meson Rap over a wider pr range.

The PHENIX detector consists of global, tracking and PID detectors. The event infor-
mation is obtained from the Beam Beam Counters (BBC), located at |n| < 0.35 and covering

27 in azimuth. The track reconstruction and momentum determination are done with the
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help of the Drift Chambers (DC) and first layer of the Pad Chambers (PC). The second and
third layers of PC help to suppress contribution of the secondary tracks originating from
the decay of long-lived particles or from the interaction of tracks with the detector material.
The Time of Flight (TOF) detector identifies charged hadrons.

The K*° meson invariant mass is reconstructed via K** — K*7T which has a branching
ratio of ~ 67%. The Minimum Bias triggered samples are used for the K** meson study.
The charged kaons and pions are identified by the TOF in PHENIX. The TOF detector has
a small acceptance and has limitation in identification of particles. This limitation leads
to the measurement of K*° in low pr region. To increase the extent of measurement up
to high pr, unidentified tracks with opposite charge are also included in the analysis. The
unidentified tracks are required to have associated hits in PC3 and EMCal to do away the
contribution originating from secondary tracks. Depending on the track selection criteria,
three different techniques are used to reconstruct the K*° invariant mass distribution.

1. Fully Identified, where both the tracks are identified as kaons and pions via the TOF.

2. Kaon Identified, where one of the tracks is identified as kaon via the TOF and the other
PC3-matched track is given the mass of pion.

3. Unidentified, where both the tracks are PC3-matched tracks. The invariant mass spectra
is obtained by the combinatorial method. The total invariant mass distribution for charged
kaon-pion consists of the both signal and background. The uncorrelated background is
removed by the event-mixing technique. The correlated part of the background is mainly
dominated by the mis-identified track pairs. Two of the most dominating processes are
: ¢ > K"K~ and K} — 7"m~. These are estimated and removed from the obtained
invariant mass spectra. The contribution of residual background is also removed and the
raw yield for K** is obtained by bin-counting. The raw yield is then divided by acceptance
to get the corrected yield.

The invariant transverse momentum spectra and nuclear modification factors of K*°

are obtained for different centralities in the Cu+Cu system and are combined with the
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K2 meson results. In the Cu+Cu collisions system, no nuclear modification is observed
in peripheral collisions within the uncertainties of the measurement. In central Cu+Cu
collisions both mesons show suppression. In the range pr = 2-5GeV /¢, the strange mesons
show an intermediate suppression between the more suppressed 7° and the nonsuppressed
baryons. This behavior provides a particle species dependence of the suppression mechanism
and provides additional constraints to the models attempting to quantitatively reproduce
nuclear modification factors. At higher pp, all particles, 7°, strange mesons and baryons,

show a similar level of suppression.

Systematics of hadron spectra in p + p and heavy-ion collisions

Phenomenological studies are done for the charged pion transverse momentum spectra
for different collisional energies and also for different event-multiplicities (at LHC energies)
in p+p collisions using Tsallis distribution. The Tsallis distribution describes a system
in terms of two parameters; temperature and ¢ which measures deviation from thermal
distribution. It has been shown that the functional form of the Tsallis distribution in terms
of parameter ¢ is the same as the QCD-inspired Hagedorn formula in terms of power n.
Both n and ¢ are related and describe the power law tail of the hadron spectra coming from
QCD hard scatterings.

The Tsallis parameter n decreases with increasing /s and starts saturating at LHC
energies. The value of T" also reduces slowly from SPS energies to LHC energies. It means
that the spectra at SPS energies have large softer contribution and as the collision energy
increases more and more contribution from hard processes are added. The pr integrated pion
yield increases with increasing /s and becomes 10 times when going from SPS to highest
LHC energy. The Tsallis parameters are also obtained as a function of event multiplicity for
all three LHC energies which can be described by the same curve. The variation of n and T’
as a function of multiplicity is very similar to the variation which we find as a function of 1/s.

It means that events with higher multiplicity have larger contribution from hard processes.
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The value of n for high multiplicity events at 7 TeV is ~ 4 which is depictive of production
from point quark-quark scattering. The pr integrated pion yield distribution for the three
LHC energies shows that as the energy increases, more and more high mutliplicity events
are added in the sample with mean of the distribution shifting towards higher multiplicity.

The transverse momentum spectra of charged pions measured in Au+Au collisions at
Vsny = 200 GeV and Pb+Pb collisions at /syy = 2.76 TeV are analysed using the
modified Tsallis distribution. All the spectra used in this analysis are well described by
this distribution. The parameter ¢ of the modified Tsallis distribution suggests similar
thermalization characteristics for systems at RHIC and LHC energies. The kinetic freeze-
out temperature and transverse flow velocity are extracted from pion pr spectra. The
kinetic freeze-out temperature is also obtained from a model independent method using the

measurement of HBT radii and particle multiplicity.
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CHAPTER 1

INTRODUCTION

These days, the theoretical and experimental study of high-energy nuclear physics is
one of the most active fields of research. The aim of this program is to study the nuclear
matter under extreme conditions. Theoretically, lattice Quantum Chromodynamics (1QCD)
predicts a phase transition from hadrons to a new phase [1, 2, 3] known as Quark Gluon
Plasma (QGP), where the degrees of freedom are quarks and gluons. The high energy
nuclear collisions provide unique opportunity to create this new phase in laboratory and
perform detailed study. One can perform systematic study of QGP properties by colliding
various nuclei at different energies. The advances in accelerator and detector technologies
have made it possible to build very high energy collider facilities, RHIC at BNL (2000
- present) and LHC at CERN (2010 - present). These facilities have taken the study of
high-energy nuclear physics to a new dimension.

In this introductory chapter, the fundamental particles, interactions, the concepts of
QCD and heavy ion collisions are briefly discussed. At the end of this chapter, the organi-

zation and contents of this thesis are outlined.
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Figure 1.1: Constituents of Standard Model

1.1 Fundamental particles and interactions

1.1.1 Quarks and leptons

The theoretical and experimental understanding about the particle kinematics and in-
teractions are encapsulated in the ‘Standard Model” of particle physics, which comprises
of fundamental particles (quarks and leptons) and fundamental forces. This model unifies
the Strong, Weak and Electromagnetic interactions but does not include the Gravitational
interactions. The basic building blocks of ‘Standard Model” are shown in Fig. 1.1. The mass

and charge for different quarks and leptons are listed in Table 1.1.

Flavors and colors:

Gell-Mann introduced the ‘Eight-fold way’ [6] method in early 60’s to explain the decay
kinematics and the interactions of the elementary particles (proton [4], neutron [5]), the
mesons (neutral and charged pions, kaons etc.) and the baryons (A, Z, Q, etc.) Later
in 1964, both Gell-Mann [7] and Zweig [8] independently proposed the ‘Quark-Model’; in

which ‘quark’ (name proposed by Gell-Mann) plays the role of fundamental entity. In this



Table 1.1: Physical properties of quarks and leptons [9].

Quarks Leptons
Flavour Charge (e) Mass (MeV/c?) | Flavour Charge () Mass (MeV/c?)
u +2 1.5-3.3 e -1.0 0.511
d -1 3.5-6.0 Ve 0 < 0.003
S . 104138 U -1 105.6
c +32 1270179, v, 0 < 0.19
b . 42001170 T -1 1776.8
t +2 17120042100 vy 0 <182

model, quarks didn’t have any physical existence, they were just mathematical concept. In
later times, quarks were discovered in deep inelastic scatterings (DIS).

In ‘Quark-Model’, the quarks are the fundamental blocks which build up hadrons. Sim-
ilar to the particle-antiparticle concept, every quark has its own anti-quark. In early days,
there were three different types or ‘flavors’ of quarks (anti-quarks) : u (), d(d) and s(3)
known as up, down and strange, respectively. Theoretical prediction [10] for another quark
named as charm represented by ¢, was proposed by Bjorken and Glashow in 1970. The
bound state of c¢ [11] was found experimentally simultaneously by two different groups, one
at BNL and the other one at SLAC, hence confirming the existence of ¢. The other two
flavors bottom (b) [12] and top (t) [13] were discovered in the late 1977 and 1995 respectively.
This completes the three generations of quarks.

The ‘flavor’ symmetry can be described in mathematical form using the SU(3) group
theory. Each quark is a half-spin (spin = £1/2) particle with fractional charge. The anti-
quark has the same magnitude of spin and charge but with opposite sign. According to this
model, mesons consist of gg and baryons consist of combination of 3 quark or antiquarks of
different flavors. The ‘Quark-Model” approach worked well in explaining the mass and spin
of the particles, except for AT, A~ and Q~, whose constituent quarks are uuu, ddd and
sss respectively. This violates Pauli exclusion principle. This condition required additional

quantum number known as ‘color charge’ or ‘color’. There are three types of colors, red



(1), blue (b) and green (g) and anti-colors anti — red (7), anti — blue (b) and anti — green
(). Anti-quark posses anti-color. While forming hadrons (mesons or baryons), the quarks
combine among themselves in such a way that the final state is colorless. The color charges
bind the quarks inside hadron via strong interaction. The strong interaction (Section 1.1.2)

is mediated by ‘gluons’. The quarks and gluons are collectively known as ‘partons’.

Leptons:

Unlike the quarks, leptons were not a mathematical concept, they existed since begin-
ning. In fact, electron (e) is the first fundamental particle to be observed. Muon (1) was
discovered from the analysis of cosmic-rays. Later, electron-neutrino (v,) was proposed by
Pauli in order to preserve the energy conservation in § decay. Initially, e, 4 and v, were
grouped as ‘leptons’. Later muon-neutrino (v,), tau (7) and tau-neutrino (v,) were discov-
ered. The e and v, forms isospin doublet. Also, the 1 and v, pair and the 7 and v, pair
form the isospin doublets. The quantum number associated with electron family is known
as electronic leptonic number L. and has the value 1. The muon and tau family also have
muonic and tauonic lepton numbers L, = 1 and L, = 1 respectively. The e, u and 7 carry
negative charges. Their anti-particles carry positive charges and negative lepton number.
The neutrinos are 1/2 spin charge-less particles. Leptons undergo both electromagnetic and

weak interactions.

1.1.2 Interactions

Interaction is simply described as the force acting between particles. The first well
understood interaction was the Electromagnetic interaction, which takes place between two
charge particles via an exchange quanta known as photons (). The range of this interaction
is very large, theoretically co. Next comes the Gravitation, which plays role for massive
bodies. The exchange particle is known as graviton. The gravitational effects are significant

for the masses of order mc? = 10'° GeV, hence not a significant interaction for the subatomic



Table 1.2: Fundamental forces and their relative strength

Force Relative Range (m) Mediator Mass of Spin
Strength Mediator (GeV/c?)
Strong 1 10-% gluon 0 1
Electromagnetic 1072 00 photon 0 1
Weak 1074 10718 W, 70 80, 91 1
Gravitation 10738 00 graviton 0 2

particles. The Weak interaction was first observed in 3 decay. This interaction is mediated
by the massive W= and Z° vector mesons having integral spin. The extent of this interaction
is within a distance < fm. The Strong interaction helps in binding the quarks inside the
hadrons. The gluons (g) are the mediators of strong interaction having integral spin and
zero mass. The theory of strong interaction is explained by the ‘Quantum Chromodynamics
(QCD)’, as the gluons carry ‘color-charge’. The main aspects of QCD will be discussed in
the next section (Section 1.2). The relative strength, range and the mediators for different
interactions are listed in Table 1.2. The quarks participate in Strong and Weak interactions

whereas, the leptons experience Weak and Electromagnetic interactions.

1.2 Quantum chromodynamics

The strong interaction is formulated and understood by the Quantum Chromodynamics
(QCD), which gives the interaction among the colored charges. QCD is a non-abelian
gauge theory. This theory exhibits two remarkable features, namely Asymptotic freedom
and Confinement. This can be understood from the expression of the strong interaction

coupling constant, a, which is given by;

127
(33 = 2ny) log(Q*/A?)

a(Q%) = (1.1)
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Figure 1.2: The strong interaction coupling constant a; as a function of momentum transfer
(@), measured in different experiments and obtained from different calculations [14].

where, @? is the momentum transfer, n; is the number of quark flavors and A is the QCD
scaling parameter. The coupling constant is a function of momentum transfer and hence
known as ‘running coupling constant’. The expression in Eq. 1.1 shows that at large @)
(i.e at small distance), the coupling «, decreases and for Q* — oo the a, — 0 which
implies that the quarks behave as free at this energy-regime. This phenomenon is known
as Asymptotic freedom. This was discovered by Gross and Wilczek [15] and Politzer [16].
At high momentum transfer, the coupling constant is small enough which allows perturbative
treatment for QCD problems.

For small @ (i.e large distance), a,(Q?) increases significantly. This shows that the
coupling increases if the partons are tried to pull apart at large distances. This signifies
why the quarks are not observed free and are found only inside hadrons. This is known as
Con finement or sometimes Quark Confinement. The strong coupling constant is shown

as a function of momentum transfer in Fig. 1.2 from a recent review [14].



One can also understand these features considering the phenomenological potential be-

tween a g pair, given as;

Vi(r) = —% + Kyr (1.2)

where, at small distances the potential behaves like Coulomb interaction and at large dis-
tances the potential increases linearly with distance.

QCD calculations for small momentum transfer cannot be done using perturbation the-
ory. In this case one uses ‘Lattice QCD’ where the discrete lattice points are treated as

space-time points and then numerical methods are applied to predict the thermodynamical

quantities.

1.3 QCD phase transition and QGP

QCD phase transition can be perceived from the outcomes of two very different features
of QCD theory. One is the ‘Deconfinement’ which results due to the asymptotic freedom
and the other is the ‘Chirality Restoration” which comes directly from QCD Lagrangian.

Both of these phenomena take place for high energy density and are discussed in detail.

1.3.1 Deconfinement

The discovery of asymptotic freedom led to the predictions [17, 18] of the existence of a
deconfined state of quarks and gluons at high temperature and/or high pressures. At very
high temperatures, the partons (quarks and gluons) will interact weakly among themselves
and the system will replicate an ideal ultra-relativistic gas, where the degrees of freedom
will be determined by the number of flavors, colors, charge and spin states of partons.
This deconfined state can be described as “soup of quarks and gluons”, later named as

“Quark Gluon Plasma” by Shuryak [3, 19]. Along with the predictions from Cabibo et.
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Figure 1.3: The energy density of bulk hadronic matter as a function of temperature from
lattice QCD calculations [20]. T' denotes the temperature and T¢ the critical temperature
for QGP. Different colored lines shows the results corresponding to different number of
flavors taken in lattice calculations.

al. [18], lattice QCD also shows a sharp change in energy density (¢) and pressure (p)
around temperature (T') &~ 170 MeV, known as critical temperature (7). The results from
Lattice QCD [20] are shown in Fig. 1.3 where € is plotted as a function of 7. The results
are shown for different number of active quarks. For 2 flavored system the T is 173 £ 15
MeV and € is 0.7 + 0.3 GeV/fm? [20]. It is also seen that, above T, € is proportional to
T*, but the proportionality constant is smaller than the value expected for the ideal gas of

gluons and massless quarks.

1.3.2 Chirality restoration

The QCD Lagrangian is chirally symmetric for massless quarks. The foremost conse-
quence of this symmetry should be the zero value of the quark condensate ({¢q)). But the
existence of pion, rules out the possibility of (¢q) = 0. This is called as spontaneous sym-

metry breaking of QCD. The spontaneous breaking of symmetry is one of the predictions

8
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Figure 1.4: A schematic phase-diagram [21] of QGP in terms of the temperature (7") and
baryo-chemical potential (up).

of QCD, which leads to the prediction of the existence of the Goldstone bosons. Physically,
any kind of phase transition involves the spontaneous breaking of symmetry at ground state.
Lattice QCD predicts the restoration of chiral symmetry at high temperatures or densities

which is spontaneously broken at low temperatures by (¢g) condensate.

1.3.3 QGP phase diagram

The schematic phase diagram of QGP phase transition is shown in Fig. 1.4. The Y-axis is
the temperature (7") and the X-axis is the baryon-chemical potential (x5) which determines
the energy required to add or remove a baryon at fixed pressure and temperature. This
quantity reflects the net baryon density of the matter. For normal nuclear matter the value
of up is ~ 1 GeV.

The black curve (dashed and solid) defines the boundary of the QGP phase and hadron
gas. From lattice QCD calculations [22, 23], for higher pp value, the phase transition is

found to be **order (shown by solid line in Fig. 1.4), which ends in the critical point. For



small ug and my; >> my, my, [24] the transition is of the crossover type. For vanishing
(B, the transition temperature is ~ 170 MeV. From lattice QCD calculations it has been

confirmed that the chiral transition and deconfinement occurs at same critical temperature.

1.3.4 Bag model

Apart from perturbative and non-perturbative QCD calculations, the thermodynamical
parameters for the confined state can be estimated by phenomenological models. MIT Bag
Model [25] is the most popular of all models as it contains the characteristics of the phe-
nomenology of the quark confinement and can be used for understanding the circumstances
beyond the phase transition.

This model assumes that, the quarks are massless particles and are confined inside a bag
of finite dimension, but are infinitely massive outside the bag. A parameter B is introduced,
known as ‘bag-pressure’, which takes into account the non-perturbative QCD effects. The
‘bag-pressure’ is the difference of the energy density in the vacuum and that of inside the
bag. This pressure works inwards to balance the outward kinetic pressure of the quarks and
gluons inside the bag.

One can estimate the energy of the bag consisting of N quarks in a bag of radius R.
The energy density shows an inverse relation with the bag radius R. Phenomenologically

one can have the energy F in terms of bag-radius and bag-pressure as;

2.04N  4rm
E="""+"_RB 1.3
7 3 (1.3)

In equilibrium condition, dE'/dR = 0, which gives the bag-pressure;

2.04N\Y* 1

For R =0.8 fm and N = 3, B = 206 MeV.
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Now considering the system of quark and gluons as a non-interacting mass-less parti-
cles, from standard statistical physics, the pressure for quarks and gluons can be given as

(Appendix A.2);

P= gW—QT4 (1.5)
90
where, P = P, + P,, i.e. the total pressure due to both quarks-antiquarks and gluons. The
factor g, is known as the degeneracy factor which consists of the factors both for gluons and
quarks-antiquarks, g = g, + % X (g4 + 94). Considering the spin, flavor and color degrees of
freedom,
9q = Neotor X Nftavor X Nspin » 99 = Ngtuons X Nspin.

Neotor 18 = 3, Nfiguor can be 2 or 3, Ny = 2 and Ngpyons = 8. This gives, for Ny = 2,

e (1.6)
- T90 '
The energy density is given by,
377 (1.7)
€e=37T— .
30

At a certain temperature (critical temperature T ), the inward and outward pressure of bag
will be equal and beyond which, the quarks and gluons will be no longer confined inside

bag. This T can be estimated by equating the expression for the P and B. This leads to,

90 1/4
TC:(§> BY4 (1.8)

For B = 206 MeV, T = 144 MeV.

11



Figure 1.5: This sketch depicts the stages of high energy heavy-ion collisions. The nuclei
approach each other with almost the speed of light ¢. The lorentz contracted nuclei collide
and form QGP, which expands, hadronizes, rescatters and finally freezes-out.

1.4 Relativistic heavy ion collisions

It is believed that the QGP phase existed for a few micro-seconds (~ 10 us) after the
Big-Bang occurred. The initial stages of Big-Bang are not well understood till now. Some
models are there which try to explain the phenomena during the early time. Relativistic
heavy ion collisions (RHIC) or Ultra-Relativistic heavy ion collisions (URHIC) are the means
to recreate the Big-Bang scenario in laboratory. RHIC also allow to study the phase-space
evolution of the system created.

In relativistic heavy ion collisions (Fig. 1.5), two nuclei travel with 99.95% of speed of
light (and hence appear as Lorentz contracted discs) and collide with each other. Upon
collisions large amount of energy is deposited in a small region of space, resulting in high
energy density. Depending on the amount of energy-density created in collisions, deconfined
state of quarks and gluons may be produced or medium of hot/dense hadronic gas will be
formed. The medium starts expanding and temperature drops down leading to hadroniza-
tion and finally kinetic freeze-out of particles. The space-time evolution of such a system is
shown in Fig 1.6.

The evolution is described in terms of the proper time 7 and it consists of different

phases :
1. Pre-equilibrium stage (7 = 0 — 7p) : This is the initial stage, where the nuclei collide

12
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Figure 1.6: Space time evolution of heavy-ion collisions [26].

each other and the energy density at the colliding region becomes very high, which
leads to particle production. The produced particles interact with each other and a

local equilibrium sets in the medium.

. Deconfined stage (7 = 79 — 7¢) : If the energy density is high enough (¢ > 1 GeV /fm?),
QGP phase can be formed.

. Mixed stage (7 = 7¢ — 7g) : The dense/hot medium starts expanding due to the
difference in pressure created in the collision zone. When the temperature of the
medium goes below the transition temperature (T ~ 160-170 MeV), hadronization
starts. The mixed phase of hadrons and partons will exist if 15* order phase transition

occurs.

. Hadron gas (1 = 7y — 7r) : After 7y, the hadronization process ceases. This is
known as Chemical Freeze-out (T pem ~ 100 MeV), as the particle composition of the
medium gets fixed. From 74 to 7z, the hadrons keep interacting with each other till

the Kinetic Freeze-out. After this, the momentum distributions of the particles do not

13



change. Experimentally, one can have an estimate of the temperature corresponding
to the Chemical Freeze-out and Kinetic Freeze-out from the ratio of the particles and

spectra of the particles, respectively.

The system formed in URHIC has a very short lifetime (~ 5 - 10 fm/c). During this small
time-span, numerous physical phenomena take place which make this medium interesting.
The particles detected in the detectors are ‘traced back’ to study the properties of the

hot /dense medium.

Estimation of initial energy density:

In order to infer the hot/dense medium as QGP or hot/dense matter in the heavy ion
collisions, the estimation of the initial energy density is very crucial measurement in high
energy heavy ion experiments. From experimental quantities, one can estimate the initial

energy density using Bjorken’s prescription [1]. This prescription gives the energy density

(€0) as :

1 dEr
== 1.9
€0 AT dZ ( )
1 dEr
= E—— 1.1
0 T0 AT dy ( 0>

Here, one considers that the nuclei are traveling along the Z axis, and collide at origin of
the assumed co-ordinate system (space) at time ¢t = 0. The equilibration volume is Ar dz,
where A7 is the overlapping transverse area around mid-rapidity (i.e y ~ 0) region, dz is the
longitudinal slice of the medium. One can use the relation dz = 7y dy, where 7 is the proper
time for formation of QGP and is normally taken as 1 fm/c in Ref. [1]. The numerator dEr
is the total transverse energy, defined as dEr = (mr) dN, where my is the mean transverse

mass, (mr) = \/(pr)%2 +m?, m is the particle mass. In terms of particles per unit rapidity

14
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(dN/dy) , the above expression takes the form

1 dN
70 A dy ly=0

€0 = my (1.11)

Usually, dEr/dy is obtained experimentally, A7 is calculated from nuclear geometry (wR?).

Using Bjorken’s prescription, the energy density measured [28, 29] experimentally by
PHENIX experiment (See Chapter 2) for different collision energies, comes out around 4.5
- 5.5 GeV/fm? in Au+Au collisions for 7y = 1 fm/c. The ¢, obtained from experiment is
well above the critical energy density (~ 1 GeV/fm? [2, 27]). The confirmation of the QGP
formation cannot be inferred only from the initial energy density measurement. To have
a robust conclusion, several other physical observables are required to be studied prior to
confirming the formation of QGP.

