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Abstract

The Large Hadron Collider (LHC) at CERN Geneva, Switzerland, attempts to recre-
ate the initial conditions at the begining of our universe. Heavy ions ( Pb3J®) are
accelerated up to 0.999999 of the speed of the light and collided at /syy = 2.76 T'eV
(center of mass energy per nucleon) in order to recreate the initial energy density
(~ 107%s) after the Big Bang. The theory of Quantum Chromo Dynamics (QCD)
predicts the formation of a primordial nuclear matter phase known as Quark Gluon
Plasma (QGP) under these experimental conditions. This dissertation focuses on
studying this QCD medium using data from the ‘A Large Ion Collider Experiment’
(ALICE).

The study of two-dimensional two-particle correlations of emitted charged par-
ticles carries valuable time integrated information of the dynamical QCD medium.
Long-range correlations between particles in angular and momentum space generally
can be attributed to collective behavior, which is not found in a superposition of
elementary collisions. The focus of this thesis is to understand the long-range corre-
lation structure observed in pseudo-rapidity (An) as a function of py and to obtain
better estimates of medium properties of the QGP, such as shear viscosity. The inter-
pretation is based on empirical models describing well-established hydrodynamical
collective flow phenomena and possible novel phenomena related to in-medium par-
ton fragmentation. The flow and Gaussian parameters extracted from the fit model
can be used to constrain medium properties such as the initial gluon density, the

shear viscosity and the partonic energy transport coefficient.
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Chapter 1

Heavy-Ion physics of the LHC

As human beings our ancestors always used to observe the sky and the stars and tried
to find the answer to the most fundamental question “Who are we?”, “And where
do we come from?”. Over thousands of years, they gained knowledge about the
universe, and found it filled with stars, planets, galaxies, clusters and superclusters
etc. The other fundamental question is “What is the universe made of?”. Starting
from basic substances such as water, air, and soil we have now achieved the resolution
to identify quarks and leptons as the basic building blocks of the observable matter
in the universe [1]. The Big Bang theory is the most widely accepted theory in
cosmology [2]. The model offers a comprehensive explanation for a broad range of
observations. Fractions of a millionth of a second after the Big Bang, the universe
was filled with an extremely hot and dense phase made of quarks and gluons. Gluons
are the carriers of the strong force which bind quarks together. At these extreme

conditions quarks and gluon were weakly bound and the medium is termed the



quark-gluon plasma. Scientists at CERN built the Large Hadron Collider in order

to recreate the conditions just after the Big Bang to study the quark-gluon plasma.

1.1 The evolution of the universe

1.1.1 Initial singularity

The Big Bang theory cosmology predicts an absolute beginning of the universe about
13.8 billion years ago, whose beginning prior to the Planck-scale is uncertain. At this
point all the fundamental interactions were a single unified force. This initial state
was followed by inflation and then expansion. The prevailing scientific evidence to
support the Big Bang model is the Cosmic Microwave Background (CMB). The
red-shift measurements further support the picture of an expanding universe. Fur-
thermore, the abundance of light elements, such as Hydrogen and Helium, in the

universe also supports the Big Bang model, as described in Figure 1.1.
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Figure 1.1: Chronology of the universe according to the Big Bang model [166].

1.1.2 Cosmic microwave background

The CMB is the thermal radiation assumed to be remnant of the Big Bang. The
CMB was accidentally discovered in 1964 by two American radio astronomers Penzias
and Wilson [3]. They won the Nobel prize for their discovery. This radiation was
strongest in the microwave range and was detected using radio telescopes. Figure
1.2 shows the measure of temperature anisotropies in CMB based on the Wilkinson

Microwave Anisotropy Probe (WMAP) [178] and Figure 1.3 is the most recent



higher resolution measurement from the Planck spacecraft in 2013 [179].

OLIBRARY

Figure 1.2: WMAP measurement of the temperature in the present-day universe
[178].

Figure 1.3: Planck measurement of the temperature in the present-day universe [179].

The discovery of the CMB was a landmark test of the Big Bang model of the

universe.

1.1.3 Expanding universe

The successive evolution, after cosmic inflation, in the Big Bang model predicts
a constantly expanding universe. The cosmological red shift (Hubble expansion)

provides the strongest evidence for such a model.



Figure 1.4: Cosmological red shift explained [167].

As explained in the Doppler effect, the receiving frequency from a source increases
(tends to higher frequency) when the source is moving towards and decreases when
moving away from the observer. As shown in Figure 1.4, if the light from stars
or galaxies (electromagnetic radiation) received by an observer on earth is shifted
to larger wavelengths, the star or galaxy is moving away from the observer. On
the other hand, blue-shifted frequencies indicate that the source is moving towards
the observer. The observed spectrum from distant galaxies are “red-shifted” and
therefore move away from us. This observation is quantified in the Hubble law,
which states that the recession velocity is a function of distance, implying that the

observed universe is expanding [5].