Other than the experimentally measured value of dEr/dy, the value of 7y will also effect

the value of €. In an earlier Ref. [1], 79 was taken as 1 fm/c. One can have a logical

15



estimation for this. One can refer to the Ref. [30] for some simple approaches. The proper
time 7y can be estimated as the crossing time 7.,.,ss, Wwhich the two nuclei take to cross each
other. Crossing time can be given as, T..0ss = 2R/, where, R is the radius of the pancakes
and v is the Lorentz factor (See Appendix A.1). This approach leads to a very small time
duration (0.13 fm/c [30] at RHIC with R = 7 fm for Au) in QCD scale. However, a more
realistic 79 can be obtained using Heisenberg uncertainty principle : We have, AE At >
1 = (mr) Tform > 1, where Tfy, is the time needed for the production of particles.
This assumption yields a formation time of 7¢o, = 0.35 fm/c [30] for (my) ~ 0.57 GeV,
which further gives ¢g = 15 GeV/fm? [30] for 0 - 5% central Au+Au collisions at RHIC.
One can also estimate this 7y from the thermalization time, which comes around 0.6 - 1
fm/c, resulting in €y = 5.4 - 9.0 GeV/fm? [30]. Figure 1.7 shows the different energy density

estimates using different 7y values discussed.

1.5 Experimental observables

The formation of QGP is studied through different observables. Some of them give the
properties of bulk whereas the others help to study the medium modification due to the
interaction among the partons in the dense matter. Among the various observables/probes,

few of them, which are relevant to this thesis work, are discussed in detail.

1.5.1 dN.,/dn measurements

In heavy-ion collisions, dN,,/dn per participant pair measurement is of primary impor-
tance as this quantity helps to estimate the initial energy density. Also, the dependence of
dN,p,/dn per participant pair with centrality or center of mass energy, reveals the interplay
of hard and soft processes. The left plot of Fig. 1.8, shows the dependence of dN.,/dn
per participant pair measurement on center of mass energy both for p + p and heavy-ion

collision systems. It is observed that the energy dependence is steeper for the heavy-ion
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Figure 1.8: (dNc,/dn)/(0.5(Npart)) as a function of center of mass energy (left panel) [31]
both for p + p and heavy ion collisions and as a function of number of participants (right
panel) [32] in central heavy ion collisions at RHIC and LHC energies.

collisions than for pp, pp collisions. Instead of the logarithmic dependence of dN.;/dn per
participant pair with |/syn as seen upto RHIC, a power law dependence is seen. The two
unscalable different curves are needed to describe the data for heavy-ion and p + p which
points to the fact that, the heavy-ion collisions can not be recognized as superposition of
several p + p collisions.

The dependence of dN.,/dn per participant pair with centrality is shown in the right
panel of Fig. 1.8. It shows the results from both RHIC and LHC energies. The dN.,/dn
per participant pair for LHC is higher by a factor of 2.1 than that of at RHIC. Apart
from the most central and the most peripheral collisions, the variable in Y-axis has a weak
dependence on (N,,). For Pb+Pb data, the uncorrelated uncertainties are shown by error

bars, whereas, correlated uncertainties are shown by the grey band.
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1.5.2 Photon spectra and temperature

Temperature is one of the most important observables in high energy collisions, as it
gives an insight of the initial energy density of the system. For the measurement of the
medium temperature, one relies on direct photons, because they do not interact with the
colored medium and come out as soon as they are created. The recent direct photon mea-
surement [33] by PHENIX in p 4+ p and Au+Au at /syy = 200 GeV is shown in Fig. 1.9.
Usually, the spectra are described by an exponential function: Ae=2%/T. The inverse slope
parameter (7") in the function is physically interpreted as temperature. In this case, for
central collisions, the inverse slope parameter 7' = 221 4 195 4 19%%% MeV for the central
(0-20%) collisions. Recently similar study was done by ALICE experiment in Pb+Pb colli-
sions, which gives T' = 305 £ 515%+%s MeV [34] for the most central collisions. The slope
of the spectra at LHC energy is higher due to the availability of higher collisional energy at
LHC than that at RHIC.

1.5.3 Hadron spectra

In relativistic high energy nuclear collisions, hadrons are abundantly produced and are
the final product which reach the detector. Hence, the invariant yield pr spectra of particles
are the most common measurement done in the high energy experiment. Thermally origi-
nated particles constitute the low pr region of the particle spectra. The high pr region of the
particle spectrum is governed by the particles coming from hard-scatterings. The slope of
particle spectra gives an estimate of the kinetic freeze-out temperature of that particle. Also
the total yields obtained from spectra help to find out the particle ratios which inturn are
used to estimate chemical freeze-out temperature of the system formed. The spectral shape
are different for different particles. Due to the presence of medium effects, the spectral shape
of particles in heavy-ion collisions are significantly different than that of in p 4 p collisions.

Figure 1.10 shows the spectra for 7, K*, p and p in d+Au and Au+Au collisions for the
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Figure 1.11: Left Panel : Comparison of the thermal model results with RHIC data. Right
Panel : Comparison of the thermal model results with central LHC data [37].

top RHIC energy (top panel) for different centralities. The bottom panel shows the spectra
for the same particles at center of mass energy 2.76 TeV for the most central and the most
peripheral Pb+Pb collisions along with the p + p data scaled by the number of binary colli-
sions. One can easily notice the differences in the spectral shape among the particle species
and also among the collision systems. Phenomenological functions (e.g. Tsallis, Hadron
Resonance Gas Model, Blastwave, Tsallis Blastwave etc.) are used to describe the spectra
and also used to estimate the kinetic freeze-out temperature for different particles, /Sy

etc. Some of these phenomenological functions are described in Chapter 5 and Chapter 6.

1.5.4 Particle yields and equilibration

The integrated yields of particles and their ratio help to extract the chemical freeze-out
temperature (See Section 1.4). Statistical model [38] describes the hadron ratios very well.

This model assumes the statistical evolution of the hot matter to freeze-out. Hence, the
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hadron yields can be expressed by Bose and Fermi Statistics as,

Ni g [T p*dp
= — = 1.12
Ty T o /0 exp[(E; — 1u)/T] £ 1 (1.12)

where, n; is the particle number density, F; is the particle energy, T is the system temper-
ature, g; is the degeneracy factor and pu; is the chemical potential of the particle concerned.
Mostly p; = pp, where up is the baryon chemical potential. Hence, one is left with only
two parameters, 1" and pp, which can be obtained from hadron ratios. Hadron yield study
(Fig. 1.11) by Andronic et. al shows [37] that, the chemical freeze-out temperature at RHIC
and LHC are very similar and ~ 160 MeV. The baryon chemical potential has a non-zero
(~ 20 MeV) value at RHIC energy and it reduces to ~ 0 at LHC energy. It should be
noted that at LHC p and p yield does not follow the thermal model and is a matter of

investigation.

1.5.5 Strangness enhancement

Enhancement in strangeness production was proposed as one of the possible signatures of
the QGP formation [40]. This can be understood by comparing the energy threshold (Eypes)
required to produce a s 5 pair in hadronic interactions and colored interactions. In hadronic
interaction, Eypes ~ 540 MeV, whereas, in QGP, due to the chirality restoration Ejjcs ~ 2
ms ~ 300 MeV. Apart from the lowering of the strange quark mass (m;) inside QGP, the
availability of bigger system size (phase space) in heavy ion collisions and the high density
of gluons and quarks leads to the formation of s§ pairs via QCD interactions. Also, the
interaction cross-sections in colored interactions are higher than the hadronic interactions,
which result in enhancement in strangeness production rates in colored medium.

The rise in strange particle yields has been observed earlier in SPS and RHIC with
the increase of system size and now, also has been observed in LHC. The enhancement is

studied as the ratio of the yields of strange hadrons per number of participants ((Npar))
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23



(See Section 2.2.5) in nucleus-nucleus collisions to that in the p + p or p+A collisions as a
function of (Npar). In Fig. 1.12, the measurements from ALICE Collaboration [39] shows the
enhancement of multi-strange baryons (2* and QF). The plot also shows the comparison
among the SPS, RHIC and LHC energy data. It is seen that as a function of (Npat),
strangeness is enhanced and then saturates. However, the enhancement is more for the
lower energy data. It should be noted that with the increase in collisional energy the
strange hadron yield increases both in p+ p and heavy-ion collisions, resulting in a less

pronounced enhancement of relative yield than at lower energies.

1.5.6 Nuclear modification factor

To verify the existence of the hot and dense color medium in nucleus-nucleus collisions
Nuclear modification factoris one of the most handy observable widely used. If a highly dense
hot medium is produced in nucleus-nucleus collisions, the partons travelling inside it will
loose sufficient energy [41, 42] resulting in the modification of fragmentation functions [43]
and softening of the measured pr spectra. The softening of spectrum is quantified by the

Nuclear modification factor, which is defined as the ratio,

d*Nag /(27 pr dy dpr)
Neouw X d*Nyp /(27 pr dy dpr)

Rup = (1.13)

where, d?Nap/(2m pr dy dp;) is the yield of particle in A+B (nucleus-nucleus) collisions for
a particular centrality class, d*N,,/ (27 pr dy dp,) is the yield of particle in p + p collisions
at the same collisional energy. N, is known as the number of binary collisions (See Sec-
tion 2.2.5) for the same centrality class. The yield in p + p collisions is used as a baseline
measurement.

R ap can have three possible values,

e R, p =1: Particle yields in A+ B collisions scale with the number of binary collisions,

which further implies that nucleus is simply an incoherent superposition of nucleons,
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hence no medium effects are observed. It should be noted that this N.,; scaling is
valid for high pr region. In case of low pr region one expects this scaling to be true

with respect to Npare.

e Rap < 1 : At high pr this is the manifestation of parton energy loss due to the
medium. In case of low pr, this result can point to various effects, e.g. shadowing [44],

rescattering of particles etc.

e Rap > 1: Usually this enhancement behavior is seen at the intermediate pr (2 < pr

GeV/c < 5) and corresponds to the Cronin effect [45] (For details see Section 1.5.7).

One can also try to investigate the modifications in the central collisions in compare to
the peripheral collisions. This is quantified by Rcp which is the ratio of yields in central
to peripheral collisions, scaled by the corresponding numbers of binary nucleon-nucleon

collisions,

centra eripheral
Rep — dQNABt /(2 prdydpr) Npy” (1.14)
dsz‘e];zpheral/<27T pr dy de) Nccsl?tral

This measurement does not require the knowledge of p + p measurement. The values of Rop
can be equal to, greater than or lesser than 1. The physical significances of these values
hold same as discussed for Ryp.

The nuclear modification factor as a function of pr is shown in Fig. 1.13, for both
RHIC [46] (top panel) and LHC energies [47] (bottom panel). In the upper plot it is seen
that, direct photons, being an electromagnetic probe, do not interact with color medium
and hence do not loose energy, resulting in R4, = 1 within uncertainties. At high pz, the
light mesons (7%, n and w) are the most suppressed species with Raa ~ 0.2. The protons
do not show any kind of suppression in the intermediate pr range (2-5 GeV/c) at RHIC
energy. The particles with strange quark content (¢ and charged kaon) are suppressed

more than protons but less than light mesons in the intermediate pr. The bottom panel of

27



Fig. 1.13 shows that the suppression for light quark mesons are more at LHC than that of
at RHIC energy. The results from LHC also include the multi-strange baryons which seem
to follow mass hierarchy. The trend for strange mesons are similar to what is observed at
RHIC energy. The Raa measurements in broader pr range (= 100 GeV/c) at LHC energies
gives the opportunity to do a comprehensive study of the medium effects up to high pr.
Figure 1.14 shows the result from CMS experiment [48] for the central Pb+Pb collisions. In
the most central collisions, the suppression reaches to a factor of ~ 7 at pr ~6-7 GeV/c.
At higher pr, the Rap starts to increase reaching a value of 0.5 at pr > 40GeV/c. In
RHIC energy also we find a similar trend of increasing Raa for ¥ (Fig. 1.14), but due to

systematic uncertainties, no firm conclusion can be drawn.

1.5.7 Cold nuclear matter effects

The intrinsic nuclear effects present in high energy p+A (d+Au or p+Pb) and A+B
(Au+Au or Pb+Pb) collisions are termed collectively as Cold Nuclear Matter (CNM) effects.
Due to the presence of medium in A+ B collisions, it is difficult to extract any information
related to the CNM effects. In order to have a good understanding of CNM effects and
distinguish these effects from the hot/dense medium effects, control experiment of p+A are
performed. In this kind of collision, as the number of participants are much lesser than
in A+B collisions, no hot/dense matter is expected to form. The matter formed in p+A
collisions is usually termed as ‘cold nuclear matter’. This goal is accomplished by the d+Au
collisions at RHIC and p+Pb collisions at LHC.

The modifications of parton distribution functions (PDF) inside nucleus were obtained

from the Deep Inelastic Scattering (DIS) experiments [49] and are given as,

A T 2
Rz, Q?) = —";(i 732)) (1.15)

Here, z is the Bjorken z, Q* is the momentum transfer, f;(z,Q?) is the PDF of parton
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Figure 1.15: Schematic example of the modification of the parton distribution function
inside nuclei. The plot is taken from the Ref. [50]

flavor i inside a free proton, f(z,Q?) is the PDF of parton flavor i inside a nucleus A.
The CNM effects can be understand for different values of R as a function of z or Cronin

enhancement [45], discussed below in detail.

e Depending on the value of R#(x, Q?) and x (Fig. 1.15) the CNM effects are classified

as,

o Shadowing : For low x region (x < 0.03), R#* < 1. This effect can be understood
from the overlapping of the nuclear PDFs. This effect is largest for the gluons,
as they populate mostly the low x region. The gluons in low x region fuse into a

single, higher x gluon which lead to the depletion of gluons at lower .

o Anti-Shadowing : Due to the above mentioned gluon-fusion, the value of
RA(z,Q?) is above 1 for the 0.03 < 2 < 0.3 region. The phenomenon of gluon-
fusion of low x gluons creates an excess in this region and a deficit in the lower

x region.

o EMC effect : For 0.3 < x < 0.7 region, R#* < 1. This effect is named as EMC
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effect after the name of the experiment which discovered this phenomenon.

o Fermi Motion : Above x > 0.7, the ratio R again rises above unity due to Fermi

motion of the nucleons.

e Cronin effect : The enhancement in the nuclear modification factor in d+Au collisions
at the intermediate pr is generally termed as Cronin Effect. This ‘enhancement’ was
first observed in 1974 by Cronin and his collaborators [45] and hence the name of the
phenomenon. This effect arises due to the multiple soft scatterings of the incoming
partons while propagating through the target nucleus. Figure 1.16 shows the Rga, for
charged pions, kaons and protons along with ¢. It is observed that for pions, kaons
and ¢ mesons, R44, = 1 within uncertainties. The protons show enhancement in the

intermediate pr range. This can be explained by flow and recombination effects.

1.5.8 Jets

Usually, jets are perceived as the collimated stream of hadrons from the end stage of a
parton shower. In a simple picture, jets are the fragmenting partons. Jets are the basic QCD
objects which sustain as the final state object in hadronic collisions. Hence, jets are one of
the important observables in high energy heavy ion collisions and help to understand the
medium modifications. Figure 1.17 shows a schematic sketch of the jet production in p + p
and heavy ion collisions. In heavy ion collisions, the jets get modified and lose energy due to
the medium which is manifested by the changes in the jet-yield, jet-shape, jet-fragmentation
function etc. One can perform various studies with jets, depending on the physics processes
one wants to look into.

At RHIC, due to the smaller jet-production cross-section, the energy of the reconstructed
jets can have the maximum value of 30-50 GeV. Hence, most of the jet study at RHIC are
performed by particle correlations. Whereas, at LHC, the jets can be fully reconstructed

and the jet study are done above 25 GeV. The jets are largely produced at LHC because of
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Figure 1.16: The nuclear modification factor for charged pions, kaons, protons, ¢ and 7° [35]
as a function of pr in d4+Au collisions at /syny = 200 GeV for different centralities. The

statistical errors are shown with vertical bars and the systematic errors are shown with
boxes.
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Figure 1.17: A schematic sketch of jet production by hard scattering in p + p collision.
Jets are also called as back-to-back oriented sprays of particles. The presence of medium
in Pb+PDb collisions results in loss of energy of jets, commonly termed as jet-quenching.
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the larger jet-production cross-section. Jet reconstruction is done by jet algorithm, in which
the momenta (energy) of the fragmented particles are summed-up to that of the original
parton. In practice, the particles present inside the jet-cone region are summed up. The

jet-cone is realized in an indirect way by considering the annular ring of the cone, usually

denoted by R = /(An)? + (A¢)2. The value of R is taken as 0.2 for ATLAS and 0.5 for
CMS experiment.

Some of the widely studied jet-physics observables are discussed below.

o Jet-Raa: Similar to particle Raa, jet Raa are also studied to have a comparison in
the jet-yield in p + p and heavy ion collisions. It is found that in heavy-ion collisions
the jet yields are suppressed in compare to the p + p yield (Fig. 1.18 (top panel)).
Experimentally the level of suppression is found to be around a factor of 2 and sur-
prisingly, for the central collisions, the level of suppression for low pr jets at RHIC is

similar to the jet suppression at high pr (> 100 GeV) at LHC.

e Di-jets correlation: The di-jet angular correlations are studied to understand the effect
of the medium on the near side (A¢ = 0°) and the away side (A¢ = 180°) jets. In
heavy ion collisions, both at LHC and RHIC energies, it is observed that, the away
side jet yield is suppressed. However, in p 4 p collisions, no suppression in the away

side jet yield has been observed.

e Di-jet energy imbalance : Di-jet energy imbalance results due to the incomplete ac-
counting of the particle momentum of jet. This effect arises as the energy of the soft
particles (originating from jets) are not taken in to account as they fall out of the
jet-cone considered. The energy imbalance is defined by the quantity, 4; = (Ery -
Ers)/(Er1 + Ers), where Er; is the transverse energy of the jet i. The energy imbal-
ance measurement from CMS experiment [52] in Pb+Pb and p + p collisions at center
of mass energy 2.76 TeV is shown in the bottom panel of Fig. 1.18. It is seen that for

central collisions, the experimental data deviate from the monte carlo results.
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1.6 Organization of thesis

This thesis mainly deals with the hadron pr spectra in both p + p and heavy ion colli-
sions. The major work of this thesis is done for the K** measurement in Cu+Cu collisions
at \/syn = 200 GeV, with PHENIX data. The later half of this thesis consists of the stud-
ies involving hadron spectra analyzed with phenomenological functions in p + p and heavy
ion collisions. The experimental set-up - RHIC and PHENIX are discussed in Chapter 2.
Chapter 3 gives the details of the K** measurements. The measured spectra and the nu-
clear modification factors are presented in Chapter 4. The phenomenological studies are
discussed in Chapter 5 and in Chapter 6. Finally the conclusions of this thesis is given in

Chapter 7.
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Part I - PHENIX data analysis
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CHAPTER 2

PHENIX EXPERIMENTAL SETUP

This chapter is devoted to describe the experimental facility RHIC and the PHENIX

detector.

2.1 Relativistic heavy ion collider

The Relativistic Heavy Ion Collider (RHIC) [53, 54] is one of the oldest and versatile
experimental facility to study the heavy ion collisions. It is situated at the Brookhaven
National Laboratory (BNL) in Long Island in United States. It is the first collider facility
(circumference of 3.8 kms) which is capable of colliding heavy ions accelerated to /sy =
200 GeV. RHIC can collide various ion species at various energies. The designed luminosity
is 2x10% cm™2 s72 for Au ions and 2x10%? cm~2 s72 for protons. The collider facility is
shown in Fig. 2.1 . RHIC also serves as a polarized proton collider.

In RHIC, the ions are accelerated gradually in few successive steps. Initially, the electrons
from the atoms are removed by Tandem Van de Graff, leaving the nuclei only. Nuclei are
accelerated to 1 MeV energy by Tandem. Then these are send to Booster by Tandem—to—
Booster line where they travel with 5% of speed of light. Booster is a Synchrotron which

boosts up the ion energy to 95 MeV /nucleon. Then the ions are send to Alternating Gradient
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Figure 2.1: RHIC accelerator facility and arrangements of detectors.
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Table 2.1: Some RHIC parameters for heavy ions.

Injection energy 9.5 GeV /nucleon
Average Luminosity 8x 10% cm=2 57!
Storage energy 100.0 GeV /nucleon
Bunch Intensity 1.0 x 10° Au ions/bunch
Bunch Crossing Frequency 78 kHz
Number of bunches 56 filled bunches
Interaction diamond length 20 cm
Bunch Length 15 cm

Synchrotron (AGS), where the ions get more energy and they travel with almost light speed.
Beams of accelerated nuclei are then send to RHIC by AGS-to-RHIC (ATR) beam transfer
line. RHIC consists of two concentric quasi-circular rings of super conducting magnets (~
400 dipoles and ~ 500 quadrupoles). One of the ring is known as the Blue ring, accelerates
the ions in clockwise direction and the other is known as Yellow ring which accelerates the
ions in anticlockwise direction. These rings are continuous except for 6 intersection points,
where the ion beams are allowed to collide with each other.

Beam injection is done in box car fashion, one bunch at a time. The AGS cycle is repeated
14 times to establish the 41 bunches for nucleons and 56 bunches for heavy ions. Acceleration
and storage of beam bunches at RHIC use two RF systems. One of them operates at 28
MHz, used to capture the AGS bunches and accelerates to top energy. Another RF operates
at 197 MHz is used to limit the bunch length growth due to intra-beam scattering due to
Coulomb interaction, which scales with Z*/A? (which limits the collision diamond RMS
length to 20 cm). Some figure of merits are given in Table 2.1.

At the beginning of RHIC, there were four experiments (Fig 2.1), BRAHMS [55], PHO-
BOS [56], STAR [57] and PHENIX [58]. Of these BRAHMS and PHOBOS were smaller
experiments and were decommissioned in 2005 and 2006 respectively after their physics
goals were achieved. At present STAR and PHENIX are the two important experiments

going on.
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Figure 2.2: Configuration of the PHENIX detector in Run12.

The collision species, energy, luminosity for various PHENIX runs are listed in Table 2.2.

2.2 PHENIX

The PHENIX [58] (Pioneering High Energy Nuclear Interaction eXperiment), is one of
the major experiments in RHIC. The detector subsystems are designed to measure differ-

ent QGP probes. Different subsystems are specialized to measure particular probes like
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Table 2.2: RHIC run summary with collision species, collision energy, integrated luminosity

and samples events.

Run Year Species  /syn (GeV) J Ldt Niot
1 2000 Au+Au 130 1 pb™t 10 M
2 2001/2002 Au+Au 200 24 ,ub_l 170 M

p+p 200 0.15pb=t  3.7G
3 2002/2003  d+Au 200 2.74nb"t 550G
p+p 200 0.35 pb~! 606 G
4 2003/2004 Au+Au 200 241 pb~t 1.5 G
Au+Au 62.4 9 ubt 58 M
5 2004/2005 Cu+Cu 200 3 nb! 8.6 G
Cu+Cu 62.4 0.19pb=t 04 G
Cu+Cu 22.5 27 pb1 9 M
p+p 200 38 pb! 85
6 2006 p+p 200 107 pb~! 230 G
p+p 62.4 0.1pb~t 28G
7 2007 Au+Au 200 0.813nb~' 5.1G
8 2008 d+Au 200 80 nb~! 160 G
p+p 200 52 b0 115G
9 2009 p+p 500 14pb~! 308G
p+p 200 16 pbt 936 G
10 2010 Au+Au 200 1.3 nb~ ! 8.2 G
Au+Au 62.4 0.11 nb=t 700 M
Au+Au 39 40 ub™t 250 M
Au+Au 7.7 0.26 ub=t 1.6 M
11 2011 p+p 500 89.9 pb!
Au+Au 19.6 15.7 ub=t
Au+Au 200 4.97 nb~1
Au+Au 27 32.7 pb~!
12 2012 p+p 200 9.2 pb!
p+p 510 30 pb1
U+U 193 171 bt
Cu+Au 200 4.96 nb~1
13 2013 p4p 510 156 pb!
14 2014 Au+Au 15 44.2 ,ubil
Au+Au 200 2.56 nb~!
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hadrons, electrons, muons and photons with good energy and momentum resolution. In a
broad way PHENIX consists of Global Detectors, Central Arm Spectrometers and Muon
Spectrometers. The work done in this thesis uses only Global Detectors (Section 2.2.1) and
Central Arm Spectrometers (Section 2.2.2). Details about the Muon Spectrometer can be
found in Ref [59]. PHENIX comprises of two central arm spectrometers (East and West)
which detect hadrons, electrons and photons. Each arm covers |n| < 0.35 and ¢ = 90°.
Two forward spectrometers (North and South) are placed at the forward rapidity for muon
detection. These cover |n| = 1.15-2.44 and d¢ = 2w. Global detectors are situated around
the collision point covering 27 in azimuthal direction to characterize collision. The PHENIX
detector with subsystems is shown in Fig. 2.2. The details of PHENIX detectors are given
in next Section. The purpose of different detectors and their spatial coverage is listed in

Table 2.3.
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Table 2.3: Summary of PHENIX detector Subsystems.

SubSystem An A¢ Special Features
Central Magnet (CM) + 0.35 2 Upto 1.15 Tm
Muon Magnet South -1.1-2.2 2m 0.72 Tm for n = 2
Muon Magnet South 1.1-24 2m 0.72 Tm for n = 2
Beam Beam Counters  + 3.1-3.9 2m Start timing for TOF,
(BBC) collision vertex,
Minimum Bias Trigger
and Centrality
Zero Degree Calorimeter 3 mrad 2m Minimum Bias Trigger
(ZDC) and Centrality
Drift Chambers (DC) + 0.35 2x7/2 Good Momentum
and mass resolution
Am/m = 0.4% at m = 1 GeV
Pad Chambers (PC) + 0.35 2x7/2 Pattern recognition
and
tracking in non—bend direction
Ring Imaging + 0.35 2x7/2 Identifies electron
Cerenkov (RICH)
Time of Flight (TOF) + 0.35 2xm/2 Identifies charged hadrons,
resolution<100 ps
Electromagnetic
Calorimeter (EMCal)
EMCal (PbSc) + 035 7/2+4 w/4 Identifies electron and photon
EMCal (PbGl) + 0.35 /4 Identifies electron and photon

Good e* /7% separation
at pr > 1 GeV/c
by EM shower and p < 0.35 GeV/c
by ToF.
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The coordinate system used in PHENIX is shown in Fig. 2.3. The co-ordinate system

‘- \ZO\\]OR

g%b“ Th
PHENIX - - COORDINATE SYSTEM

PHENIX local orgin (0.0.0) is referenced to the RHIC secondary survey control network

Beam is on th Z axis
Position of detector assemblies in the central arms is measured in r. phi, and 7 (at least most of them)
Fosition of detector assemblies in the muon arms is measured in %, Y, and £

6/13/95

Figure 2.3: PHENIX co—ordinate system.

is defined relative to the beam axis with the origin at the center of interaction point. Beam
direction is taken as the positive z axis pointing to North. The x axis is taken along the
west direction and the y axis is taken perpendicular to both of these which point upwards.
To describe any particle position usually Cylindrical Co-ordinate System (r, ¢, ) is used.
The angle 6 is defined w.r.t the z axis, ¢ is defined in the azimuthal plane. This co-ordinate
system is chosen in such a way that, 6 reaches 90° in y axis and ¢ is 0 at the x axis. We know
that in high energy heavy ion collisions, particle properties like energy, mass, longitudinal

momentum, transverse momentum etc. are related to rapidity y and pseudorapidity . In an
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Figure 2.4: Beam Beam Counter (Left) and a single unit of BBC which consists of PMT
mounted on Cerenkov radiators(Right).
experiment one cannot measure y and 7 directly. In an indirect way they can be measured

using ¢ and ¢.

2.2.1 Global detectors

In high energy collisions (p + p or heavy ions), the collision time, collision vertex, impact
parameter etc. are the main quantities which characterize a collision. The Global Detectors
of PHENIX : Beam Beam Counter (BBC), Zero Degree Calorimeter (ZDC) and Forward

Calorimeter (FCal) help to obtain these global information of an event.

2.2.1.1 Beam beam counters

The Beam Beam Counter (BBC) [60, 61] is located around the beam axis at a distance
of 1.44 m from the collision vertex covering 3.1 < |n| < 3.9. There are two BBC, one
situated at North and the other situated at South. It has a inner radius of 5 cm and outer
radius of 30 cm. Each BBC is made up of 64 hexagonal shaped PMTs mounted on quartz
Cerenkov radiators (Fig. 2.4). The BBCs are designed to operate under various collision
species (dynamic range 1-30 MIPs), high radiation and large magnetic field (0.3 T).

The main purpose of BBC is to provide the Minimum Bias Trigger, which signals the
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tBBC)

other electronics that an event has occurred. It also records the collision time ( and

ZBBC’)

position ( along z axis. The BBC measures the time of collision with respect to

the RHIC collider clock (synchronized with beam bunches). If the collision time is t%2¢
measured by North BBC and collision time is t55¢ measured by South BBC and L is the

distance between collision point and BBC (1.44 m), then collision time and collision vertex

position is given by;

tBBC — tﬁBC + thC - £ (2 1)
0 2 c’ '
tﬁBC _+_th0

2 ?

BBC _

0 (2.2)

where, ¢ is the speed of light. An event is considered and acceptable if [25P¢| < 38 cm and
only then PHENIX Level-1 Trigger fires.

The time resolution of single BBC element is 52 ps. The Minimum Bias Trigger at
PHENIX requires at least one PMT hit per BBC, to have an acceptable event, this leads to
|28BC| position resolution of ~ 1.1 cm for p + p collisions. In heavy ion collisions, the PMTs
tend to fire more and more due to high multiplicity which improves the time resolution to ~
14 ps for a typical Au+Au collision leading to position resolution of 3 mm. In case of d+Au

tBBCY for

collisions the position resolution is around 0.5 cm. BBC gives the start timing (
Time of Flight detector. BBCs are also used (along with ZDCs and FCals) to determine

the centrality of collision.

2.2.1.2 Zero degree calorimeter

Zero Degree Calorimeter [62, 63] are the sampling type hadronic calorimeters situated
18 m away from the interaction point both in North and South direction. Each ZDC is
made up of three Cerenkov sampling tungsten plate modules which are read out by a PMT.
The thickness of plates corresponds to two hadronic interaction lengths.

ZDC measures the total energy of the spectator neutrons flying from the collision point.
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Figure 2.5: Zero Degree Calorimeters

The charged particles are deflected by the magnet situated before the ZDC. The total energy
deposited by the spectator neutrons in ZDC is less if the participants are more (in case of
central collisions) and vice verse. The energy deposited in ZDC along with the energy
deposited by the participants in BBCs are used to determine the collision centrality in
heavy ion collisions. In d+Au collisions only BBC is used to determine collision centrality.
In heavy ion collisions, ZDC also plays the role to determine the Minimum Bias trigger
along with the BBC and monitor the beam luminosity. Figure 2.5 shows the ZDC along

with the beams.
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2.2.2 Central arm spectrometers

The work done in this thesis is performed using the Central Arm detectors of PHENIX.
The Central Arm detectors are placed in East—West direction. Most of the detectors covers
A¢p =2 x 90° (except ToF) and An = + 0.35. The Central Arm Spectrometers consists of

particle tracking and particle identification detectors.

2.2.2.1 Central magnet

N
PH-ENIX

N
PH-<ENIX

1
-4.0 -2.0 0.0 2.0 4.0 z (m) -4.0 -2.0 0.0 2.0 4.0 Z(m)

Magnetic field lines for the two Central Magnet coils in combined (++) mode Magnetic field lines for the two Central Magnet coils in reversed () mode

Figure 2.6: Magnetic field lines in the PHENIX detector, for the two central magnet coils
operated in adding (++) and bucking (+-) mode.

The Central Magnet [64] is situated at the central part of the PHENIX detector (Fig. 2.2).
The spectrometers are situated on either side of the magnet. It consists of two pairs of con-
centric coils. The outer coils have 120 turns and the inner coils have 144 turns each. The
central magnet provides axially symmetric magnetic field parallel to beam axis and around
the beam. The beam lines are shown in Fig. 2.6. This magnet works in both adding (++,
--) and bucking (4-) modes giving the field integral of 1.15 T.m (z ~ 0) and 0.43 T.m
respectively. In bucking mode, a field free region is there upto a distance of 50-60 cm.

Irrespective of modes the field dies off after a distance of 2 m from the z axis.
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In the presence of the magnetic field, the charged particle suffers bending. The deflection
angle of the particle due to the presence of magnetic field is accurately measured by the

Drift chambers and are use to determine the particle momentum.

2.2.2.2 Drift chambers

Ti frame

mylar window

Figure 2.7:  One section of Drift Chamber.

The tracking detector in PHENIX is the Drift Chamber [65], which is a multi-wire
gaseous detector. It is located at a distance of 2-2.48 m in radial direction on both sides of
beam axis, measures the track curvature of the charged particle in the r—¢ plane, which is
used to find the momentum of the particle. Each DC covers 90° in ¢.

The frame of DC is made of titanium with 0.127 mm Al-mylar entrance and exit win-
dows. The gaseous volume of DC is filled with 50% Argon and 50% Ethane. The main
working principle of DC is based on the assumption that the drift time of electron is pro-

portional to the distance traversed by electron from center of ionization. It follows a linear
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Figure 2.8: Wire arrangement in Drift Chamber.

relation = vgpip+ X t. This mixture ensures the stability of ionization drift velocity with
low diffusion co—efficient and high gain.

Each of the DC is divided in 20 sectors, known as Keystones (Fig. 2.7), which are further
segmented in 6 types of wire modules: X1, Ul, V1, X2, U2 and V2. Each keystone covers
4.5° in azimuth and has 6400 anode wires. The X1 and X2 wires are placed parallel to
beam pipe. The U and V wires are the stereo wires and are situated at an angle ~ 4 6°
with X wires. The X wires measure the co-ordinate of the track and the U and V wires
measure the z position of the track. The wire configuration is shown in Fig. 2.8. Each wire
module consists of four anode and four cathode planes placed alternatingly. To have a clean
reconstruction, there are also three kinds of wires, namely, “field wires”, “anode wires” and
“back wires”. The “cathode wires” create uniform drift field between anode and cathode.
The “field wires” create high electric field strength near the anode wire. The “gate wires”

also create high field near the anode wire and localize the drift region width. The “back
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wires” stop drift from one side of the anode wire. By reducing the amount of ionization
that reaches anode, the location of each track co—ordinate can be localized. In order to
reconstruct the tracks in heavy ion collisions (nuqms ~ 500), each anode is electrically
insulated in the middle by a 100 gm thick kapton strip, which in turn increases the number

of readouts by a factor of 2.

2.2.2.3 Pad chambers

Wesl arm

Figure 2.9: Three dimensional view of three layers of padchambers — both east and west
arm.

The Pad Chambers (PC) [66] are the multi-wire proportional chambers with cathode
read out, which give spatial positions of charged particles along their trajectories, to deter-
mine polar angle # which in turn is used for momentum determination in z direction (p,).
In PHENIX there are three layers of PC. They are known as PC1, PC2 and PC3 situated
at a radial distance of 2.47-2.52 m, 4.15-4.21 m and 4.91-4.98 m (Fig. 2.9), respectively

from the interaction point. PC1 is situated in both arms between DC and RICH. PC2 is
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Figure 2.10: The pixel geometry. The nine pixels forming one pad (Left). The interleaved
pad design (Right).

placed behind RICH in west arm. PC3 is there only in east arm, sandwiched between TEC
and EMCal.

Each PC layer consists of two cathode planes. The gap between these planes consists
of gas mixture (50% Argon and 50% Ethane) and a single plane of wires situated at equal
distance from these cathode planes. Each cathode is finely segmented into an array of
pixels. Three pixels from three neighbouring pads form a ‘cell” in PC. To get a confirm and
unambiguous signal, all three pixels in a cell must fire to constitute a hit. Nine pixels are
connected to each other electronically to form a pad. This interleaved pad structure reduces
the number of readouts by a factor of 9. The ‘cell’ and ‘pad’ structure is shown in Fig. 2.10.
The pad size of PC1 is 0.84 cm x 0.845 cm which gives position resolution of 1.7 mm along
z and 2.5 mm in r—¢. The pad size for PC2 and PC3 chosen such that they have similar
angular resolution compared to PC1.

PC1 is essential to get the 3D momentum at the exit of the DC. The DC and PC1
information are combined to determine the straight line trajectories outside the magnetic
field. PC2 and PC3 are used for matching those tracks far away (in EMCal, RICH etc)
from collision points to resolve ambiguities. PC2 and PC3 are used to reject the particles

produced from secondary interactions or particle decays and low momentum primary tracks
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that curve around PC1 in the magnetic field and PC2 and PC3.

2.2.2.4 Ring imaging Cerenkov

Ring Imaging Cerenkov [67, 68] is dedicated for electron identification. It is situated
behind the PC1. The principle is to measure the Cerenkov radiation which is emitted by

the particle travelling faster than the speed of light inside some medium. In Fig. 2.11, it is

Figure 2.11: The Geometry of Cerenkov radiation. Red Arrow is the incoming particle
and blue arrows are the radiated wave—{ronts.

seen that,

cost = 1 (2.3)

n

If the emission angle cosf < 1, particle emits Cerenkov radiation. Now,

=myp. (2.4)

So, this Clerenkov radiation is a strong function of mass. From the last relation, it is seen
that Cerenkov threshold is lower for electrons than the other hadrons. RICH uses carbon
di-oxide as radiator gas which has a refractive index (r. i) n = 1.000045. Using this r. i
value, the threshold comes around py = 18 MeV /c for electrons and 4.87 Gev/c for pions.

Cerenkov radiation produced in the detector volume (40 m?) is focused by the mirrors

on an array of PMTs located on either side of the entrance window. The emitted photons
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are focused into a ring with an asymptotic diameter of ~ 11.8 cm. A typical relativistic

electron produces an average of 11 photo—electrons.

2.2.2.5 Time of flight

Charged hadron identification is done by Time of flight (TOF) detector. It is placed at
a distance of ~ 5 m from the event interaction point. Upto Run 6, the TOF was present
only in east arm [69] covering only /8 in ¢. From Run 7 another TOF was added to the

west arm  [71] covering /4 in ¢.

1. TOF East: TOF East consists of 96 segments, each made up of plastic scintillator
slat (Bicron Bc404) having 1.5 cm in width and depth. The PMTs are Hamamatsu
R3478S with a diameter of 3/4 inch. It has a time resolution of oy ~ 130 ps which
enables TOF-E to separate kaons and pions upto pr = 2.4 GeV/c and kaons and
protons upto pr = 4.0 GeV/c. The particle separation by TOF is shown in Fig. 2.12
for AutAu collision system at /5, = 200 GeV. Charged particles are identified by

converting flight time into mass of particle by,

2 2
2 p ttof
== —1
"o [(L/c)

where, p is the particle momentum determined by DC, L is the flight length from

: (2.5)

the event vertex to TOF, t,,; is the time of flight of the particle measured by TOF
(stop time) and BBC (start time). The charged particle identification is done using
proper cuts in mass squared vs momentum space (left fig of Fig. 2.12). The width and
mean of the m? distributions for each particle species are obtained for each p bin by
fitting the vicinity of each peak in the distributions with a Gaussian functions. The
momentum dependence of the width can be parametrized [70] as,

2 2 2 2.2
o) = T Ctmn'y?) 4 525 ot (14 20) | 4 T a4 0] (20
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Figure 2.12: Particle Identification by TOF. Charge times momentum vs mass squared (on
Left), charge times momentum vs time of flight (on Right).

where,

0, = angular resolution = 1.116 mrad (Runb p + p),
oms = multiple scattering term = 0.96 mrad (Run5 p + p),
oy = overall time of flight resolution ~ 130 ps,

2

m? = centroid of the m? distribution for each particle species,

K, = magnetic field integral = 101.0 mrad GeV.

2. TOF West: TOF West uses the Multi-Gap Resistive Plate chamber technology which
results in timing resolution of ~ 75 ps. Using TOF West and applying advanced PID
cuts (e.g. asymmetric cuts), kaons, pions and protons can be separated upto higher
pr. This improves the 7 and proton identification upto 56 GeV /¢, and kaon identifi-
cation upto 3.5-4 GeV/c. The pion, kaon and proton peaks are fitted independently
with double Gaussian. Double Gaussian is used to minimize the uncertainties of the

individual fits. The mean and widths of each particle are parametrized by a function
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Figure 2.13:  Particle Identification by Tof-W. Left: Charge times momentum vs mass
squared time of flight. Right : Charge times momentum vs mass squared time of flight,
after applying PID cuts.

like,

p p T
f(x) = po+ ;1 + x—i + pseV® + paV/, (2.7)
The charged hadron identification by Tof-W is shown in Fig. 2.13.

In this thesis work only TOF-East is used.

2.2.2.6 Electromagnetic calorimeter

Electromagnetic Calorimeter (EMCal) [72] is placed at the end of the central arms. The
EMCal covers the full acceptance of the central spectrometers and is divided into eight
sectors in azimuth. This uses lead—scintillator (PbSc) and lead—glass (PbGl) technologies,
measures the position and energy of electrons and photons. PbSc is a shashlik type sampling
calorimeter where as PbGl is a homogeneous Clerenkov calorimeter. Six of the EMCal sectors
located at the radius of 5.0 m are built of PbSc and consist of 15552 individual towers with
a granularity of 5.5x5.5 cm? and a depth of 18 X;. The two other sectors located at the
radius of 5.2 m are built of lead-glass (PbGl) and consist of 9216 lead-glass C'erenkov towers
with a granularity of 4x4 cm? and a depth of 14.4 X,. Due to the fine segmentation of
the EMCal the electromagnetic showers typically spread over several towers. This spread

provides the means to analyze the position and shape of the shower, and to reject hadrons
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Figure 2.14: On Left, the view of a track is in the DC x—y plane. The X1 and X2 hits
on the DC are shown as small circles. On Right the view of the track is in r—z plane, with
various angles (discussed in text).

which produce showers of a different shape. The spatial resolution of the PbSc (PbGl) is
o(F) = 1.55(0.2) ® 5.7(8.4) /y/ E[GeV] mm for particles at normal incidence. The energy
resolution of the PbSc (PbGl) calorimeter is 0E/E = 2.1(0.8)% & 8.1(5.9)/+/ E[GeV]%. It

also provides a trigger on rare events with high momentum photons.

2.2.3 Track reconstruction and momentum determination

2.2.3.0.1 Track reconstruction : Charged tracks are reconstructed by the DC and
PC1 information. The combinatorial Hough transform technique [73] is used to reconstruct
the tracks from the hits in DC and PC1. The tracking algorithm assumes that, the origin of
all tracks is same as the event origin as measured by BBC. Another important assumption
is, the tracks inside DC are taken as straight line tracks.

The path of charged particle is demonstrated in Fig. 2.14. On the left the track is shown
in the r—¢ plane. The hits are shown as small circles. On the right, the track is shown in

r—z plane. The definitions of the different angles shown in Fig. 2.14 are :

1. ¢ : This is the azimuthal angle made by the particle track with reference circle located
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at the radius of 2.2 m (inside DC), with respect to the vertex.
2. ¢g : This is the azimuthal angle of the track at the event vertex.

3. « : This is the angle between the actual bend track and straight line track passing

through same intersection point of particle with reference circle.

4. zed : This is the z co—ordinate of the track at the intersection point of particle with

reference circle.

5. B : This is the angle of the track with respect to the z—axis at the intersection point

in the r—z plane.

6. 0 : This is the angle between the actual bend track and straight line track passing

through same intersection point in the r—z plane.
7. 6 : Polar angle of the straight line track at vertex.
8. 6y : Polar angle of the actual track at vertex.

An iterative procedure is used to associate the hits to tracks. Weightage is given to the hits
according to their deviation from the straight line trajectory (initially guessed). More the
deviation from the straight line track, lesser is the weightage. Each hit is associated to the
closest track and simultaneously removed from the consideration of all other tracks. Only
those tracks are considered as valid ones which have at least 8 hits in X1 and X2 layers.
Then the tracks are reconstructed in r—z plane with the help of information of collision
vertex from BBC, reconstructed clusters in the PC1 and hits in UV wires of the DC. The

details of event reconstruction can be found in [74].

2.2.3.0.2 Track quality : In order to extract the best results from the analysis, track
selection is a very important step. In PHENIX computing, the variable “quality” gives us

the track quality, from which the best quality tracks can be chosen for analysis.
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The reconstructed tracks are assigned a “quality”, depending on the hit information of
the DC (X, UV wires) and associated PC1 hit. The “quality” for each track is defined as a

6 bit variable as :

quality =Ax 22+ Bx2'4+Cx 22+ DxB+Ex2+Fx2° (2.8)

where,

e A =1 if there is a X1 plane hit.

B =1 if there is a X2 plane hit.

C =1 if there are UV plane hits.

D =1 if there are unique UV plane hits.

FE =1 if there are PC1 hit.

F =1 if there are unique PC1 hits. If there are no hits, the bits are set to zero. To have
a real track at least 8 hits are required in X1, X2 planes. The different combinations

of A, B, C, D, E, F are shown in Table 2.4.

In the analysis presented in this thesis the tracks with quality either 63 or 51 or 31 are used.

2.2.3.0.3 Momentum determination : Theoretically one can measure the momen-
tum of a charged particle in a known magnetic field. Considering only the Lorentz force

(only magnetic part), the equation of motion looks like :

Fcentripetal = FLorentz (29)
2
mu_ qux B (2.10)
r
(2.11)
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Table 2.4: Track Quality

Nature of hits in PC1 Nature of hits in UV plane | A B C D E F | Quality

1 0 1 1 1 1 61

Identified Identified 0O 1 1 1 1 1 62

1 1 1 1 1 1 63

1 0 0 0 1 1 49

Identified No hit 0O 1 0 0 1 1 50

1 1 0 0 1 1 51

1 0 1 1 1 0 29

Unidentified Identified 0O 1 1 1 1 0 30

1 1 1 1 1 0 31

1 0 1 0 1 0 21

Unidentified Unidentified 0O 1.1 0 1 0 22
11 1 0 1 0 23

1 0 0 0 1 0 17

Unidentified No hit 0 1.0 0 1 0 18
11 0 0 1 0 19

assuming v and B are perpendicular the above reduces to,
muv=qBr (2.12)

where B is the magnetic field, v is the velocity of the particle with charge ¢ in the magnetic
field and r is the radius of the track of the particle. The same principle is used in PHENIX
to determine the momentum of the charged particles. But in PHENIX the magnetic field is
complicated and has a non—uniform shape which makes this task complicated. In PHENIX,
a four—-dimensional field integral grid is constructed for momentum determination [75] using
the magnetic field and the intersection of the charged track path with the DCs and PCs.
The field integral f(p,r, 6y, z) is a function of collision vertex z, initial polar angle 6, total
momentum of particle p and the radius r from the beam axis. The field integral grid is
generated by explicitly propagating particles through the measured magnetic field map and
numerically integrating to obtain f(p,r, 6y, z) for each grid point.

The track momentum is determined in an iterative process utilizing the fact that
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f(p, 7,6y, 2) at a given radius r varies linearly with the angle ¢,

¢ = o+ %f(p, r, 0, 2) (2.13)

and assuming that all the tracks originate from the event vertex. An initial estimate of the
track momentum and charge is made from the reconstructed bending angle «, of the track
in the DC. The measured polar angle # is used as an initial estimate for §;. Then using
the radial position of each reconstructed track hit associated to the track, f(p,r, 6, z) is
calculated. After this, fit is done in ¢ and f(p,r, 0, z) to extract the values for ¢y and ¢/p.
These extracted values are then fed back in the above equation and this process is repeated
for a few times. Less than four iterations are necessary for convergence on the p and ¢,
values. A similar procedure is used in the r—z plane to find the value of 6.

The momentum resolution for reconstructed charged particles with the momentum above
200 MeV/c is 0,/p = 0.7 % @ 1%p (GeV/c) where the first term is due to the multiple

scattering and the second term is due to the intrinsic DC resolution.

2.2.4 Minimum bias trigger

Event Trigger is important to select the interesting events among all the events occur-
ring in a collision. Beside, PHENIX has its own data recording capability and space to
accommodate recorded data. So, the data which are recorded should be a good quality
data.

The total p + p inelastic cross section is 17, = 42 £ 3 mb at /s = 200 GeV. The BBC
cross section in p + p collisions was measured by Van der Meer [76] scan technique and is
found to be o35~ = 23 £ 2.2 mb. This is 54.5 £ 6% of o*,.

The Minimum Bias trigger in PHENIX is determined by at least 1 PMT firing in the BBC

as well as the collision vertex within £+ 38 cm (30 cm in case of p + p or d+Au collisions).

This condition of Minimum Bias introduces a bias that depends on the multiplicity of an
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event, i.e. in high multiplicity environment the number of PMTSs that get fired in Cu+Cu
or Au+Au collisions will be more than that in p + p or d+Au collisions. Therefore, the
BBC Minimum Bias trigger will bias the recorded sample to have a higher fraction of hard
scattering events than would be recorded from the inclusive BBC trigger cross section. This
bias is measured by using a random clock trigger, supplied by RHIC, which fires every time
there is a bunch crossing. Upon the clock trigger firing, PHENIX looks in the central arms
for any charged hadrons and can thereby determine the BBC trigger bias. In p + p events,
BBC fires on 79 £+ 2 % of the events.

To take into account this bias errors (events missed by BBC and trigger bias), while
calculating the invariant yield, a correction factor Cyius = €ppc/€pias = 0.545/0.79 = 0.689

is used for p + p system.

2.2.5 Centrality measurement

In PHENIX, collision centrality is measured from BBC and ZDC information. BBC
measures the charged particle multiplicity at the forward rapidity and ZDC measures the
energy of spectator neutrons (Fig 2.14). The multiplicities in BBC and ZDC are correlated
with collision geometry and hence can be used to measure the collision centrality (impact
parameter ‘b’). For central collisions (small b), participants are more hence the charged
particle multiplicity measured in BBC is more and the energy deposited by spectators in
ZDC is small. For peripheral collisions (large b), the spectators are more, hence energy
deposited in ZDC is more and charge particle multiplicity measured in BBC is less. The
two quantities, Neon and Npaye are used to describe collision centrality, Neop is the number
of the nucleon-—nucleon binary collisions and Ny, is the number of nucleons taking part in
collisions.

In case of d+Au and Cu+Cu collisions only BBCs are used to determine the collision
centrality. In case of Au+Au collisions both BBCs and ZDCs are used to determine the

collision centrality.
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Figure 2.15: Participants and Spectators as seen by BBC and ZDC respectively.
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Figure 2.16: On top, an example of correlation between N, Npa and b is shown. The
scales are arbitrary and shown just for illustration. At bottom , energy deposition by
spectators in ZDC and particle multiplicity in BBC is shown.
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Table 2.5: Ny for the centrality classes in Cu+Cu at /s, = 200 GeV used in this work.

Centrality Neon
Min Bias  51.8 &+ 5.6
0-20% 151.8 £ 17.1
20-40% 61.6 + 6.6
40-60% 22.3 £29
60-94% 5.1+ 0.7

To evaluate the collision centrality, Glauber Monte Carlo (GMC) is used [77]. This model
assumes that, at sufficiently high energies, the participant nucleons will carry sufficient
momentum that they will travel in straight line trajectories. This hypothesis reduces the
nucleus—nucleus interaction problem to nucleon—nucleon interaction.

Method:

Experimentally the per event charged particle multiplicity dNe,;/dN,;, is measured by BBC.
Theoretically this distribution can be generated by GMC using different particle generators.
Once this distribution is known, centrality classes are assigned by binning the distribution
based upon the fraction of total integral. For each centrality class the mean value for No
and Npuy is calculated by GMC. One can perform mapping to extract the Neon and Npart
mean values for experimental data. However the method of mapping differ for different
experiments and collision systems. The values for Ny, for the centrality classes that has

been used in this thesis work are listed in Table 2.5.

2.2.6 Data acquisition system

PHENIX is capable of handling high event rates, process them and store them. This is
achieved by the Data Acquisition System (DAQ) [78]. PHENIX DAQ processes the signals
from each detector subsystem, produces trigger decision and stores the triggered data. The

typical data recording rates are 5 kHz and 3 kHz for p + p and Cu+Cu collision system
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Figure 2.17: DAQ in PHENIX.

respectively in Runb. The zero suppressed events sizes are 160 kB for Au+Au, 110 kB for
Cu+Cu and 40 kB for p + p collisions. DAQ is shown in Fig 2.17.

DAQ is controlled by the Master Timing Module (MTM), the Granule Timing Module
(GTM) and GL1. All these modules are synchronized by RHIC clock. The MTM receives
9.4 MHz RHIC clock and delivers it to the GTM and GL1. The Front End Module (FEM) of
the detector subsystems are controlled by GTM. FEMs receive the event accept signal from
GTM. GTM also provides the clock and the control commands (Mode Bits) to FEMs. GTM
provides a fine delay of the clock with ~ 50 ps step, to compensate the timing difference
among the FEMs. The GL1 produces the first LVL1 trigger decision by combining LVL1
signals from detector components.

The main task of FEM is to convert the analog signal to digitized form. The LVL1
triggers are simultaneously generated. The generation of global decision that whether an

event should be registered or not, takes ~ 30 bunch crossings. In the mean time, the event
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data is stored in the FEM. When the FEM gets the accept signal, each FEM starts digitizing
the data.

The data from FEM is collected by a Data Collection Module (DCM), via an optical
fibre cable. The DCMs provide data buffering, zero suppression, error checking and data
formatting. DCM sends the compressed data to Event Builder (EvB).

The Event Builder (EvB) consists of 39 Sub Event Buffers (SeBs), Asynchronous Transfer
Module (ATM) switch and 52 Assembly Trigger Processors (ATPs). EvB communicates
with each module via Sebs. The events are assembled in ATM. The SeBs transfer the data
from granule to ATP with the help of ATM. The combined data are stored to the disk with

maximum logging rate of 400 MB/s and are used for online monitoring.
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CHAPTER 3

ANALYSIS METHODS FOR K** MEASUREMENTS

This chapter describes the analysis procedure for K*° (K_ *Y) meson measurement via
its hadronic decay channel K*7~ (K~ 7") in Cu+Cu collisions at \/syny = 200 GeV using
PHENIX detector at RHIC. The data used in this analysis was recorded during the year
2005 (Table 2.2) and commonly termed as Rund data. This run has very good statistics
~ 928 Million. For this analysis we choose two oppositely charged tracks and also require
|28BC| < 30 cm, which reduces the analyzed events to 588 Million where approximately 337
Million events were with “+4” magnetic field configuration and almost 251 Million events

2

were with “--”7 magnetic field configuration.

The data analysis procedure consists of - event selection (Section 3.1), data quality
check (Section 3.2), invariant mass reconstruction (Section 3.3), corrections for detector
geometry (acceptance) and reconstruction efficiency (Section 3.4) and then obtaining the

invariant yield (Section 3.5). To extract the K*° signal from the huge data set, three analysis

techniques were implemented, which are discussed in Section 3.3.
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Figure 3.1: Left panel :Example of the collision vertex (2#5¢) distribution in Run5 Cu+Cu
collisions at /syy = 200 GeV. Right panel : Distribution of (275¢) after(28P) < 30 cm
cut applied.

3.1 Event selection and track selection cuts

The left panel of Fig. 3.1 shows the distribution of collision vertex in Z direction (285¢).

PBC = 0 cm, have higher probability to

Events which have collision vertex away from z
interact with the central magnet. In order to reduce the probability for produced particles
to interact with the central magnet, an offline analysis cut of [2FP| < 30 cm is applied for
this analysis as shown in the right panel of Fig. 3.1. Also in order to reconstruct invariant
mass, minimum two tracks with opposite charges were required in each event.

The details of track qualities are discussed in Section. 2.2. The best quality tracks were
chosen by applying the track quality cut of the categories 31 or 51 or 63. The tracks within
the pr range of 0.3 < pr (GeV/c) < 6 were chosen for this analysis. The tracking algorithm
assumes that the tracks are originating from the collision vertex. This is not true for the
tracks coming out from particle decay or shower particles or v conversions. These lead
to the reconstruction of tracks with wrong momentum. These tracks can be rejected by

requiring a matching in the outer detector e.g. EMCal and PC3. This matching is done

in ¢ and z direction. The variables emcsd¢, emcsdz in EMCal, pc3sdeo, pc3sdz in PC3,
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Table 3.1: Track quality cuts used for K*° analysis

Type of cuts Value
PC3 matching |pc3sdg| < 30 AND |pc3sdz| < 30
EMC matching lemesdp| < 30 AND |emesdz| < 30
TOF matching |tofsdp| < 30 AND |tofsdz| < 3o
Kaon pr > 0.4 GeV/c
T pr > 0.3 GeV/c
Kaon PID 2.5 0 for 0.4 < pr < 1.5 GeV/c
OR
1.5 0 for 0.4 < pr < 1.8 GeV/c
Pion PID 2.5 o for 0.3 < pr < 6.0 GeV/c
Ghost Rejection Cut |Azed| > 2.0 OR |A¢| > 0.1

tofsdo, tofsdz in TOF are used for matching in terms of o. It is convenient to express
the matching cuts in terms of ¢ which is independent of pr, charge of the particle and
sectors of the detector. Before applying cuts in terms of o, recalibration is done to have
a symmetric shape of the above mentioned distributions (e.g. emcsdp, emcsdz, pc3sde,
etc.). The details of recalibration is discussed in Section 3.2. In this analysis EMCal or PC3
match cut is applied. The TOF variables IsK, IsPi, IsP are commonly used in PHENIX for

kaon, pion and proton PIDs, respectively. The track cuts are listed in the Table 3.1.

3.2 Data quality check

The quality of the data depends on the detector performance. The tracking detectors
(DC and PC) and the spectrometers (EMCal and TOF) may have some imperfections (e.g.
dead chambers, bad wires etc.) during the data taking period. To take these things in
account, it is important to check the detector performance and recalibrate data. Recalibra-
tion of data is done before applying the cuts mentioned in Table 3.1. The Drift Chamber
recalibration was taken from PHENIX ananote AN486. In this analysis the recalibration of

EMCal, PC3, TOF and IsK functions were done for both “4++” and “--” field configurations.
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Figure 3.2: The 1D emcsdz distribution for pr bin = 0.6 - 0.7 GeV /¢, for the 15 sector
of EMCal on east arm. The blue line represents the fit function gaussian plus second
order polynomial. The red line represents the background shape fitted with second order
ploynomial.

3.2.1 Method of recalibration

To calibrate any of the variables (e.g. sd¢ and sdz for EMCal, PC3, TOF and isK),
first a 2 D histogram is plotted for the variable say sd¢ as a function of pr. This 2 D
histogram is then projected to sd¢ axis, for different pr bins. The resultant histogram looks
like a gaussian with a sigma # 1 and mean # 0. In this analysis, these 1 D histograms are
fitted with a gaussian and second order polynomial. The polynomial gives the shape of the
background. The mean and the sigma are obtained from the gaussian. These sigma and

mean values are used in the data as :

d¢new = (d(brecorded - mean)/Sigma (31)

which make the mean = 0 and sigma = 1 of sd¢,,.,, when plotted for different py bins. Fig-
ure 3.2 shows an example for the 1 D histogram for the emcsdz variable which corresponds

to pr bin = 0.6 - 0.7 GeV/c and the 1% sector of EMCal on east arm.
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3.2.2 EMCal - emcsdp and emcsdz recalibration

The recalibration of EMCal is done by studying the parameters emcsd¢ and emcsdz as
a function of py. The variables emcsdg and emesdz are the standard deviations (expressed

in terms of sigma (o)) of emcd¢p and emcdz, where,
emecdp = emcPprojected - €MCcPriy  and  emedz = emcZprojected - EMCZhit.

The variables emcd¢ and emcdz are the distances (in cm) between the projection point
of a reconstructed track to the surface of the EMCal and closest hit position in ¢ and z
direction respectively. These variables are not always zero because of the misalignment of
detectors and also due to the momentum dependencies of these variables. The variables
emcsdg and emcsdz are normalized with mean at zero and unit sigma. We recalibrate this
variable for each EMCal sector for both positive and negative particle tracks. The method
of recalibration is explained in Section 3.2.1. The mean and sigma of the uncalibrated
distribution of emcsd¢ as a function of pr are shown in Fig. 3.3 for “++" field configuration.
The calibrated distributions of the same are shown in Fig. 3.4. The eight figures for mean and
sigma correspond to eight sectors of EMCal. The uncalibrated and calibrated distributions
for emcsdz as a function of pr are shown in Appendix. C.1. Similarly, the calibration for

the “--” field are done.The figures are shown in Appendix. C.2.

3.2.3 PC3 - pc3sdop and pc3sdz recalibration

Similar to EMCal, recalibration is also done for PC3 by studying the pc3sd¢ and pc3sdz
as a function of py. Each sector of the PC3 is recalibrated for positive and negative particles.
The method of recalibration is stated in Section 3.2.1. The mean and sigma for uncalibrated
and calibrated pc3sd¢ and pc3sdz distributions as a function of pr are given in Appendix C.1

and Appendix C.2 for “++" and “--” magnetic field configurations respectively.
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3.2.4 TOF - tofsd¢ and tofsdz recalibration

TOF is also recalibrated for the variables tofsd¢ and tofsdz in a similar manner as
EMCal and PC3. The mean and sigma for uncalibrated and calibrated tofsd¢ and tofsdz
distributions as a function of py are given in Appendix C.1 and Appendix C.2 for “++"

79

and “--” magnetic field configurations respectively.

3.2.5 IsK function recalibration

IsK function is defined as the relative deviation in sigmas of the mass squared measured
using the high resolution TOF counter to that of kaon mass, taking into account the mo-
mentum dependent mass resolution. The mean and sigma for uncalibrated and calibrated
isK distributions as a function of pr are given in Appendix C.1 and Appendix C.2 for “++"

2

and “--”7 magnetic field configurations respectively.

3.3 Making pairs and extraction of raw yield

The K*¥ meson is a resonance particle with mass 896 MeV/c? and lifetime of ~ 4 fm/c.
The K*° (K*°) meson is reconstructed through its hadronic decay channel K+ 7~ (K~ 77)
which has a branching ratio of ~ 67%. These decay particles are identified in the Time
of Flight Detector (Section 2.2). The track momentum is obtained from DC and PCI.
Hence, the invariant mass spectrum of K*° is reconstructed from these momenta and PID
information.

When a particle decays to two or more daughter particles, the invariant mass of the par-
ent particle can be reconstructed from the momentum and energy of the daughter particles.

In case of two-body decay, the invariant mass of the parent particle is defined as,

my, = (E1+ E)*+ (pi+p2)°. (3.2)

(3.3)
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The momentum (|p]), the initial azimuthal angle ¢g and polar angle 6, (Section 2.2.3)
of the track are obtained experimentally. In PHENIX co-ordinate system, the 7 axis is
considered as the beam axis as shown in Fig. 2.3. Using the cylindrical polar co-ordinate
system, the components of the momentum are given as;
pe = |p] sinfy cosgy  p, = |p] sinfpsingy  and p, = |p] cosby.

As the Z axis is considered to be the beam axis, the colliding partons do not have significant
transverse component of momentum. However, after collisions, all the effects take place
in the transverse plane, i.e. X-Y plane. So instead of the longitudinal momentum (py),
the transverse momentum (pr) is of interest. In case of resonance particle, the transverse
momentum of the parent particle is given as;

= (Pa, +p22)2 + (py, +py2>2 (3.4)

Py,

inv

In this analysis, my;,, is M 0 and the daughter particles are the K*7~ for K** and K—7+
for K*°. The K** (K*°) invariant mass is reconstructed by combining the positive kaon
and negative pion (negative kaon and positive pion) tracks in the same event. The aim of
pair analysis is to extract the K** meson yield (Y) from the total signal (S) obtained from
the combinations of the charged kaon and pion tracks. This procedure is described in the

following subsections.

3.3.1 Total signal

The invariant mass distribution is obtained according to the Eq. 3.2, after applying the
track cuts, kaon and pion PID cuts as listed in Table 3.1. Due to TOF’s limited acceptance
and to extend the K*° measurement to higher pr range, unidentified, oppositely charged
tracks are included in this analysis. These tracks are required to have associated hits in PC3
or EMCal and are referred as PC3 matched tracks. Depending on track selection criteria,

three different techniques are considered in this analysis.
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1. Fully Identified : Both the tracks are identified as kaon and pion in TOF.
2. Kaon Identified : One of the track is identified in TOF as kaon and the other one is a

PC3 - EMCal matched track to which pion mass is assigned.
3. Unidentified : Both tracks are PC3 matched tracks.

These three techniques are exclusive to each other and are statistically independent. The
PC3 matched tracks are assigned a nominal mass of the pion or kaon depending on which
technique is used. The pr ranges accesible by different techniques in Cu+Cu system are
:1.4-4.0, 1.7 - 4.5 and 2.9 - 8.0 in “Fully Identified”, “Kaon Identified” and “Unidenti-
fied” techniques respectively. The “Fully Identified” technique with both charged particles
identified in the TOF has the highest signal-to-background ratio and provides access to K*°
meson measurement at low and intermediate pr. The “Unidentified” technique has a poor
signal-to-background ratio that prevents signal extraction at low pr. Signal extraction at
higher pr (> 2.9 GeV/c) is possible because of the smaller combinatorial background. The
pr reach obtained by this technique is limited by the sampled luminosity i.e. statistics.
The measurements performed with these three techniques have a wide overlap region that
is used for evaluation of the systematic uncertainties.

The total signal is obtained by summing up the yield for each pr bin within an invariant
mass window of + 75 MeV/c?, which consists of both the signal and the background. In
order to obtain the signal, the background is subtracted. The shape of invariant mass
spectra are described by the Relativistic Breit Wigner distribution, discussed in detail in
Section 3.3.3. The sources of background and its removal, the extraction of raw yield and
the invariant yield after acceptance and efficiency correction are discussed the following

subsections.

3.3.2 Background estimation and removal

The background in the invariant mass distribution comes due the combination of tracks

in the same event. The sources of this background can be correlated or uncorrelated. The
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correlated background comes from different sources: e.g. elliptic flow in non - central nu-
cleus - nucleus collisions, correlated real K7 pairs, correlated but mis-identified pairs etc.
The detail of this can be found in Ref [79]. The uncorrelated background comes due the

random combinations of tracks in the same event.

Removal of uncorrelated background :

The uncorrelated background can be estimated by the event mixing technique [80, 81, 82].
The event-mixing technique combines positive or negative charged tracks from one event
with the opposite charged track from another event within the similar centrality class, which
helps to generate the shape of the uncorrelated part of the combinatorial background. This
technique is based on the fact that there are no physical correlations between oppositely
signed tracks in artificially mixed events. In case of Cu+Cu data, tracks from a single
event are mixed with tracks from 10 other events to generate the uncorrelated background.
This mixed event background is subtracted from the total signal after proper normalization.

There are certain methods for normalization. They are :

e The mixed event consisting of oppositely signed pairs can be normalised by the mass
distribution of same signed pairs. Let N~ . be the integrated yield for oppositely

signed mixed event pairs, N** and N~ ~ are the integrated yield of the same signed

(++ and --) pairs in the same event. Then the normalization is given by,

2 x \/(NtT x N-)
N*- ’

mized

Nyporm = (3.5)

This method is valid if there is no correlation in the like-signed spectrum.

e The oppositely - signed mixed event distributions can be normalized to the measured
oppositely - signed mass distribution above a certain mass m > my, only if there are

no correlations in the measured oppositely - signed mass spectra above my.
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e The mixed event distributions can be normalized by twice of the buffer size i.e N, prm =
2Nyysy. This is valid if the particle multiplicity in the event follows a Poissonian

Distribution.

In this analysis, the third method is used for mixed-event normalization.

Removal of mis-identified pairs :

The correlated part of the background comes from various sources. One of the sources
of the background is due to mis-identified pairs. The ¢ meson decays to K™K~ and the K}
meson decays to 77w~ channels. If the pion mass is assigned to one of these kaons from ¢
decay and kaon mass is assigned to one of these pions from K2 decay then these mis-identified
pairs will create a smeared peak (~ 0.7 GeV/c?) structures close to the K*° mass peak.
These contributions are estimated using the measured yields of ¢ meson and K2 meson.
The location and shapes of these peaks are modeled by the PHENIX based simulations.
The estimated contributions are then normalized by the number of events analyzed for
K*% meson and subtracted from the measured K*° invariant mass distributions. Figure 3.5
shows the K*¥ invariant mass distribution with all the background contributions for the
“Kaon identified” technique for pr = 2.3 - 2.6 GeV/c. The black histogram is the mixed
event background after normalization, the magenta colored histogram is the mis-identified
¢ contributions and the green colored histogram is the mis-identified K¢ contributions. The
black line is the Relativistic Breit Wigner distribution (discussed in next Section) plus the
third order polynomial. In order to get the signal, these backgrounds are subtracted.

The K*° invariant mass distributions with the background contributions for all three

analysis techniques and for all the measured py bins are given in Appendix C.3.1.

3.3.3 Raw yield extraction

Figure 3.6 shows the K*V invariant mass distribution for different techniques for different

pr bins after removing the correlated background contributions from ¢ and K¢ mesons. The

78



50000

40000

23< P, (GeV/c) < 2.6

Cu+Cu

— Total Signal

Kaon Identified Technique

fitted by RBW+Pol3

e Data points
— ¢ bkg
K bkg
— Mixed bkg

%.

=30000

[}]

=

e

@

c = -

320000 —

o L i

10000— —

07 [’1—11‘\\\\‘\\\\‘\\1@_‘@1117
07 075 08 085 09 095 1 1.05

Figure 3.5:

Invariant mass (GeV/c?)

1.1

Invariant mass plots for Kaon Identified technique in Cu+Cu collisions for MB

data. Blue symbols are the data points, black line is Relativistic Breit Wigner function
plus third order polynomial fitted to the data points, red line is the third order polynomial
as residual background, black histogram is the mixed event background. Magenta is the
mis-identified pairs from ¢ and green one is the mis-identified pairs from K2.

T T I I
o 1 T [T T T T T T T T T r 1
F g:l;+Cu Gevic) < 2 Kaon Identifed Technique oo0o| CUKCU Unidentifed techniaue | Cu+Cu Fully Identiied Tochniquo |
- < ieV/c) < 2. " r Bl
5000— Py ( ) — Total Signal [ 6.0<p._ (GeVic) < 8.0 — Total Signal 1 L 19< [ (GeV/c) < 2.1 — Total Signal 4
r fitted by RBW+Pol3 7 L T fitted by RBW+Pol3 i fitted by RBW+Pol3
F . 1 8500 . o 8000~ .
Background fitted by Pol3 N Background fitted by Pol3 | Background fitted by Pol3
N  Data points 7 : ® Data points % * Data points
4000 N 8000 . L i
e ] b 1~ ¥
s 1% b ] Zeooo— 4+ . o
: | 1 3 7500 J 2 Hy K'm + Kn* |
2 r ]
e t RO - i g ]
53000 Kw+Knt ¢ ¢ 15 | i
£ 1 2 7000 4 £
3 g T 1 3 4000 B
3 f 18 t 1 8 | ]
:+ ] 6500 + A 4 L i
2000 = r + ’ 1 F -
L a C 71 Rl
5 i 6000 + E 2000 "~
1000 N 5500 . L 1
I R N NN FN N RN RN RN NN NN NN SN FRNE FRNE SRR SN G b b b b b b b
07 075 08 085 095 1 105 11 07 075 08 08 09 095 1 105 1.1 07 075 08 08 09 095 1 105 1.1

Invariant mass (GeV/c?)

Invariant mass (GeV/c?)

Invariant mass (GeV/c?)
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Identified” technique, the middle plot is for “Unidentified” technique and the right most
plots is for “Fully Identified” technique, plotted for different p bins.
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residual background still exists. To extract the raw yield, the invariant mass spectra are
fitted with a Relativistic Breit Wigner (RBW) and a 2" or 3" order polynomial depending

on the shape of the residual background. The RBW is given as :

1 My Mpsol’
RBW = — 3.6
2 (M, — MZ.0) + MET? 20

where, M, is the reconstructed invariant mass, Mo is the fitted mass of K*¥ meson and
I is the width of K*¥ meson fixed to the value obtained from simulation.

The raw yield in each pr bin is summed up in the invariant mass window of + 75
MeV /c? around the nominal mass of K** meson. The contribution from residual background
is estimated by integrating the background component of the fit (second or third order
polynomial) in the same mass window. The residual background contribution is subtracted
from the total signal to obtain the raw yield for K* meson.

The K*° invariant mass plots for all the measured py bins for all of the three techniques

after removing contributions from mis-identified pairs are given in Appendix C.3.2.

3.4 Simulation

Simulation is an important part of data analysis. PHENIX Integrated Simulation Appli-
cation (PISA) is used to correct the raw yields for detector acceptance and reconstruction
efficiency. PISA is based on GEANTS3 [83] code, which supports 24 different event generator
interfaces. In PHENIX, EXODUS was developed as single particle event generator usually
used for particle simulation. Other than EXODUS, one can use PYTHIA for single particle
event generation in p + p collisions. In heavy ion environment, for embedding correction,
one can use embedding method (discussed later), or one can use the HIJING event generator

for particle simulation.
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3.4.1 EXODUS and PISA

EXODUS :

Exodus is the single particle generator developed within PHENIX. It works in an inter-
active way and also in batch mode. The Exodus package consists of several codes which are
used to choose and specify the desired inputs, e.g. pr distribution, py range, ¢ coverage,
number of particles to be generated, particle to be generated, z,... range, rapidity range,
type of generator one need to use etc. One can also decide if the generated particles should
decay at the time of their generation or later. The outputs of Exodus are given in Oscar
format, which looks like :

ID PID p, p, p. £ M x y =z 0.

If some of the options are not there in the default settings of exodus, one can include
them in the codes and run to get the desired output.
PISA :

PISA basically replicates the PHENIX detector volume and materials. The output
of exodus are fed to PISA. The output of PISA is called “hits file”, which is processed
through the standard PHENIX reconstruction [74] software. In the detector response module
software, information is obtained from the GEANT particle tracking through each detector
subsystem and is converted into simulated detector signals. These simulated signals are
very much like the real detector signals which appear on the real data obtained by the
online system while taking data during experiment. Then these simulated detector signals
are processed by the same software which reconstucts the real data files into useful physics
information suitable for analysis. The reconstructed output is then treated in the same
manner as the real data and is analyzed in the same way (codes, cuts etc.) that was done

with data. For this analysis, the Runb PISA environment is used.
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Table 3.2: Inputs given to Exodus for the generation of K*°

pr
pr distribution

particle generator type
no. of events

1-9GeV/c
Tsallis (n = 9.75, T' = 0.1128 GeV)
single particle generator
30 Million for K* and 30 Million for K*°.

rapidity range + 0.5
RZyertex 'ange + 30 cm
¢ coverage + 27

3.4.2 K™ simulation

3.4.2.1 Simulation inputs

The Exodus inputs for K** meson simulation are given in Table 3.2. The K*° meson
is simulated in the py range 1 - 9 GeV/c using the Tsallis distribution with parameters -
dN/dy = 1.0, n = 9.75 and T" = 0.1128 GeV.

For K*O generation, some of the codes were modified. They are discussed below.

1. A new particle ID - 999 as well as particle properties were introduced for K*° in

defined particles.txt as it is not there in default EXODUS.

2. A new option for the K*° generation was added in exodus_generate.cpp and

InitializeSetup.cpp.

3. The pr spectrum shape for K** was generated using Tsallis distribution. For this,
Tsallis distribution was added in exodus_generate.cpp and

GenerateSingleParticles.cpp.

4. event.par - This is the PISA event generation configuration file. This is edited to
make changes in vertex ditribution. The vertex distribution is set by ;
xyzO_input = 0.0, 0.0, 0.0,
vrms = 0.0, 0.0, 0.0,

This xyz0_input corresponds to the mean vertex offset position along x, y and z
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respectively, in cms. The term offset refers to the fact that the values assigned for
xyz0_input (in this case, x = 0.0, y = 0.0, z = 0.0) are added to the vertex positions
read from the exodus output files which are the input files to PISA. The vrms corre-
sponds to the width of the generated distribution along x, y and z respectively, in cms.
A positive value means that a Gaussian distribution is generated. A negative value
means that a flat ditribution is generated. A zero value means that no distribution
is generated and the vertex offset is added unchanged to the vertex read from the
pisa input file. The default values should be all zero, which corresponds to no vertex
generation, in which case the vertex read from the file used as an input to PISA is left

unchanged.

5. pisa.kumac - This is the main PISA configuration file. This file contain several
information related to detectors, magnetic field, GEANT commands etc. One can
turn “off” and “on” the detectors as per requirements. The sign of magnetic field can
also be chosen. By default the magnetic field is given as ;

MAGF ‘3D+-" 1.00 0001 0.0 0.0

“4 -7 corresponds to bulking field and “+4” and “--” corresponds to normal and
reverse field. One can change the field configuration according to the Run that one
has used.

To have “++" field one should use MAGF ‘3D++" 1.00 0001 0.0 0.0

To have “--” field one should use MAGF ‘3D++’ -1.00 0001 0.0 0.0

To check the alignment, zero field is needed. For that one can put 0.

3.4.3 Acceptance correction

The simulated data files are analyzed in the same way, as the data. The correction factor

(e (pr)) for a given pr bin is defined as :
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€ (pT) = Nreconstructed/Ngenerated~

where, Ngenerated 15 the number of events generated and Nyeconstructea 15 the number of events
reconstructed after passing the generated events through PISA. This correction (e (pr))
includes both the geometrical acceptance correction and correction for reconstruction effi-
ciency. This correction factor (e (pr)) is further needed to be corrected for the difference in
Zyertew distribution for data and simulation and also for the heavy ion environment. These
corrections are incorporated as :
1. The zyerser distribution for data is peaked around center (i.e. zfP¢ = 0) as shown in
Fig. 3.1. In case of simulation we had a flat z,¢qe, distribution. One need to correct this,
as the number of events are more around z,e.,; = 0 in data and falls off at z,erter > 0.
The zyerter histogram for data is normalized by the same in simulation and as a function of
vertex and the correction factors are obtained. The correction factors are used as weights
and € (pr) is recalculated.
2. The embedding correction is done as follows :
We obtained the embedding correction for Cu+Cu system for different centrality classes
using the correction factors in Au+Au from the ananote AN016. The embedding correction
for a certain N, value (for certain centrality bin) in Cu+Cu collision system is obtained
from the embedding correction for similar N, value in Au+Au collisions . In the ananote,
ANO16, the embedding correction was given for the single charged tracks as well as for the
combined tracks. In this analysis, the embedding correction for the combined tracks are
used. The embedding corrections are given in the Table. 3.3. The invariant mass plots
for simulated data are shown in Figures 3.7, 3.8 and 3.9. The correction factor € (pr) for
different analysis techniques are shown in Fig. 3.10.

Figure 3.11 shows the mass and width parameters for all three techniques, obtained from
fitting of the K** invariant mass spectra for simulation. While fitting the invariant mass
distributions for data, the widths were kept fixed to what was obtained from simulation.

The mass parameter was kept free. The mass parameter as a function of pr is shown in
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Table 3.3: Emebedding corrections for different analysis techniques and for different cen-
tralities.

Cu - Cu Npart Au - Au Embedding Embedding Embedding
centrality (%) centrality (%) correction  correction  correction
factor for factor for factor for
Kaon Unidentified Fully
Identified Idenified
Min Bias 34.6 55 - 60 0.9786 0.9582 0.9571
0-20 85.9 40 - 45 0.9534 0.9286 0.9675
20 - 40 45.2 50 - 60 0.9786 0.9582 0.9571
40 - 60 21.2 65 - 70 0.9815 0.9751 0.9956
60 - 94 6.4 80 - 92 0.9964 0.9876 1.0000
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Figure 3.10: The acceptancexreconstruction efficiency for all three analysis techniques for
K*? analysis in Cu+Cu system.
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Figure 3.11: The mass and width parameter obtained from invariant mass spectra fitting
for all three techniques in case of simulation.

Fig. 3.12 for data.

3.5 Invariant yield
The invariant yield is defined as :

d*N d*N

E —
dp3 27 prdpr dy

(3.7)

In experiment the invariant yield is obtained from the raw yield (Section 3.3.3) as follows :

1 &N 1 Yraw

= X X Chiass 3.8
2npr dprdy  2mprAprAy  Ney €(pr) BR b (3.8)

where,
o Y, is the K* raw yield. (Section 3.3.3).
e N.; = 5.886 x 108 is the total number of events analyzed.

e ¢(pr) is the reconstruction efficiency folded with detector acceptance and also includes
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Figure 3.12: The mass parameter obtained from invariant mass spectra fitting for all three
techniques in case of data.

the correction for the embedding in heavy ion collisions. (Section 3.4)
e BR is the branching ratio of K*° — K*nF ~ 67% (Ref [9]).

o Chius = €3Bc/€pias = 1 for Cu+Cu system. (For details See Chapter 2.)

3.6 Systematic uncertainties

The systematic errors arise due to various methods of extracting yield and also arise
from the efficiency in momentum reconstruction. The systematic errors are calculated by
the following method:

Syst error 1 (Peak extraction error): The peak extraction error is obtained as follows:
1. Bin counting range variation : By varying the mass window for bin counting. Two mass
windows (0.80,0.99) and (0.83,0.96) are used for bin counting error estimation.

2. Fitting range variation: If the fitting range is (L, U) then it is changed to (L 4+ 0.02, U

F 0.02) GeV to extract the signals.
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3. Varying mass, width parameters of the invariant mass peak : In course of obtaining the
raw yield, the mass parameter was free but the width parameter was fixed to the width
obtained from simulation. To estimate the systematic due to this, both mass and width
were fixed to the simulated value and yield is obtained. Also, the variation of width by =+
2% is included to obtain the systematic errors.

4. The raw yield is obtained from the integral method along with bin counting method.
Syst error 2 (Matching error): The (PC3 OR EMC) matching used is 3 0. Two more
sets are generated with matchings 2.5 o and 3.5 ¢ for both simulation and data. The stan-
dard deviation in yields with respect to yield using 3 o gives error.

Syst error 3 (TOF PID error): Two intervals are used for kaon PID in TOF.

(2.3 0 for 1.5 < pr < 0.4 GeV/c OR 1.3 ¢ for 1.8 < pr < 0.4 GeV/c)

(2.7 0 for 1.5 < pr < 0.4 GeV/c OR 1.7 ¢ for 1.8 < pr < 0.4 GeV/c)

Sys error 4 (mom scale error): The momentum was changed by £+ 0.5% in the simu-
lation and the error in the reconstruction efficiency is obtained. The corresponding error in

the yield gives the mom scale error.

Calculation of systematic error:

Each of the above error is obtained by calculating standard deviation in yield with

respect to that for fit using standard procedure. The standard deviation is given by

7= Do (3.9)

In this case “7” is the number of sources in each method, e.g as in first case i.e. peak
extraction case there are 7 sources namely increasing the fitting range, decreasing the fitting
range, increasing and decreasing width of the peak, fixing mass and width of the peak,

variation of width and peak extraction by integral method. Say if Y7, Y5, Y3,Yy, Y5, Yy and

Y7 are the yield (for the same pr bin) in the respective cases and Y is the yield without any
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correction. Then the systematic error is for this Peak extraction Error is given by:

= IO Y) 4 (= Y)Y 4 (% - V)’

+ =Y+ (YG-Y)P+ (Y- YY)+ (Y= Y)))? (3.10)

Similarly esys2, €sys3, €sysa are calulated for the Matching Error, Momentum scale Error
and TOF PID Error.

The total systematic error is then obtained by.

— 2 2 2 2
eSyS - \/esysl + esys2 + esysB + esys4' (311)

This is done for all py bins and for all analysis techniques.

Averaging over all the analysis techniques is done as following. If the yields and errors in
Techniquel for a particular pr bin are Yi,; and egys10r and in Technique2 are Y3 and egyspes
where egys10r and egyqpe3 are taken as total errors excluding the momentum scale error, then

the average yield is obtained as.

(Y;fof/(eiystof + eztattof) + YZDC?’/(egyspcS + egtatpc?)))

Yoo =
(1/(egystof + eitattof) + 1/(egyspc3 + egtatpCS)

(3.12)

Then each type of error on average is obtained in terms of corresponding type of errors

in the techniques as

1
By = . (3.13)

\/(1/€§ystof + 1/€§yspc3>

The errors due to differences between different techniques are obtained as follows:

€sysSets — \/((Y;fof - Y;w>2 + (}/ZDC?) - }/;w)2>/2- (314>

The error due to the acceptance correction is also included while obtaining the average

error.
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After obtaining the systematic error in each case, we have fitted the errors (by second
order polynomial) as a function of py and thereby the fluctuations in each of the systematic
error is corrected by smoothening the error over pp. The total error is obtained as described
above.

It is seen that we do not have data in certain pr bins in some techniques. This gives
rise to large egyssets- For some pr bins we have large error due to sets and for some other
we have no error. This is fixed by averaging the systematic error over the sets egysgess and
applying the averaged value for all the pr bins.

Bin Shift Correction

The bin shift correction is done as given in the ananote ANT73 [84]. In the first step the
yields are obtained at the center of the py bin. This spectrum is then fitted with Tsallis
function (Eq. 3.16) f(pr). The correction factor for each pr bin is obtained as;

Correction Factor = f(Center of the pr bin)/Mean.

1 binup
Mean = — / dpr, 3.15
ApT binlow f(pT) pr ( )

where Apyp is the binwidth, binlow and binup are the lower and upper edge of the bin. The
fitting to the Tsallis function is done again after this correction.

The Tsallis funtion is given by:

1 &N 1 dN (n—1)(n—2) (”TJF_W>_” (3.16)

or dydpr 21 dy (nT +m(n—1))(nT +m) “\nT +m
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CHAPTER 4

RESULTS FROM K** MEASUREMENTS

This chapter presents the result of K** meson in Cu+Cu collisions at \/syy = 200 GeV.
The nuclear modification factor of K*° meson in the Cu+Cu collisions is compared to that
of the strange mesons (¢ and KY), light quark mesons (7=, 7%, 7 etc.) and baryons (e.g. p,
p). The comparison of the behavior of K*Y and ¢ mesons in the presence of the hot/dense
medium is of importance as both of them are resonance particles with strange quark content.
The ¢ meson is a hidden strange particle (s5) with a lifetime of ~ 46 fm/c, whereas, K*'
meson is an open strange particle (d 5) with a lifetime of ~ 4 fm/ec.

To have a detailed study, the invariant transverse momentum spectra have been obtained
for MB and 0-20%, 20-40%, 40-60% and 60-94% centralities. The nuclear modification

factor for these centralities have been obtained.

4.1 Invariant mass spectra

In Chapter 3, the analysis procedure has been discussed. The invariant yield as a function
of pr is obtained as described in Eq. 3.8. The fully corrected invariant K*° py spectrum for

minimum bias data is shown in Fig. 4.1. The different symbols in the Fig. 4.1 (a) correspond
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Figure 4.1: (a) Invariant yield of K** as a function of py obtained with the “Kaon iden-
tified”, “Unidentified” and “Fully identified” analysis techniques in Cu+Cu collisions at
Vsny = 200 GeV. The systematic uncetainties shown with the boxes are mostly uncorre-
lated between analysis techniques. The solid blue line is the Tsallis fit to the combined
data points. (b) Ratio of the yields obtained with the three analysis techniques to the fit
function. The scale of uncertainy of 10% is not shown.
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Figure 4.2: K*" invariant pr spectra for Cu+Cu collisions at \/syy = 200 GeV for different
centrality bins. The systematic uncertainties are shown by boxes. The solid curve is a fit
of the K** p + p data by the Tsallis function. The dashed curves are the fit function scaled
by Neon. The global p + p uncertainty of 10% is not shown.
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to the invariant yield obtained from different analysis techniques (Section. 3.3.1) for MB
data set. The systematic uncertainties are mostly uncorrelated for different techniques,
shown by the boxes. The solid line in Fig. 4.1 (a) is the result of the common fit of the data

with the Tsallis [85] function, given by;

(4.1)

- nl +m

1 &N 1dN (n—1)(n—2) (T Eme
2n dydpr 27 dy (nT +m(n —1))(nT +m)

where, dN/dy, n, T are the free parameters, my = \/]m and m is the K*° mass. The
parameter 1" determines the shape of the spectrum at low py where the particle production
is dominated by soft processes. The parameter n governs the high pr part of the spectrum
where the particles are produced by the hard parton-parton scatterings. A good agreement
is seen among the yields from different analysis techniques. Figure 4.1 (b) shows the ratio of
the K*0 yields obtained with the three analysis techniques to the fit function. A good agree-
ment is observed for the yields obtained with different analysis techniques which confirms
the robustness of analysis. The final K*° pr spectrum is obtained by standard weighted
averaging of the yield obtained from different techniques.

Figure 4.2 shows the invariant transverse momentum spectra of K** meson in Cu+Cu
collisions for MB, 0-20%, 20-40%, 40-60% and 60-94% centrality bins. The results are
scaled by arbitrary factors for clarity. The magenta colored open circles show the invariant
transverse momentum spectrum for K* meson in p + p collisions at /s = 200 GeV. The
black solid line represents the Tsallis fit to the p 4+ p data. The dashed curves represent
the same fit scaled by the number of binary collisions corresponding to the centrality bins
concerned (Table 4.1). In central and semi-central Cu+Cu collisions, the production of K*°
is suppressed for pr > 2-3 GeV/c, whereas, the peripheral spectrum follows binary scaling.

As the K*° meson is a resonance state of kaon, it is interesting to find out the K*°/x°
ratio for different centralities in Cu+Cu collisions at /syy = 200 GeV. Figure 4.3 shows
the K*0/x9 ratio for 0-20%, 20-40%, 40-60% and 60-94% centralities in Cu+Cu collisions.
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Figure 4.3: K*° /7% ratio for 0-20%, 20-40%, 40-60% and 60-94% centralities in Cu+Cu col-
lisions at /syny = 200 GeV. The statistical errors are shown by vertical bars and systematic
errors are shown by boxes.

It is seen that, from low pr to high pr, this ratio increases and saturates to 0.5 for pr > 3

GeV/c for all centralities within uncertainties.

4.2 Nuclear modification factor

The nuclear modification factor (Rcucy) for K** meson is obtained from the ratio of the
yield of K** in Cu+Cu collisions and the yield in p + p collisions scaled by the nucleon-
nucleon binary collisions ((Non)) for the corresponding centrality bin (Section 1.5.6). The

values for (Neon) used in this analysis are listed in the Table. 4.1 for different centrality bins.
Figure 4.4, shows the nuclear modification factor for K*° meson for different centrality

bins in the measured pr range (1.4-8.0 GeV/c). It is seen that the suppression decreases

from central to peripheral collisions. For the most central collisions (0-20%), K*° suffers
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Figure 4.4: Nuclear modification factor for K*° for 0-20%, 20-40%, 40-60% and 60-80%
centrality bins in Cu+Cu collisions at /syy = 200 GeV.
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Table 4.1: The (Neon) and (Npay) for different centralities used in this analysis

Centrality (%) (Neon) (Npart)
020 151.8 &£ 17.1 859 4+ 2.3
2040 61.6 £6.6 452+ 1.7
40-60 223 +29 21.2+14
60-94 51+ 0.7 6.4+ 04
0-94 51.8 5.6 34.6 £ 1.2

significant suppression for py > 3 GeV/c. For the most peripheral centrality bin (60-94%),
the nuclear modification factor is unity within uncertainties.

Figure 4.5, shows the comparison of nuclear modification factor between K*° meson and
¢ [86] meson. It is seen that for the most peripheral bin, both the mesons follow binary
scaling, hence the nuclear modification factor is consistent with unity within uncertainties.
For the most central collisions, both the meson suffer suppression and for pr > 5 GeV/c,
the suppression is around 0.5. In the most central collisions, K*° meson is more suppressed
than that of ¢ meson. Below pr = 2 GeV/c, none of the mesons are suppressed within
uncertainties.

Figure 4.6 compares the Roycy results for K2 and K*O mesons to the results obtained for
the 7° meson [87] and ¢ meson [36] in the most central, most peripheral, and MB Cu+Cu
collisions. In peripheral collisions, the nuclear modification factors are consistent with unity
for all measured mesons at all pr. In central and MB collisions, for pr > 5 GeV /¢, the Rcucu
of all mesons is below unity, and within the uncertainties the suppression is the same for all
measured mesons, indicating that its mechanism does not depend on the particle species.
However, at lower pr between 1-5 GeV/c, there are differences among the suppression for
different particles. The K*° meson shows no suppression at pr ~ 1-2GeV/c and then
decreases with increasing pr, as previously observed for the ¢ meson. The 7° meson shows
significantly stronger suppression and flat behavior over the same py range.

Figure 4.7 compares the suppression patterns of light-quark mesons, strange mesons, and

baryons. The Raa of 7%, K* and ¢ mesons measured in Cu+Cu at /sy = 200 GeV are
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Figure 4.5: Comparison of the nuclear modification factor of K*° and ¢ for 20-40%, 40-60%
and 60-80% centrality bins in Cu+Cu collisions at /syy = 200 GeV.
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shown. As there are no measurements of Raa for protons and charged kaons in the Cu+Cu
system, we compare to proton and charged kaon measurements made in Au+Au collisions at
the same energy [35]. The comparisons are made for centrality bins corresponding to similar
number of participating nucleons (Npayt), in the Cu+Cu and Au+Au systems: Cu+Cu 40%—
94% ((Npart) = 11.93 £ 0.63) and Au+Au 60%-92% ((Npart) = 14.5 £ 2.5) in the bottom
panel and Cu+Cu 0%-40% ({(Npart) = 65.5 £ 2.0) and Au+Au 40%60% ((Npart) = 59.95
+ 3.5) in the top panel. In peripheral collisions the Rax factors for all mesons are consistent
with unity for pr > 2GeV/c. A modest enhancement of ~ 1.3 is observed for protons. In
central collisions, all hadrons show suppression. In the intermediate pr range (pr = 2-5
GeV/c), there seems to be some hierarchy with baryons being enhanced, neutral pions being
suppressed the most and K** and ¢ mesons showing an intermediate behavior. At higher
pr, all particles are suppressed and they seem to reach the same level of suppression, within
uncertainties, irrespective of their mass or quark content. The fact that Raa of all mesons
becomes the same is consistent with the assumption that energy loss occurs at the parton
level and the scattered partons fragment in the vacuum. We also note that the Raa of the
K*% and ¢ mesons appear to be very similar to the Raa of electrons from the semi-leptonic
decay of heavy flavor mesons [88]. The present results provide additional constraints to the
models attempting to quantitatively reproduce the nuclear modification factors in terms of

energy loss of partons inside the medium.

4.3 Data tables for K** p; spectra in different collision
centralities

The values for the invariant yield as a function of py for the MB data and all other
centralities (0-20%, 20-40%, 40-60% and 60-94%) are listed in Table 4.2 - Table 4.6. The
statistical and systematic uncertainties are also mentioned. The systematic uncertainties

are categorized in three types.
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Table 4.2: The values of invariant yields in different pr bins for minimum bias. The values
for statistical and systematic errors are also given.

pr Inv yield statistical ~ Syst. A type Syst. B type  Tot Syst.
error error error error
1.55  0.0305168  0.00049077  0.00203075  0.000954313  0.00231993
1.8 0.0154919  0.000191298 0.000520487  0.000405633  0.00105816
2 0.0091391  0.000138164 0.000265458  0.000303949 0.000604128
2.2 0.0048331  8.57134e-05 0.000133368  0.000193646 0.000303832
2.45 0.00252395 4.21907e-05  6.60754e-05  0.000116077  0.000157214
2.75 0.00124268 2.73352e-05  3.21042e-05  6.24212e-05  8.13819e-05
3.15 0.000427413 6.88639e-06  1.08165e-05  1.5012e-05  2.75463e-05
3.7 0.000132148 3.52135e-06  4.04458e-06  7.93052e-06  1.06186e-05
4.25 5.15824e-05 6.19508e-07  2.59513e-06  4.78206e-06  5.53131e-06
4.75 1.95254e-05 3.16065e-07  9.37048e-07  1.84023e-06  2.09923e-06
5.5 6.45646e-06 1.20697e-07  2.97516e-07  6.47772e-07  7.23655e-07
7 8.4271e-07  2.67955e-08  4.03688e-08  1.06515e-07  1.15065e-07

(a) Type A error - this error is uncorrelated between pr bins.

(b) Type B error - this is pr correlated error.

(c) Type C error - this is overall normalization uncertainty error and independent

This error is ~ 10% and not mentioned in these tables.

of pPr-

4.4 Data tables for K*° nuclear modification factor in

different collision centralities

The values for the Rcyc. as a function of py for the MB data and all other centralities

(0-20%, 20-40%, 40-60% and 60-94%) are listed in Table 4.7 - Table 4.11. The statistical

and systematic uncertainties are also mentioned.
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Table 4.3: The values of invariant yields in different pr bins for 0-20% centrality. The values

for statistical and systematic errors are also given.

pr Inv yield statistical ~ Syst. A type Syst. B type  Tot Syst.
error error error error
1.55  0.0797853  0.00129109  0.00769531  0.00292621  0.00882753
1.8 0.0457631  0.000575002  0.00107592  0.00100101  0.00325354
2 0.0233855  0.000378876  0.000664459  0.000676093  0.0017151
2.2 0.012755  0.000226008 0.000429287  0.000454692 0.000964147
2.45 0.00705331 0.000111452 0.000274586  0.000302774 0.000557261
275 0.0033182  7.35014e-05 0.000139115 0.000166081 0.000275931
3.15 0.000996124 1.88872e-05  3.87109e-05  5.63284e-05  8.52247e-05
3.7 0.00041305  9.91236e-06  1.57795e-05  2.64078e-05  3.76016e-05
4.25 0.000142703 1.78852e-06  8.14744e-06  1.57498e-05  1.8625e-05
4.75 6.08015e-05 1.01559e-06  3.17644e-06  5.83628e-06  7.07414e-06
5.5 1.65322e-05 3.27714e-07  7.85375e-07  1.46105e-06  1.78523e-06
7 2.54408e-06 8.53482e-08  1.20007e-07  3.12118e-07  3.49477e-07

Table 4.4: The values of invariant yields in different pr bins for 20-40% centrality. The
values for statistical and systematic errors are also given.

pr Inv yield statistical ~ Syst. A type Syst. B type  Tot Syst.
error error error error
1.55  0.034647  0.000553112  0.0024099 0.0030283 0.00396263
1.8 0.0183915  0.00024181  0.000878754  0.000861241  0.00172428
2 0.0117911  0.000167634  0.000504504  0.00055563  0.000984829
2.2 0.00697775 0.000115983 0.000258264  0.000318872 0.000522368
2.45 0.00320998  5.36375e-05  9.87267e-05  0.000142156 0.000217001
2.75 0.00160184  3.48891e-05 4.60185e-05  7.29175e-05 0.000104165
3.15 0.000660416 1.05363e-05 1.16332e-06  2.21147e-05  3.25785e-05
3.7 0.000197886 4.51034e-06  4.82018e-06  8.1115e-06  1.14203e-05
4.25 7.44364e-05 8.93729¢-07  4.91611e-06  3.68472e-06  6.40999¢-06
4.75  3.01735e-05 4.88575e-07  2.60488e-06  1.69067e-06  3.19265e-06
5.5  9.05805e-06 1.69829¢-07  9.6265e-07  6.85391e-07  1.20248e-06
7 1.09978e-06 3.55023e-08  1.1925e-07  1.71787e-07  2.10858e-07
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Table 4.5: The values of invariant yields in different py bins for 40-60% centrality. The

values for statistical and systematic errors are also given.

pr Inv yield statistical ~ Syst. A type Syst. B type  Tot Syst.
error error error error
1.5 0.0125672  0.00019446  0.000744494  0.000822898  0.00113188
1.8 0.00626828 7.43893e-05 0.000192898  0.000162753  0.00036819
2 0.00369652  5.19825e-05 0.000109447  0.000108098  0.000207251
2.2 0.0020672  3.50404e-05 5.95172e-05  6.75597e-05  0.00011538
2.45 0.00127828  2.08426e-05 3.95913e-05  4.37564e-05  7.39061e-05
2.75 0.000581923 1.29361e-05  2.14165e-05  2.29752e-05  3.6885e-05
3.15 0.000235017 3.70637e-06  9.34666e-06  7.79046e-06  1.45838e-05
3.7 8.29358e-05 1.81776e-06 3.69839¢-06  4.50132¢-06  6.27149e-06
4.25 3.23818e-05 3.86055e-07  2.14575e-06  2.85411e-06  3.61667e-06
4.75 1.28931e-05 2.07985e-07  8.30312e-07  1.23656e-06  1.50693e-06
5.5 3.7758e-06  7.10854e-08  2.23877e-07  3.91447e-07  4.55895e-07
7 4.98204e-07 1.60837e-08 2.03057e-08  5.33509e-08  5.77649e-08

Table 4.6: The values of invariant yields in different py bins for 60-94% centrality. The

values for statistical and systematic errors are also given.

pr Inv yield statistical ~ Syst. A type Syst. B type  Tot Syst.
error error error error
1.55 0.00291113  4.45408e-05 0.000114782  9.92813e-05 0.000157676
1.8 0.00140081 1.66253e-05  5.222e-05 3.55276e-05  7.21738e-05
2 0.000862035 1.17754e-05 3.07022e-05  2.32845e-05  4.39974e-05
2.2 0.000548787 8.81736e-06 1.77036e-05  1.52141e-05  2.71215e-05
2.45 0.000283184 4.39416e-06 7.68128¢-06  8.13716e-06  1.34635e-05
2.75 0.000124287 2.66048e-06 2.96552e-06  4.05078e-06  6.07014e-06
3.15  5.05256e-05 7.85715e-07  9.03952e-07  1.19982¢-06  1.8503e-06
3.7 1.88898e-05  4.1226e-07  4.44577e-07  5.23909e-07  8.34312e-07
4.25  6.53122e-06 7.57972e-08 2.01156e-07  3.06377e-07  3.78868e-07
4.75  3.0583e-06  4.78733e-08 1.06492e-07  1.63332e-07  2.00094e-07
5.5 1.00662e-06 1.80775e-08 4.11631e-08  6.43253e-08  7.77878e-08
7 1.38265e-07 4.16358e-09  7.35243e-09  1.19337e-08  1.41633e-08
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Table 4.7: The values of Rcyc, in different pr bins for minimum bias. The values for
statistical and systematic errors are also given.
pr Reuen statistical ~ Syst. A type Syst. B type Tot Syst.
error error error error
1.55  1.09694  0.0176409 0.182032 0.170247 0.186444
1.8 1.11431  0.0137599 0.173484 0.171891 0.18571
2 1.12172 0.016958 0.173607 0.174555 0.185946
2.2 0.992553 0.0176026 0.153353 0.15604 0.163279
2.45 0.959334 0.0160364 0.147984 0.152365 0.157604
2.75 0.950437  0.0209068 0.146556 0.152168 0.157321
3.15 0.780165 0.0125698 0.120232 0.121724 0.128818
3.7 0.719091 0.0191617 0.111509 0.117525 0.123647
4.25 0.754757 0.00906468 0.120857 0.13439 0.14041
4.75 0.650795 0.0105346 0.103746 0.116404 0.121175
5.5 0.660389 0.0123453 0.104902 0.120285 0.124728
7 0.589616 0.0187479 0.0939776 0.116568 0.12048
Table 4.8: The values of Rgyc, in different pr bins for 0-20% centrality. The values for

statistical and systematic errors are also given.

pr Reuen statistical =~ Syst. A type Syst. B type Tot Syst.
error error error error

1.55 0.978642 0.0158365 0.178893 0.156145 0.186593
1.8 1.12325 0.0141134 0.176407 0.176141 0.191831

2 0.979454  0.0158685 0.154615 0.154704 0.168201
2.2 0.893855 0.0158384 0.142021 0.142409 0.15437
2.45 0.914829 0.0144555 0.146451 0.147383 0.159385
2.75 0.866016 0.0191831 0.13929 0.141288 0.152544
3.15 0.620454 0.0117643 0.0993157 0.102534 0.110001
3.7 0.766982  0.018406 0.122649 0.128797 0.138055
4.25 0.712521 0.00893011 0.117882 0.13574 0.144532
4.75 0.691536  0.011551 0.113297 0.126243 0.134181
5.5 0.577025 0.0114382 0.0937001 0.103096 0.109137

7 0.607407  0.0203771 0.0985744 0.120204 0.125928
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Table 4.9: The values of Rcoyc,, in different pr bins for 20-40% centrality. The values for

statistical and systematic errors are also given.

pr Reucw  statistical  Syst. A type Syst. B type Tot Syst.
error error error error

1.55  1.05584 0.0168556 0.17645 0.185088 0.200807
1.8 1.12153 0.0147457 0.178649 0.178331 0.20025

2 1.22694 0.0174434 0.19369 0.195199 0.212748
2.2 1.21488 0.0201935 0.190005 0.192775 0.205795
2.45 1.03438 0.0172841 0.160368 0.163719 0.172033
275 1.03866 0.0226226 0.160626 0.16476 0.171675
3.15  1.02199 0.0163048 0.155307 0.159023 0.163275
3.7 0.912911 0.0208076 0.140493 0.143681 0.14839
4.25 0.923378 0.0110866 0.152993 0.14757 0.161277
4.75 0.852624 0.0138058 0.14901 0.138089 0.157877
5.5 0.785468 0.0147267 0.145651 0.133335 0.158489

7 0.652357 0.0210589 0.121779 0.142162 0.159595

Table 4.10: The values of Ry, in different pr bins for 40-60% centrality. The values for

statistical and systematic errors are also given.

pr Roucw  statistical  Syst. A type Syst. B type Tot Syst.
error error error error

1.55 1.04931 0.0162367 0.187248 0.189522 0.200323
1.8 1.04731 0.0124291 0.179213 0.178376 0.186717

2 1.0539  0.0148205 0.180123 0.180057 0.186981
2.2 0.986131 0.0167156 0.168403 0.169092 0.17488
245  1.1286  0.0184021 0.193164 0.193863 0.200869
2.75 1.03384 0.0229822 0.178135 0.178747 0.185953
3.15 0.996465 0.0157149 0.17235 0.170954 0.178767
3.7 1.04831 0.0229766 0.182547 0.185406 0.193448
4.25 1.10061 0.0131214 0.1991 0.209123 0.222334
4.75 0.998214 0.0161028 0.179904 0.193387 0.20456
5.5 0.897096 0.0168893 0.1601 0.177349 0.185836

7 0.809698 0.0261398 0.140233 0.161537 0.165499
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Table 4.11: The values of Ry, in different pr bins for 60-94% centrality. The values for

statistical and systematic errors are also given.

pr Reuen  statistical  Syst. A type Syst. B type Tot Syst.
error error error error

1.55  1.06283 0.0162615 0.189577 0.188407 0.193642
1.8 1.02339  0.012146 0.182068 0.179909 0.185671

2 1.07464 0.0146796 0.19082 0.189183 0.194823
2.2 1.1447  0.0183919 0.202525 0.201642 0.207009
2.45 1.09324 0.0169638 0.192476 0.192755 0.197153
2.75 0.965495 0.0206673 0.169528 0.170878 0.174449
3.15 0.93672 0.0145668 0.163809 0.164461 0.166521
3.7 1.04403 0.0227853 0.183272 0.183911 0.187379
4.25 0.970643 0.0112647 0.171477 0.174882 0.177991
4.75 1.03534 0.0162067 0.183678 0.188402 0.192422
5.5 1.04576 0.0187803 0.186876 0.193803 0.199059

7 0.982566 0.0295881 0.178733 0.190807 0.198358
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Part II - Phenomenological studies
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CHAPTER b

DESCRIPTION OF HADRON SPECTRA WITH

TSALLIS DISTRIBUTION

5.1 Introduction

The particle spectra measured in hadronic collisions are of utmost interest because of
their fundamental nature and simplicity, which allow to verify pQCD [89] calculations and
also help to make comprehensive phenomenological studies. The ratios of the particle yields
obtained from the measured spectra allow to get the chemical freeze-out conditions, whereas
the spectra themselves reflect the conditions at the kinetic freeze-out. The particle spectra
provide useful information about the collision dynamics. The low pr region of the spectrum
corresponds to the particles originating from low momentum transfer and multi-scattering
processes (non-perturbative QCD), whereas, the high pr region comes from the hard-parton-
scattering (pQCD) among the initial partons. The transition of this non-perturbative to
perturbative dynamics has no sharp boundary, though one can have an estimate from the
‘rp — scaling’ [90]. Extensive [91, 38] and non-extensive [92, 93, 94, 95, 96] statistical

approaches have been used to characterize particle spectra in terms of thermodynamic
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variables. Extensive statistics assume thermal and chemical equilibrium of the system at
hadronic phase which lead to an exponential distribution of the particle spectra. In ex-
periments, the particle spectra show a power-law behavior at high py. This behavior is
reproduced by the non-extensive approach with an additional parameter. In recent times,
the Tsallis [92] statistical approach is widely used to describe the particle spectra obtained
in high-energy collisions with only two parameters; the temperature 7" and ¢, known as
non-extensivity parameter which is a measure of temperature fluctuations or degree of non-
equilibrium in the system.

The Tsallis distribution gives an excellent description of pr spectra of all identified
mesons measured in p + p collisions at /s = 200 GeV [85]. In a recent work [97, 98], the
Tsallis distribution has been used to describe the pr spectra of identified charged hadrons
measured in p + p collisions at RHIC and at LHC energies. Such an approach has also
been applied to the inclusive charged hadron p + p data in recent publications [99, 100]. It
has been shown in Ref. [97, 101] that the functional form of the Tsallis distribution with
thermodynamic origin is of the same form as the QCD-inspired Hagedorn formula [102, 103].
This could be the reason of success of Tsallis distribution in p—+ p collisions which is a power
law typical of QCD hard scatterings. The hardness of the spectrum is thus related to ¢ and
the parameter T" governs the contribution from soft collisions.

Using the Tsallis phenomenological function, we review and study the charged pion
spectra in p + p collisions in a large energy regime, spanning from SPS [104] (6.27 GeV -
17.27 GeV), RHIC [70] (62.4 and 200 GeV) to LHC [105] (900 GeV, 2.76 TeV and 7 TeV)
energies. The object of the present work is to study the behaviour of the Tsallis parameters
as a function of collision energy. We also study the charged pion spectra for different event
multiplicities in p+p collisions for LHC energies. Among all hadrons, pions are chosen
because of their abundance in collisions, simple quark structure and availability of the data

at different energies.
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5.2 Formalism

The transverse momentum spectra of hadrons, obtained from different fixed and collider
experiments have shown that, the high pr region of the spectra can be described successfully

by the power law,
E——— = Opp;n, (51)

where C'p is the normalization constant and n is the power which determines the shape of the
spectra at high pr. However, the low pr region of the particle spectra shows an exponential

shape and can be described by the Boltzmann-Gibbs [106, 107] statistical approach,
E— = CBG N (52)

where C'g is the normalization constant, F is the particle energy and T is the temperature
of the system.
In the early 80’s, Hagedorn [102] proposed a phenomenological function which describes

the particle spectra for both the higher and lower pr regions:

d3N ( PT) "
E——=A(1+2) |, 5.3
dp? Po ( )

where A, pg and n are the fit parameters. The above equation describes an exponential

behavior for low pr and a power-law behavior for high pr.

(1 + ]E) ~ exp <_in) , for pr =0 (5.4)
Do Do
po\"
~ (—) , for pr — 0. (5.5)
pr
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The parameter n in this equation is often related to the 'power’ in the 'QCD-inspired’ quark
interchange model [103].

In the late 80’s, Tsallis [92] introduced the idea of the non-extensive statistics in place
of thermal Boltzmann-Gibbs statistics. This approach includes a parameter ¢, known as
non-extensive parameter which quantifies the temperature fluctuation [108] in the system
as: q— 1= Var(1/T)/(T)% The non-extensive statistics assume Boltzmann-Gibbs form

in the limit ¢ — 1. In Tsallis approach, the Boltzmann-Gibbs distribution takes the form

&N B\

where Cy is the normalization factor. One can use the relation £ = my at mid-rapidity and

n=1/(¢g—1) in Eq. 5.6 to obtain :

dsN mp\ "
E—=0C,(1+— , 5.7
dp3 ( * nT) (5.7)

where, C, is the normalization factor. Eq. 5.7 can be re-written as :

1 d?>N mr\ "
—c (14 20) 5.8
2mpr dprdy + nT (58)
The value of C), can be obtained by integrating Eq. 5.8 over momentum space :
dN/d
C, = /dy (5.9)

Joo (1 +22) " 2mprdpr

Here the quantity dN/dy is the pr integrated yield. Eq. 5.7 with the normalization constant

takes the form [85] :

(5.10)

- nl +m

d*N 1 dN (n—1)(n—2) nT +mp\ "
dpp %d_y(nT+m(n—1))(nT+m)( > ’

Larger values of ¢ correspond to smaller values of n which imply dominant hard QCD
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point-like scattering. Both n and ¢ have been interchangeably used in Tsallis distribu-
tion [93, 85, 109, 110, 111]. The Tsallis interpretation of parameters T as temperature
and ¢ as non-extensivity parameter is more suited for heavy ion collisions while for p + p
collisions Hagedorn interpretation in terms of power n and a parameter 7' = py/n which
controls soft physics processes is more meaningful. Phenomenological studies suggest that,
for quark-quark point scattering, n ~ 4 [112, 113] and when multiple scattering centers are
involved n grows larger.

There are many other forms of Eq. 5.10, which are used often to describe particle spectra

in literature, see e.g. Refs. [93, 111, 114, 115, 116, 117, 118].

5.3 Results and discussions

All the studies are performed with Eq. 5.10 and the fit parameters n, T" and dN/dy
are obtained. The different experiments, energies, rapidity ranges and particles used in
the analysis are summarized in Table 5.1. For SPS energies only available data is for 7~
measured by NA61 Collaboration [104], for RHIC and LHC energies we use (77 4+ 77)/2. All
the data used are measured in mid-rapidity and are given for unit rapidity. The difference
in rapidity range is not expected to affect the behaviour of the spectra. CMS experiment
presented [105] transverse momentum spectra for different events classified on the basis of
number of true tracks referred here as track multiplicity of event or simply multiplicity.

Each multiplicity class is represented by average number of tracks ((NViqcks))-

5.3.1 Tsallis parameters as a function of /s in p + p system

In this analysis all the Tsallis parameters are obtained for charged pion spectra as a

function of /s in p + p system for SPS [104], RHIC [70] and LHC [105] energies. Similar
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Table 5.1: The center of mass energy and rapidity of the data used for the study.

Experiments  Center of mass Rapidity  Particles

energy (GeV) Studied
SPS 6.27, 7.74, 0.0-0.2 T
8.76, 12.32, 17.27
RHIC 62.4, 200 ly| < 0.35 7t 7w~
LHC 900, 2760, 700 |y| < 1.0 7, 7

p+p Vs =
* 7.0 TeV x 5000
% 2.76 TeV x 20005
© 900 GeV x 700 -

T

© 62.4 GeV x 100 _]
* 17.27 GeV x 35 3
+ 12.32 GeV x 15
¢+ 8.76 GeV x5

= 7.74 GeV x 2

* 6.27 GeV x 0.5
— Tsallis

distribution

o
N
=]
=]
[
®
<
X
3
=]
=]

1

(1/2r m;)d®N/dydm_ (GeV/c?)?

10—5””\””\””\‘ ol
0 05 1 15 2 25 3
m; - m (GeV/c?)

Figure 5.1: (Color online) The invariant yield spectra of charged pions as a function of
(mq —m) for SPS [104] energies 6.27 GeV, 7.74 GeV, 8.76 GeV, 12.32 GeV and 17.27 GeV,
RHIC [70] energies 62.4 GeV and 200 GeV and LHC [105] energies 900 GeV, 2.76 TeV and
7 TeV. The solid lines are the Tsallis function (Eq. 5.10). The negative pion yields are
plotted for SPS energies and for all other energies, average yield for positive and negative
pion are plotted.
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Figure 5.2: (Color online) The variation of the Tsallis parameter n for charged pions as a

function of /5. The solid curve represents the parameterization (a + (v/5)~*)".

study is available in Ref. [97] using RHIC and LHC data and in Ref. [98] for SPS and LHC
data.

The pion pr spectra measured in p + p collisions at different /s are shown in Fig. 5.1
along with with Tsallis fits (Eq. 5.10) shown by solid lines. The spectra are scaled by
arbitrary factors (given in figure) for visual clarity. In case of RHIC data, we restrict the
pr range to 1.7 GeV/c? to have similar pr range at all energies. It can be noticed that
the spectra become harder with increase in /s which is depictive of occurrence of harder
scatterings at higher collision energy. The x? per degree of freedom x?/NDF values for all
the fits are given in Table 5.2. The x?/NDF values are < 1, which is indicative of good fit
quality.

The parameters n and T' obtained from this analysis are shown in Fig. 5.2 and Fig. 5.3,
respectively, as a function of /s. The variation of dN/dy as a function of /s is shown
in Fig. 5.4. The parameter n decreases with increasing /s and starts saturating at LHC
energies. The value of T also reduces slowly from SPS energies to LHC energies. The

integrated yield dN/dy increases 10 times when going from SPS to highest LHC energy.
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Table 5.2: Values of the x2/NDF for Tsallis fits of pion spectra at different /s.

Vs /NDF

6.27 GeV  6.31/12

7.74 GeV  5.80/12

8.76 GeV  10.68/12

12.32 GeV 9.25/12

17.27 GeV  2.65/12

62 GeV 0.74/11

200 GeV  0.48/11

900 GeV  24.33/19

2.76 TeV  5.59/19

7.00 TeV  13.11/19
160 7
I p+p ]
140j 7
| T=[a+(Vs)"]° |
—_ L a=263+062 |
>120 b=3.76 +0.49
(] a=0.04 £0.02
= | ]
—100- §
80 .

601\\\\ Lol Lol Lo
10 102 10° 10*
I's (GeV)

Figure 5.3: (Color online) The variation of the Tsallis parameter 7' for charged pions as a

function of v/s. The solid curve represents the parameterization (a + (1/5)™)".
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Figure 5.4: (Color online) The variation of the integrated yield d/N/dy for charged pions as

a function of /5. The solid curve represents the parameterization (a + (y/3))".

Larger value of n (also larger value of T') suggests that the spectra has contribution from
processes involving small momentum transfer arising due to the re-scattering, recombination
of partons, fragmentation from strings etc. Whereas, smaller values of n are indicative of
harder processes are involved in particle-production. Thus the spectra at SPS energies have
large softer contribution and as the collision energy increases more and more contribution
from hard processes are added.

All the three parameters can be parametrized by a function of type

F(V3) = (a+ (vs)™) (5.11)

Here a = 1.33 £ 0.08, @ = 0.22 + 0.06 and b = 4.36 & 0.24 for n(y/s), a = 2.63 £ 0.62,
a =0.04£0.02 and b = 3.76 + 0.49 for T'(y/s) and a = 0.65 + 0.01, o« = 0.22 £ 0.01 and
b= —4.784+0.03 for dN(y/s)/dy. Using the parameterizations for n by Eq. 5.11 we get n ~
3.46 in the limit /s — oco. The extrapolated values for n, T and dN/dy for /s = 14 TeV
are, n ~ 5.09, T" ~ 90.33 MeV and dN/dy ~ 3.44.
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Figure 5.5: (Color online) The invariant yield spectra of (7 4 77)/2 [105], as a function of
mz — m for p + p collisions at /s = 900 GeV. The yields are shown for (Ny.qexs) 7, 16, 28,
40, 52, 63 and 75. The spectra are scaled up for clarity by a factor of 6!, where i = 0, 1, 2,
3, 4, 5 and 6. The solid lines show the Tsallis fits.

5.3.2 Tsallis parameters as a function of multiplicity ((Ny.qcxs)) for

LHC energies

The Tsallis parameters for charged pion spectra are studied as a function of event mul-
tiplicity for different LHC energies 900 GeV, 2.76 and 7 TeV. The event multiplicity data
was also studied in a recent work [96] but our analysis and interpretations are different.

The invariant yield spectra corresponding to different multiplicities are fitted with
Eq. 5.10, are shown by the solid black lines in Fig. 5.5 for 900 GeV, in Fig. 5.6 for 2.76 TeV
and in Fig. 5.7 for 7 TeV center of mass energy. The spectra are scaled up for distinctness.
The Tsallis distribution describes all the spectra well, shown by the x?/NDF values given
in Table 5.3. The x?/NDF values are little higher for some of the lower multiplicities due
to the deviation of first data point in py spectra with the curve.

The parameters n and T obtained from the fits are shown in Fig. 5.8 and Fig. 5.9
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Figure 5.6: (Color online) The invariant yield spectra of (7 4 77)/2 [105], as a function of
my — m for p+ p collisions at /s = 2.76 TeV. The yields are shown for (Nyqeks) 7, 16, 28,
40, 52, 63, 75, 86 and 98. The spectra are scaled up for clarity by a factor of 3¢, where i =
0,1,2,3,4, 5,6, 7and 8. The solid lines show the Tsallis fits.
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Figure 5.7: (Color online) The invariant yield spectra of (7 4 77)/2 [105], as a function of
mq — m for p+ p collisions at /s = 7.00 TeV. The yields are shown for (Nyqeks) 7, 16, 28,
40, 52, 63, 75, 86, 98, 109, 120 and 131. The spectra are scaled up for clarity by a factor of
3%, wherei=0,1,2,3,4,5,6,7, 8,9, 10 and 11. The solid lines show the Tsallis fits.
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Table 5.3: Values of the x?/NDF for the Tsallis fits in different event multiplicities.

(Ntracks) X?/NDF values for

900 GeV  2.76 TeV 7.0 TeV
7 48.89/18 57.66/18 48.10/18
16 25.21/18 26.38/18 27.76/18
28 9.97/18 11.47/18 22.83/18
40 7.20/18 6.91/18 19.25/18
52 8.00/18  6.08/18 22.52/18
63 9.18/18 6.44/18  26.30/18
75 15.01/18 9.05/18 21.30/18

86 8.16/18 19.24/18
98 11.91/18 23.59/18
109 20.82/18
120 16.85/18
131 19.77/18
30+ ———
p+p
25:"2: (r*47)/2 ]
L O 900 GeV ]
20;@ [12.76 TeV E
o 7.00 TeV ]
< 1 5; [a + (<Ntracks>)-a]b 7:
10} .\"h {
C o 1
5- 2 O G RN N> NI -
i |

=
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Figure 5.8: (Color online) The variation of the Tsallis parameter n for charged pions as a
function of (Ny.qcks). The variation is shown for 900 GeV by black circles, 2.76 TeV by red
squares and 7.00 TeV by green triangles. The dashed curve represents the parameterization
(CL + (<Ntracks>)_a)b-
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Figure 5.10: (Color online) The variation of the integrated yield dN/dy for charged pions
as a function of (Ny.qeks). The variation is shown for 900 GeV by black circles, 2.76 TeV by
red squares and 7.00 TeV by green triangles.
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respectively, as a function of (Ny.eks). The circles, squares and triangles correspond to the
parameter values obtained from data at 900 GeV, 2.76 TeV and 7 TeV, respectively. It is
seen that both the parameters n and 7" decrease rapidly and then start saturating with the
increase of (Nyqeks) for all three energies. This variation (of n and T) is very similar to the
variation which we find as a function of /s. It means that events with higher multiplicity
have larger contribution from hard processes. The value of n for high multiplicity events
at 7 TeV is ~ 4 which is depictive of production from point quark-quark scattering. The
variation of n and T as a function of (Ny.qs) can be described by the same curve given in

the figure for all three energies and are parameterized by,

b

FU(< Nipacks >) = (a + (< Niacks >)™%) (5.12)

Here a = 1.134+0.01, @« = 0.814+0.04 and b = 10.32+0.76 for n({Ngraers)) and a = 2.20£0.06,
o =0.56 £ 0.08 and b = 5.33 £ 0.23 for T((Nyyacks)).

The pr integrated pion yield distribution in different multiplicity classes is shown in
Fig. 5.10 for the three LHC energies. The total py integrated pion yield for each energy can
be obtained by integrating the above distributions over all multiplicity classes. It is noticed
that as the energy increases more and more high mutliplicity events are added in the sample

with mean of the distribution shifting towards higher (Nyqeps)-

5.4 Conclusion

This work presented the study of the transverse momentum spectra of the charged pions
for different collisional energies and also for different event-multiplicities (at LHC energies)
using Tsallis distribution. The Tsallis parameter n decreases with increasing /s and starts
saturating at LHC energies. The value of T" also reduces slowly from SPS energies to LHC

energies. It means that the spectra at SPS energies have large softer contribution and as
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the collision energy increases more and more contribution from hard processes are added.
The pr integrated pion yield increases with increasing /s and becomes 10 times when going
from SPS to highest LHC energy. The Tsallis parameters are also obtained as a function
of event multiplicity for all three LHC energies which can be described by the same curve.
The variation of n and T as a function of multiplicity is very similar to the variation which
we find as a function of /s. It means that events with higher multiplicity have larger
contribution from hard processes. The value of n for high multiplicity events at 7 TeV is
~ 4 which is depictive of production from point quark-quark scattering. The pr integrated
pion yield distribution for the three LHC energies shows that as the energy increases, more
and more high mutliplicity events are added in the sample with mean of the distribution
shifting towards higher multiplicity.

The calculation for the constant C,, is given in Appendix B.
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CHAPTER 6

INFERRING FREEZE-OUT PARAMETERS FROM

PION MEASUREMENTS AT RHIC AND LHC

6.1 Introduction

The Quantum Chromodynamics (QCD), the theory of strong interaction suggests that
at energy density above ~ 1 GeV/fm? the hadronic matter undergoes a phase transition to
Quark Gluon Plasma (QGP) [1], a phase where the relevant degrees of freedom are quarks
and gluons. The heavy ion collisions at relativistic energy are the means to produce a large
volume of hot/dense matter required to create and characterize such a phase [119, 120].

The quark gluon matter presumably with local thermal equilibrium expands hydrody-
namically and undergoes a phase transition to hadronic matter which further cools till the
multiple scatterings among particles are sufficient to keep them as one system. The hadrons
then decouple from the system and their spectra would reflect the condition of the system
at the time of freeze-out. Hadrons (pions, kaons and protons) form the bulk of particles
produced and are usually the first and easiest to be measured in a heavy ion collision ex-
periment. Traditionally, statistical model [38] has been used at SPS and RHIC energies

to infer the conditions at freeze-out using measured hadron ratios as input. Alternatively
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one can consider full transverse momentum (pr) spectra of hadrons in heavy ion collisions.
The bulk and collective effects [121, 122] show up in the low and intermediate pr regions of
hadron spectra while the high pr region above 5 GeV /¢ consists of particles from jets which
are produced in hard interactions.

The Tsallis distribution [92, 93] describes a system in terms of two parameters; tem-
perature and ¢ which measures deviation from thermal distribution. It has been shown in
Refs. [97, 101] that the functional form of the Tsallis distribution in terms of parameter ¢
is the same as the QCD-inspired Hagedorn formula [102, 103] in terms of power n. Both
n and ¢ are related and describe the power law tail of the hadron spectra coming from
QCD hard scatterings. The Tsallis distribution has been used extensively to describe the
pr spectra of identified charged hadrons measured in p + p collisions at RHIC and at LHC
energies [97, 124]. Tt does not always provide the best description of hadron pr distributions
in heavy ion collisions which are modified due to collective flow and thus Tsallis blast wave
method is used as in Ref. [125]. The average transverse flow can be included in Tsallis
distribution and keeping the functional form to be analytical as done in Refs. [126, 127].
The function presented in Ref. [126] can be used in a wider pr range as was done for both
meson and baryon spectra for Au+Au collisions at /syy = 200 GeV.

We analyze the transverse momentum spectra of charged pions measured in heavy ion
collisions. Recent measurements of identified charged particle spectra by PHENIX in dif-
ferent centralities of Au+Au collision at /syy = 200 GeV [35] and by ALICE in the most
central (0-5%) and the most peripheral (60-80%) Pb+Pb collisions at \/syy = 2.76 TeV [36]
have been used in the study. The kinetic freeze-out temperature (7'), average transverse
flow () and degree of non thermalization (¢) are obtained as a function of system size for
both the energies. As an alternative the (kinetic) freeze-out temperature is also extracted

using the measured charged particle multiplicity and HBT volume of the system.
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6.2 Analysis of hadron spectra

The transverse momentum spectra of hadrons can be described using the modified Tsallis

distribution including the transverse flow as proposed in Ref. [126] is given by :

3N —Bpr\ | ymr\ "
E——- =0, (exp( T ) + T ) . (6.1)

Here C,, is the normalization constant, my = /p3 +m?, v = 1/4/1 — 52, § is the average

transverse velocity of the system and T is the temperature. The power n is related to
the non-extensivity parameter ¢ as n = 1/(¢ — 1). The parameter ¢ gives temperature
fluctuations [108] in the system as: ¢ — 1 = Var(T)/(T)?. Tt can take a value between
1 and 4/3. Larger values of ¢ correspond to smaller values of n which imply dominant
hard QCD point-like scattering. Both n and ¢ have been interchangeably used in Tsallis
distribution [93, 85, 70, 110, 111]. In heavy ion collisions, the high pr tail decides the value of
n. Phenomenological studies suggest that, for quark-quark point scattering, n ~ 4 [112, 113],
and when multiple scattering centers are involved n grows larger. When [ is zero, Eq. 6.1
is the usual Tsallis equation which has been the most popular tool to characterize hadronic
collisions [101, 108, 111, 128] in recent years. At low pr, Eq. 6.1 represents a thermalized

system with collective flow and at high pr it becomes a power law as follows

2

d*N —y(mr — Bpr)
Ed_p:” o~ Onexp( T for pr — 0,

C, (%)w for pr — oc. (6.2)

12

In this work, we focus on the study of the charged pion spectra measured in heavy-ion
collisions at RHIC and LHC energies. The errors on the data are taken as quadratic sums
of statistical and uncorrelated systematic errors. The RHIC measurements are available

in py range 0.5 - 6.0 GeV/c and we use the LHC measurements in the same range. The
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spectra are fitted with Eq. 6.1 and all the parameters are obtained as a function of system
size (centrality) for both the energies.

The freeze-out temperature T' can also be extracted from the measured multiplicity using
following procedure. The particle number density n can be related to the measured particle

multiplicity and HBT volume V' as

AN

V=
n ar

(6.3)

where dN/dn is 1.5 times the total measured charged particle multiplicty (dN.,/dn). The

number density can also be expressed in terms of freeze-out temperature T’

1.2
n=—; an(T)T%. (6.4)

The parameter a, (T') = Y., gini(m;/T) where g; is the degeneracy factor and n; for i‘®

meson species is given by

/) =515 [ o dr (6.5)
2 x 1.2 )y (a2+mi/T)? _q

The parameter a, (1)) = 3 for massless pion gas. In our study we assume that the system
at freeze-out consists of pion (¢ = 3), kaon (9 =4), p(9=9),0(g=1),n(g=1),w (g =
3) mesons and obtained n/T? as a function of temperature which is shown in Fig. 6.1 along
with that for massless pion gas.

The freeze-out temperature T can be obtained by numerically solving the following

equation

L
(1.2/72) a,(T) V dn’

T3 = (6.6)

The HBT volume V = (27)%2 R2,. Riong, where Ryq. and Ry,,, are the measured HBT

side
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Figure 6.1: (Color online) The variation of n/T? as a function of temperature for both hot
meson gas (solid line) and massless pion gas (dashed line).

radii [129, 130].
If transverse flow is present in the system, then the system volume obtained from mea-
sured HBT radii will be smaller than the fireball volume. To correct for this effect the HBT

radii as a function of my are extrapolated to my = 0.140 GeV/c? which corresponds to pr

— 0 (Fig. 6.2).

6.3 Results and discussions

Figure 6.3 shows the charged pion invariant yield spectra in Au+Au collisions at /sy
= 200 GeV [35] as a function of (my - m), fitted with Eq. 6.1. The spectra in Au+Au
collisions are given for 0-10%, 10-20%, 20-40%, 40-60% and 60-80% centralities, which are
scaled up by factors given in the Fig. 6.3. Figure 6.4 shows the same for Pb+Pb collisions
at \/syn = 2.76 [36] TeV fitted with Eq. 6.1. It is seen that Eq. 6.1 describes the data in
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Figure 6.2: HBT radii Ry, Rsigze and Ry, are plotted as a function of my for 10 - 20%
centrality bin [129]. The data points are fitted with a straight line and extrapolated to my
= 0.140 GeV/c%.
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Figure 6.3: (Color online) Invariant yield for charged pions [35] as a function of (mg - m)
measured in Au+Au collisions at /syy = 200 GeV for 0-10%, 10-20%, 20-40%, 40-60%
and 60-92% centrality bins. The spectra are scaled up by a factor of 10, 5, 3, 2 and 1 for the
respective centrality bins. The fitted Modified Tsallis function is shown by the black curve.
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Figure 6.4: (Color online) Invariant yield for charged pions [36] as a function of (my - m)
measured in Pb+Pb collisions at /syy = 2.76 TeV for 0-5% and 60-80% centrality bins.
The Modified Tsallis fitted function is shown by the black curve.
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Figure 6.5: (Color online) Parameters (a) ¢ and (b) n obtained from Eq. 6.1 for charged
pions measured in Au+Au (open squares) collisions at /syy = 200 GeV and in Pb+Pb
(filled circles) collisions at \/Syn = 2.76 TeV as a function of (Npa).
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full pr range for all collision centralities, both at RHIC and LHC energies. The collision
centralities can be converted to average number of participants (N,4+) using Glauber model
which is proportional to initial system size.

The parameter ¢ as a function of (Np4+) is shown in Fig. 6.5 (a). The value of ¢ is higher
for the peripheral collisions in comparision to other centralities, for both RHIC and LHC
energies. The corresponding value for power n is shown in Fig. 6.5 (b). The values of ¢ (or
n) are similar for RHIC and LHC which show similar degrees of thermalization at the two
energy regimes.

Figure 6.6 (a) and 6.6 (b) respectively show the kinetic freeze-out temperature (7)
and the average transverse flow (f) as a function of (Npu). At RHIC energy, except for
peripheral bin, the value of temperature remains constant for all centrality bins within
uncertainties. For the most central collisions (0-5%), T has a higher value at LHC energy
than that at RHIC. The transverse flow velocity [ increases with the system size for both
RHIC and LHC collisions and has almost same behavior in the two energy regimes.

The freeze-out temperature is obtained from Eq. 6.6 using the measured particle mul-
tiplicity and HBT volume. Figure 6.7 (a) shows the freeze-out temperature as a function
of system size and Fig. 6.7 (b) shows the same as a function of collision energy. The solid
squares show the result obtained from the measured HBT radii. The open circles show
the result obtained using the corrected HBT radii (at pr = 0) as explained before. This
correction makes the values of T' slightly smaller. It is seen that the freeze-out temperature
increases while going from RHIC energy to LHC energy.

A comparison of Figs. 6.6 (a) and 6.7 (a) shows that the freeze-out temperature obtained
from the two different methods follow similar trend as a function of system size. The
temperature shows almost flat behavior with system size. Figures 6.6 (a) and 6.7 (b) show
that the freeze-out temperature is more for LHC energy. The temperature obtained from two
measurements namely the pr spectra and the HBT measurements have same dependence

on system size and energy. There is upto 20% difference in the magnitudes which might
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arise due to the experimental error and different py range of the measurements affected by

transverse flow differently.

6.4 Conclusion

The transverse momentum spectra of charged pions measured in Au+Au collisions at
Vsny = 200 GeV and Pb+Pb collisions at /syy = 2.76 TeV are analysed using the
modified Tsallis distribution. All the spectra used in this analysis are well described by
this distribution. The parameter g of the modified Tsallis distribution suggests similar
thermalization characteristics for systems at RHIC and LHC energies. The kinetic freeze-
out temperature extracted from pion pr spectra remains flat for all centrality bins except
for the peripheral bin at RHIC energy. The freeze-out temperature is higher at LHC energy
than that at RHIC energy for the most central collisions. The transverse flow velocity
increases with system size for both of these energies. The kinetic freeze-out temperature is
obtained as a function of system size and collision energy, from the measurement of HBT
radii and particle multiplicity. The measured HBT radii are extrapolated to my = 0.140
GeV/c? to correct for the effect of transverse flow. The freeze-out temperature obtained
from particle spectra and HBT measurements show similar trend as a function of system
size as well as a function of collision energies. However, the kinetic freeze-out temperature

obtained using HBT radii remains larger than that obtained from the particle spectra.

6.5 Data tables

The values for the measured HBT radii and the corrected HBT radii (by the extrapo-
lation to mp = 0.140 GeV) are given in the Table 6.1 for different centrality bins and in
Table 6.3 as a function of collision energies. The values for the volumes and temperatures

are given in Table 6.2 and Table 6.4.

140



Table 6.1: Measured and Corrected HBT radii for different centrality bins.

Npart

Measured HBT radii (fm)

Corrected HBT radii (fm)

Rside

Rout

Rlong

Rside

Rout

Rlong

167.6+5.4
234.3+4.6
298.6+4.1
350.6+2.4

4.42+0.09
4.71+0.04
5.13£0.05
5.41£0.02

5.04+0.09

5.44+0.11

5.99+0.17
6.2+0.17

5.72£0.07
6.08+0.04
6.59+0.06
6.72+0.03

4.68+0.15
5.04+0.11
5.50£0.15
5.87£0.08

5.52£0.20
6.05£0.28
6.68+0.36
6.79+0.33

6.39£0.16
6.92+0.13
7.4940.19
7.67£0.12

Table 6.2: The values for volume and temperature obtained from the measured HBT radii
and corrected HBT radii for different centrality bins.

Npart Measured HBT radii (fm)
Volume (fm3) T (MeV)
1759.99+55.07 156.2343.98
2124.3429.09 163.23+3.95
2731.43+£45.12 164.43+4.03

3097.66£21.29 167.71£3.98

Corrected HBT radii (fm)
Volume (fm?) T (MeV)
2205.23+£112.57  148.5£4.28
2773.24+£102.017 153.72+4.11
3572.97£160.60  154.67+4.36
4160.9£105.78  156.85+3.94

167.6£5.4
234.3+4.6
298.6+4.1
350.6£2.4

Table 6.3: Measured and Corrected HBT radii for different collision energies - 62.4 GeV,
200 GeV and 2.76 TeV.

Npart Measured HBT radii (fm) Corrected HBT radii (fm)
Rside Rout Rlong Rside Rout Rlong
7084+61.5 | 5.01£0.02 6.01£0.06 6.1640.03 | 5.39+0.053 6.63£0.11 6.98+0.07
1036.5£73.5 | 5.41£0.02 6.2+0.17 6.72+0.03 | 5.87£0.08 6.78+0.33 7.66£0.12
2401.5+£90 | 6.25+£0.44 6.4%+0.52 7.62+0.39 | 6.79+£0.42 6.57+£0.49 8.53+£0.52

Table 6.4: The values for volume and temperature obtained from the measured HBT radii
and corrected HBT radii for different collision energies - 62.4 GeV, 200 GeV and 2.76 TeV.

Npart Measured HBT radii (fm) Corrected HBT radii (fm)
Volume (fm?) T (MeV) | Volume (fm?) T (MeV)
708+£61.5 2435.15+£18.16  162.43£4.72 | 3200.69£55.23  152.67+4.51
1036.5+73.5 | 3097.66+21.29 167.71£3.98 | 4160.9£105.78 156.85+3.94
2401.5£90 | 4687.97+£524.79 184.79+7.27 | 6206.44£662.37 173.32£6.53
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CHAPTER [/

SUMMARY AND OUTLOOK

This thesis work presents experimental and theoretical studies of transverse momentum
spectra of particles both in p+ p and heavy-ion collisions. The transverse momentum
spectra (pr) give an insight of particle production and also properties of hot/dense medium.
The experimental study has been done to measure the K*° meson in Cu-+Cu collisions at
Vsnny = 200 GeV with PHENIX detector. The theoretical works give an understanding of

particle production in p + p collisions and collective effects in heavy-ion collisions.

7.1 Measurement of K* meson

The K*° meson is measured through the hadron decay channel K** — K+ 7~ (~ 67%).
The Drift Chambers and the Pad Chambers were used for tracking and momentum deter-
mination. These selected tracks were required to have associated hits in the third layer of
Pad Chambers (PC3) or Electro-Magnetic Calorimeter (EMCal) referred as ‘PC3 or EMCal
matched tracks’. This was done to reject the contributions from secondary tracks. The
time of flight detector was used to identify the charged hadrons. Two oppositely charged
tracks were chosen in an event with pr > 0.3 GeV/c for this study. In order to have good

signal to background ratio, detector quality checks and optimized track selection cuts were
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implemented. Due to the limitation in PID of TOF detector, three different techniques
were used to obtain the K*° meson invariant mass spectra. In one of the methods, both the
kaons and pions were identified in TOF. The K* measurement with this technique can be
done upto ~ 4 GeV/ec. In the second method, kaon was identified but the other track was
PC3 matched track and was given the mass of pion. This method extends the measurement
towards the lower pr region. In the third method, both the tracks were PC3 matched tracks
and given the mass of kaon and pion as per combinatorial requirements. This technique
extends the measurement in the higher py region upto ~ 8.5 GeV/c. These three techniques
are exclusive to each other and are statistically independent. The contributions from the
uncorrelated background were estimated by the event-mixing method and then subtracted.
The correlated background contributions from mis-identified pairs (arising from K2 and
¢ decays) were also estimated and subtracted. The invariant mass spectra are fitted by
the Relativistic Breit Wigner and a third order polynomial. The yield is obtained by the
bin-counting method for each technique. The final invariant yield spectra are obtained by
the standard weighted averaging method. It is seen that the yields obtained from different
techniques are in good agreement with each other within systematic uncertainties. This also
supports the robustness of the results.

The invariant mass transverse momentum spectra are obtained for MB, 0-20%, 20-40%,
40-60% and 60-94% centrality bins. In Cu+Cu collisions, the pr spectra spans from 1.4-
8.0 GeV/c. The nuclear modification factors (Rcycu) are also obtained for these centrality
bins. The study of the Rcycu for K*° meson as a function of different centralities shows
that, there is no suppression in the peripheral collisions (60-94%). Suppression increases
for pr above 5 GeV/c with the increase in central collision. Also, a comparative study
(Fig. 7.1) among the strange mesons (K*°, K2, ¢) and 7% are done for the most central
(0-20%), most peripheral (60-94%) and MB data. It has been observed that, in peripheral
collisions, none of the mesons are suppressed. Except for the peripheral collisions, 7’s are

the most suppressed meson, having a flat behavior in the measured kinematic range. Other
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mesons are suppressed similar to 7° meson above pr = 5 GeV/c. For pr < 5 GeV/c, the
suppression is different for different mesons. At low pr (1-2 GeV/c), K* and ¢ are not
suppressed, however, suppression increases with pr. The suppression of these particles are
compared to the charged kaons and protons in Au+Au collisions at the same energy for the
similar Npa as shown in Fig. 7.2. In peripheral collisions the R factors are consistent with
unity for pr > 2GeV/c. However, an enhancement (Raa ~ 1.3) is observed for protons. In
central collisions, at higher pr, all hadrons suffer similar suppression, within uncertainties.
In the intermediate pr range (pr = 2-5 GeV/c), hierarchy in the suppression of particles is
observed where, the protons shows enhancement, 7% are the most suppressed and K*° and
¢ mesons show an intermediate behavior. The similar magnitude in suppression in central

collisions at high pr points to the fact that energy loss occurs at the parton level.
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Figure 7.1: Nuclear modification factor as a function of pr for K2, K*° for centralities (a)
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Results from 7% [87] and ¢ [36] are also shown. The statistical errors are shown by vertical
bars. The systematic uncertainties are shown by boxes. The global p 4+ p uncertainty of ~

10% is not shown.
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Figure 7.3: (Color online) The variation of the Tsallis parameter n, T and dN/dy for charged

pions as a function of v/s. The solid curve represents the parameterization (a + (1/5)*)".

7.2 Theoretical study

7.2.1 Charged pion spectra in p + p collisions

Charged pion transverse momentum spectra for different collisional energies (1/s) and
also for different event multiplicity classes ((Nirqcrs)) (only for LHC energies) are studied
with the Tsallis distribution in p + p collisions. The Tsallis distribution describes the particle
spectra in terms of two parameters - the non-extensivity parameter ¢ and temperature 7'
The parameter ¢ in Tsallis statistics is related to the power n in the pQCD calculations for
particle spectra, as n = 1/(q - 1), which eventually describes the tail of the spectra coming
from hard QCD scatterings. The Tsallis parameters T, n and dN/dy (integrated yield) are
studied as a function of /s and (Nyqers) -

The Tsallis parameters as a function of /s are shown in Fig. 7.3. It is seen that, the
parameter n decreases with the increase in collision energies and starts saturating at LHC
energies. The value of T" decreases gradually from SPS energies to LHC energies. This means
that the contribution from softer processes decreases with the increase in collision energies.
The pr integrated pion yield increases with increasing /s and becomes 10 times while going
from SPS to highest LHC energy. The Tsallis parameters are also obtained as a function of

event multiplicity for all three LHC energies which can be described by the same curve, as
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Figure 7.4: (Color online) The variation of the Tsallis parameter n, T and dN/dy for charged
pions as a function of (Ni.qeks). The variation is shown for 900 GeV by black circles, 2.76

TeV by red squares and 7.00 TeV by green triangles. The dashed curve represents the

parameterization (a + (<Ntracks>)_a)b'

shown in Fig. 7.4. The variation of the parameters n and T as a function of (Ny.qeks) is very
similar to the variation of these parameters as a function of y/s. This behavior illustrates
the fact that, events with higher multiplicity have larger contribution from hard processes.
The value of n for high multiplicity events at 7 TeV is ~ 4 which is depictive of production
from point quark-quark scattering. The py integrated pion yield distribution for the three
LHC energies shows that as the energy increases, more and more high mutliplicity events

are added in the sample with mean of the distribution shifting towards higher multiplicity.

7.2.2 Charged pion spectra in heavy-ion collisions

The transverse momentum spectra of charged pions measured in Au+Au collisions at
Vsny = 200 GeV and Pb+Pb collisions at /syy = 2.76 TeV are analyzed using the
modified Tsallis distribution. All the spectra used in this analysis are well described by
this distribution. The freeze-out temperature are also estimated from the measured particle
multiplicity and the HBT volume of the system.

The parameter g of the modified Tsallis distribution suggests similar thermalization
characteristics for systems at RHIC and LHC energies. The results for the kinetic freeze-

out temperature (7') and the flow velocity (5) extracted from the pion spectra are shown
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in Fig 7.5. The parameter 7" remains flat for all centrality bins except for the peripheral
bin at RHIC energy. The freeze-out temperature at LHC energy is higher than that of at
RHIC energy. The parameter § increases with system size for both of these energies. The
freeze-out temperature are also obtained from the measurements of HBT radii and particle
multiplicity as a function of system size and collision energy. The measured HBT radii
are extrapolated to my = 0.140 GeV/c? to correct for the effect of transverse flow in the
system. Fig. 7.6 (a) shows the freeze-out temperature as a function of system size, obtained
from this method. Fig. 7.6 (b) shows the same as a function of collision energies. The blue
squares show the result obtained using the measured HBT radii and the open circles show
the result obtained using the corrected HBT radii. The freeze-out temperature obtained
from these two methods shows similar trend as a function of system size and as a function

of collision energies.
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APPENDIX A

LRELATIVISTIC KINEMATICS AND THERMODYNAMICS

A.1 Relativistic kinematics

In high energy nuclear collisions, the nuclie travel nearly with the speed of light (c).
Hence, it is convenient to use the kinematics in relativistic limits. In this field, the special
theory of relativity is used for describing the events and results.

Here some of the important and widely used mathematical relations and parameters are
discussed :

e In Special theory of relativity, any event in an interial refernce frame can be described
in4-Das: 2t = (t, z,v9, 2) = (2% 2!, 2%, 23), known as 4-vector. Covariant vectors
are denoted as z* and Contravariant vectors are denoted as x,,. These two are related
as : Ty, = Guw T, gu is known as metric tensor. It has only diagonal elements, the
off-diagonal elements are zero, g,, = diag(1, —1, —1, —1). Also, z* is denoted by (t,
#) and z,, is denoted by (¢, -Z). The scalar product of two 4-vectors is given as,

ar, = 2laxg—alar — 2ty —2day =2 (A.1)

iy, = 2y —aty — 2ty — 2Py =z (A.2)
These scalar products are invariant quantities and often reffered as Lorentz invariant.

e Lorentz transformation: Let an event in an interial reference frame is at © = (¢, z, y,
z) = (29 2, 22, 2%). Let 2/ be a 4-vector in another frame, which is moving with a
velocity v along the X direction with respect to the initial frame. Let 2’ = (¢, 2/, v/,
2') = (2, 2V, ¥, 2¥) be the co-ordinates in the other interial frame. In that case,
these two frames are related as,

o = (2" - pa') (A-3)
= e - pa?) (A1)
¥ = 2 (A.5)
¥ 7’ (A.6)

II



where, § = v/c and v = 1/4/1 — 32, known as Lorentz factor.

e 4-velocity and 4-momentum: To obtain the 4-velocity and hence 4-momentum, proper
time, which is a Lorentz invriant quantity, is defined as,

2=t —2? (A.7)
The 4-velocity is given as,
dz*  dz* dt
= = =~ (1,7 Al
= = g Y (4.8)
The 4-momentum is defined as,
P = mut = my(1,7) (A.9)

Energy-Momentum four vector is also represented as : p* = (E, ps, py, p-) = (0°, p*,
2%, p®) = (p°, p). The invariant mass formula :

P?| = p'py = B2 — pF = m?®. (A.10)

In high energy nuclear collisions, the beams collide with each other along the beam
direction. Generally, the beam direction is taken along Z direction of cartesian co-ordinates.
The particles in beam travel with relativistic speed. Hence, the boost will be along Z
direction with respect to the observers from rest frame. To make life simpler, some quantities
are defined which are boost invariant or they transform in a simple manner with the boosted
frame.

e Transverse momentum and mass : The components of energy-momentum four vector
in a boosted frame (along Z axis) takes the form,

E” = ~(E°—fBp.) (A.11)
Py = Da (A.12)
Py = Dy (A.13)
p. = 7(p. —BE) (A.14)

It is seen that, the transverse component of momentum py = p? + pz, has not changed
due to the Lorentz boost. Same is the case with transverse mass m# = pf + mg, where
my is the rest mass. Hence, these two variables have utmost importance in relativistic
high energy collision.

e Rapidity : This variable is defined as,

1 E Z;Z E Z:Z
=21 =1 Al
y 2 H(E—pz) n( mr ) ( )

This can be understood as a logarithmic measure of longitudinal momentum and total
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energy of particle. Using the relation §, = p,/FE, y takes the form,

y—%ln(Hﬁz) (A.16)

1_674

For low energy limit, it can be shown that y ~ £,. Under Lorentz boost, with a
velocity 8 along Z direction, this variable transforms as,

r_ 1_5
Yy = y+n 7 3 (A.17)

— y = y—tanh 'p (A.18)

The main advantage of using this variable is its additive property under boost along
the beam direction. This variable is useful when comparing the rapidity distributions
of particles in fixed target experiment and collider experiments (discussed later). The
total energy E' and momentum component p, can be expressed interms of y, as,

E = mycoshy, p, = mrsinhy (A.19)
This leads to the relation, tanhy = p,/E.

e Pseudo-Rapidity : Other than rapidity, another important variable in relativistic col-
lision is pseudo-rapidity, denoted by n and defined as,

oo () e

where, 0 is the angle between the beam axis and the direction of emitted particle. For
high energy limit y — 7. This variable is important as it involves single information.
Further, in high energy collisions, it is difficult to obtain the information of total energy
FE and longitudinal momentum p.. Hence, in those places, this variables become quite
handy. It is seen that, for > 0, n is also greater than zero. For § = /2, n = 0. For
0 > m/2, n has negative values.

The particle multiplicity is expressed as a function of rapidity or pseudo-rapidity, dN/dy or
dN/dn.

e Center of mass energy : The center of mass energy is defined as the energy in the

center of momentum frame. The center of momentum frame of a system is the unique
interial frame, in which the total momemtum of the system vanishes. Classically, the
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position (rcay), velocity (vepr) and acceleration (acyy) of center of mass is given as,

—
— TN T3
—
-1 Uy
voyM = —Zilml (A.22)
ar
o = M (A.23)

> imi

In case of center of momentum frame,

pori =Y i =0 (A.24)

When an inelastic collision takes place in a small region and for a small duration of
time, the energy dumped can be used in production of new particles. While working
in high energy regime, it is important to estimate the amount of energy used and
wasted in collision. This can be estimated by working in ‘center of mass’ frame. Let
us consider inelastic collision of two particles A and B, giving rise to two particles C
and D in final state.

A+B—=C+D

Let pa = (Ea, pa), p = (EB, pp) be the four-momentum of A and B, then, in center
of mass frame, py + pp = 0. From Mandelstam variable s, one can find the energy in
center of mass frame for both fixed target experiment and collider experiments.

s = (pA+pB)2

= Py +Dh+2.paps
= (B2 —pi®) + (E% — p3°) + 2.(Ea.Ep — pA.UB)
= m%4 +my +2.(Ea.Ep — pir.vh) (A.25)

— For fized target experiment let B is at rest and pp = 0. Hence, pp = (mg, 0),
s = mi+my+2.(Esmp) (A.26)

— For collider experiments, none of py or pp is zero. Hence,

2 = mi+my+2.(E\Ep — pApB)
= mi +my +2.(EaEp —pa.—pa)
m4 +m% +2.(Ea.Ep + |pAl.lp5]) (A.27)



if my << E4 and mp << Ep, then,

s ~ 2(Ej.Ep+ E4.Ep)
~ 4.E4.FEp (A.28)

If the both the particles participating in the collisions are same i.e. my4 = mg
= mgy, B4 = Ep = E and the rest masses are very small in comparison to the
kinetic energy, then,

for fived target, \/s = V2mE
for collider, \/s = 2F

e Luminosity : The rate of interaction R is proportional to the cross-section (o). The
constant of proportionality is known as Luminosity (L), which is defined as the number
of particles in beam crossing in unit time through an unit area and has the unit of
cm~2 sl

— Fixed target : In case of Fixed target, the reaction rate will depend on both the
beam flux and the target centers. Let ¢ is the flux of the incoming beam i.e.
number of particles (Nyeum) per second. Now, let p be the density of the target
and [ be the target length. The density p can be percieved as, p = Nigrget/V, V
is the volume. Then the reaction rate becomes,

R = pplo

Nar e
= Nbeam tvgtla

_ Nbeam-Ntarget (A29)

area

Hence, the expression for L becomes, L = ¢ pl = Npeam-Niarget/area

— Collider : In case of colliding beams, the reaction depends on the bunches in the
beam, beam cross-sectional area, number of particles in a bunch and number of

bunch crossings per second. For Gaussian beam profile, reaction rate R is given
by,

N1 .No. Ny. f -
dr o, oy

R (A.30)

where N7, N, are the number of particles in bunches in 1 and 2 respectively, f is
the RF frequency which is the bunch crossings per second and Ny, is the number of
bunches. The transverse cross-sectional area of beam is given by 4mo,0,. Hence,
luminosity,
Nip. No. Ny,
L = Ni. No. N f (A.31)

4o, oy
e Integrated luminosity : Integrated Luminosity (L;,) is obtained by integrating the
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Luminosity (L) over a certain time : L;,; = fOT L(t)dt This parameter relates the
number of observed events as : Ly = 0 Neyents

A.2 Thermodynamics

The basic thermodynamical relations are :

e Density operator.

>
Il
N
[

Partition function.

—(H-uN)/T

Z(T,V, i) = Tre~H-1N)/T

Grand Potential

T, V,u) = =TinZ(T,V,u) = E—-TS — uN = —pV

Energy Density

E
v
T
V

orT

Particle Density

e Pressure

Entropy density

T2 9(QT)
vV oaT
d(TinZ)

+ un

OS2

T ou

(A.32)

(A.33)

(A.34)

(A.35)

(A.36)

(A.37)

(A.38)

(A.39)

e Pressure, energy density and number density for non-interacting relativistic bosonic
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gases

P,

€b

np

pidp

pdp T
er/T —1 g%
2
T
=g—T*=3P
T —1 I3

3 ep/T — 1

_ 9 /°° p’dp _ ¢(3)
(27)3 J, e’/T —1 I

(A.40)
(A.41)

T3,¢(3) = 1.202 (A.42)

e Pressure, energy density and number density for non-interacting relativistic fermionic

gases

This can be found in details in

4 < pldp 7P
93(27r)3/ er/T+1 8"
7
8
3
4"

(A.43)

(A.44)

(A.45)

http://web-docs.gsi.de/~andronic/intro_rhic2012/2012_04_phase_AA.pdf
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APPENDIX B

TSALLIS FORMALISMS

In Botzmann-Gibbs statistics, the particle spectrum is given as,
E—- =Cpge , (B.1)

where C'g is the normalization constant, E is the particle energy and T is the temperature
of the system.
In non-extensive statistics (Tsallis), the Boltzmann-Gibbs distribution takes the form

&N B\
E— = 1 —1)—= B.2
o =C(1+a-np)" (B.2)

where C, is the normalization factor. One can use the relation £/ = myp at mid-rapidity and
n=1/(¢q—1) in Eq. B.2 to obtain :

d*N

il
dp3

—C, (1 + %)w (B.3)

where, (), is the normalization factor. Eq. B.3 can be re-written as :

1 d®N —n
= (14 250) (B.4)
2mpr dprdy nT
The value of (), can be obtained by integrating Eq. B.4 over momentum space :
dN/d
== L , (B.5)
Joo (L4 5F) " 2mprdpr
The denominator of Eq.B.5 can be integrated by,
o mT -n
I— (1 —) 2prdpr, B.6
/0 o Tprdpr (B.6)
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putting
mi = pp + m?
2 mr me =2 Pr de

Hence Eq. B.6 becomes,

I = / (1 + @>7 27rdemT,
m nT

Substituting 1 + 2L = x = dmr = dx nT

I = 27rn2T2/ x " (x—1)dx
1+mT/nT
Now,

m - m

[ -y -
" (x—1)dr =
1+mq /nT (2 - n)

Putting the limits and doing some algebra,

(1 + mT/nT)fnJrl
(n—1)(n—2)
[(n—1) (m+nT) — nT (n—2)]

I = 27nT

Hence,
N
o - WN/dy
1
_dN'1 (n-1).(n—2) nT \ "
 dy 27 nT+m(n—1) \nT +m
Then,

d*N BN
E=— = C,.(1+—=
¢ ( +nT)

_dN 1 (n=1).(n—2) (T +mr\ ™"
dy 27 T4+ mn—1) \ nT +m

XI

(B.7)

(B.9)

(B.10)

(B.11)

(B.12)

(B.13)



APPENDIX C

ANALYSIS PLOTS

C.1 Calibration plots for “4+” field configuration

C.1.1 Recalibration plots for emcsdz

The mean and sigma of the uncalibrated distributions of emcsdz as a function of pr are
shown in Fig. C.1 for “4+” field configuration. The calibrated distributions of the same
are shown in Fig. C.2.

C.1.2 Recalibration plots for pc3sd¢

The mean and sigma of the uncalibrated distributions of pc3sd¢ as a function of pr are
shown in Fig. C.3 for “4+” field configuration. The calibrated distributions of the same
are shown in Fig. C.4.

C.1.3 Recalibration plots for pc3sdz

The mean and sigma of the uncalibrated distributions of pe3sdz as a function of pr are
shown in Fig. C.5 for “4+4” field configuration. The calibrated distributions of the same
are shown in Fig. C.6.

C.1.4 Recalibration plots for tofsd¢

The mean and sigma of the uncalibrated distributions of tofsd¢ as a function of py are
shown in Fig. C.7 for “4+4” field configuration. The calibrated distributions of the same
are shown in Fig. C.8.

C.1.5 Recalibration plots for tofsdz

The mean and sigma of the uncalibrated distributions of tofsdz as a function of pr are
shown in Fig. C.9 for “4+" field configuration. The calibrated distributions of the same
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Figure C.7:  The tofsd¢ distributions for “+4” field as a function of py without any
calibration. The left and right plots correspond to the mean and o of tofsd¢ distribution,
respectively. The blue color markers are for the positive particle tracks and the red color
markers are for the negative particle tracks.
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Figure C.8: The tofsd¢ distributions for “++" field as a function of pr after calibration.
The left and right plots correspond to the mean and o of tofsd¢ distribution, respectively.
The blue color markers are for the positive particle tracks and the red color markers are for
the negative particle tracks.
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Figure C.9: The tofsdz distributions for “++” field as a function of pr without any
calibration. The left and right plots correspond to the mean and o of tofsdz distribution,
respectively. The blue color markers are for the positive particle tracks and the red color
markers are for the negative particle tracks.

are shown in Fig. C.10.

C.1.6 Recalibration plots for isK

The mean and sigma of the uncalibrated distributions of isK as a function of pr are
shown in Fig. C.11 for “++4” field configuration. The calibrated distributions of the same
are shown in Fig. C.12.

C.2 Calibration plots for “--” field configuration

C.2.1 Recalibration plots for emcsd¢

The mean and sigma of the uncalibrated distributions of emcsd¢ as a function of pr are
shown in Fig. C.13 for “--” field configuration. The calibrated distributions of the same are
shown in Fig. C.14.

C.2.2 Recalibration plots for emcsdz

The mean and sigma of the uncalibrated distributions of emcsdz as a function of pr are
shown in Fig. C.15 for “--” field configuration. The calibrated distributions of the same are
shown in Fig. C.16.
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Figure C.10: The tofsdz distributions for “+4" field as a function of pr after calibration.
The left and right plots correspond to the mean and o of tofsdz distribution, respectively.
The blue color markers are for the positive particle tracks and the red color markers are for
the negative particle tracks.
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Figure C.11: The isK distributions for “++" field as a function of p;r without any calibra-
tion. The left and right plots correspond to the mean and o of isK distribution, respectively.
The blue color markers are for the positive particle tracks and the red color markers are for
the negative particle tracks.
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Figure C.12: The isK distributions for “++7 field as a function of py after calibration.
The left and right plots correspond to the mean and o of isK distribution, respectively. The
blue color markers are for the positive particle tracks and the red color markers are for the
negative particle tracks.

C.2.3 Recalibration plots for pc3sd¢

The mean and sigma of the uncalibrated distributions of pc3sd¢ as a function of py are
shown in Fig. C.17 for “--” field configuration. The calibrated distributions of the same are
shown in Fig. C.18.

C.2.4 Recalibration plots for pc3sdz

The mean and sigma of the uncalibrated distributions of pc3sdz as a function of py are
shown in Fig. C.19 for “--” field configuration. The calibrated distributions of the same are
shown in Fig. C.20.

C.2.5 Recalibration plots for tofsd¢

The mean and sigma of the uncalibrated distributions of tofsd¢ as a function of pr are
shown in Fig. C.21 for “--” field configuration. The calibrated distributions of the same are
shown in Fig. C.22.

C.2.6 Recalibration plots for tofsdz

The mean and sigma of the uncalibrated distributions of tofsdz as a function of pr are
shown in Fig. C.23 for “--” field configuration. The calibrated distributions of the same are
shown in Fig. C.24.
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Figure C.21:  The tofsd¢ distributions for “--” field as a function of pr without any
calibration. The left and right plots correspond to the mean and o of tofsd¢ distribution,
respectively. The blue color markers are for the positive particle tracks and the red color
markers are for the negative particle tracks.
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Figure C.22: The tofsd¢ distributions for “--” field as a function of py after calibration.
The left and right plots correspond to the mean and o of tofsd¢ distribution, respectively.
The blue color markers are for the positive particle tracks and the red color markers are for
the negative particle tracks.
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Figure C.23: The tofsdz distributions for “--” field as a function of pr without any
calibration. The left and right plots correspond to the mean and o of tofsdz distribution,
respectively. The blue color markers are for the positive particle tracks and the red color
markers are for the negative particle tracks.
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Figure C.24: The tofsdz distributions for “--” field as a function of p after calibration.
The left and right plots correspond to the mean and o of tofsdz distribution, respectively.
The blue color markers are for the positive particle tracks and the red color markers are for
the negative particle tracks.
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Figure C.25: The isK distributions for “--” field as a function of py without any calibration.
The left and right plots correspond to the mean and o of isK distribution, respectively. The
blue color markers are for the positive particle tracks and the red color markers are for the
negative particle tracks.

C.2.7 Recalibration plots for isK

The mean and sigma of the uncalibrated distributions of isK as a function of py are
shown in Fig. C.25 for “--” field configuration. The calibrated distributions of the same are
shown in Fig. C.26.

C.3 Invariant mass plots

C.3.1 Invariant mass plots before background subtraction

The K* meson invariant mass spectra with the correlated (K meson and ¢ meson)
and uncorrelated background contributions for “Kaon Identified”, “Unidentified” and “Full
Identified” techniques are shown in Fig. C.27, Fig. C.28 and Fig. C.29, respectively.

C.3.2 Invariant mass plots after background subtraction

The K*° meson invariant mass spectra after the removal of uncorrelated background
contributions for “Kaon Identified”, “Unidentified” and “Full Identified” techniques are
shown in Fig. C.30, Fig. C.31 and Fig. C.32, respectively.
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Figure C.26: The isK distributions for “--” field as a function of py after calibration. The
left and right plots correspond to the mean and o of isK distribution, respectively. The
blue color markers are for the positive particle tracks and the red color markers are for the
negative particle tracks.
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