1.1.4 The evolution of fundamental interactions
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Figure 1.5: The summary of our current understanding of the time evolution of
fundamental interactions.

According to the Big Bang theory, the beginning of our universe occurred around
13.8 billion years ago. Figure 1.5 shows the time evolution of the fundamental in-
teractions. The time up to 10~*3s after the Big Bang is known as the Planck epoch.
During this epoch, all four fundamental forces of nature we observe today were uni-
fied as one force, and quantum effects of gravity were significant. This unstable or
transitory hot dense initial state evolved giving rise to the fundamental forces we
observe today via a process known as symmetry breaking. The symmetry breaking
processes took place successively giving rise to the Grand unification epoch. The
Grand unification epoch (~ 107*s — ~ 1073%s) began when and the gravitational

force separated from the other fundamental forces of nature.



The electroweak epoch followed the Grand unification epoch, and the strong
interaction separated from electroweak interactions. The proposed cosmic inflation
period (107365 — 10732s) also occurred simultaneously, causing a rapid exponential
expansion of the universe. By the end of inflationary era, the volume of entire
universe increased at least by a factor of 10”® while filling the entire universe with

dense and hot quarks, anti quarks and gluons.

The W=, Z° [6] and Higgs bosons [7,8] were produced as a result of interactions
between high energetic particles during the electroweak epoch. The successive ex-
pansion and cooling down of the universe stopped the further creation of W and Z
bosons. The remaining particles decayed before the Quark epoch ( 107!2s — 10755)
when all the fundamental interactions took on their present form. The experimental
verification of the existence of W, Z and Higgs gauge bosons, which describe the
electroweak interaction existed after the inflationary epoch is a milestone of modern

physics.

1.2  Symmetries of Quantum Chromo Dynamics

(QCD)

1.2.1 Symmetries and symmetry-breaking

The property of symmetry is associated with an observable quantity of a system.
Symmetries guarantee that the observed quantity does not change (invariant) under

a specific transformation. According to Noether’s theorem, there is a conserved
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quantity associated with each symmetry of a physical system. For instance, the
conservation of linear momentum arises due to the invariance the of the laws of
physics due to translation in space. The symmetry breaking of the system arises
from critical infinitesimal fluctuations acting on a system. This leads to the system
transforming into a different state i.e. from a disordered state into one of two definite

states.

1.2.2 Spontaneous symmetry-breaking and gauge theory

Spontaneous symmetry breaking keeps the physical laws which govern the system
invariant, but the system itself does not show such behavior. Such phenomena occur
as a result of the system being surrounded by a vacuum. Spontaneous symmetry-
breaking is often parametrized by an order parameter. In Big Bang cosmology, the
underlying transformations between different field configurations result in observable
quantities. As mentioned before, if the observed quantity is invariant under differ-
ent field configurations, then the system preserves the symmetry and we name such
symmetries as gauge symmetries (gauge invariance). In addition, we call such trans-
formations gauge transformations and the corresponding theories as gauge theories.
With the advancement of quantum field theory, scientists recognized that fundamen-
tal interactions of nature are governed by local gauge symmetry constraints. In local
gauge symmetries, transformations can vary from point to point in space and time.
The Lagrangian of the system is invariant under a continuous group of local gauge

transformations.



1.2.3 (Gauge fields and standard model in physics

The Lagrangian of a system has a certain number of degrees of freedom. Gauge
can be attributed to the number of degrees of freedom in a Lagrangian. The gauge
transformation in such a system results in a continuous mathematical group known
as Lie group. This gauge group (or symmetry group) is associated to its group of
generators through group algebra (for Lie group, it’s Lie algebra). Each generator
corresponds to a vector field which is known as the gauge field. The Lagrangian
associates gauge fields to preserve the invariance under local gauge transformations.
The quantized forms of these gauge fields are known as gauge bosons. The gauge
theory is called Abelian or non-Abelian depending on whether the symmetry group
is commuting or non-commuting. The standard model resembles a non-Abelian
gauge theory with the symmetry group U(1)xSU(2)xSU(3), where U(1) represents
an Abelian gauge theory which describes the electromagnetic field(interaction) with
the photon as the gauge boson. SU(2) is a non-Abelian gauge theory describing the
weak interaction with 3 weak bosons. Finally SU(3) is also a non-Abelian gauge
theory describing the strong interaction with 8 gluons as gauge bosons. In this
thesis work, we focus on the SU(3) non-Abelian gauge symmetry group. We study
the strong interaction, and the theory is known as Quantum Chromo Dynamics or
QCD. The following subsections will discuss briefly the strong interaction, and how

it is studied in an experiment.



1.3 Relativistic Heavy-Ion Physics

1.3.1 Probing strong interaction at Large Hadron Collider

(LHC)

The quark epoch occurred approximately (10712s- 107%s) seconds after the Big Bang,
when the preceding electroweak epoch ended as the electroweak interaction separated
into the weak interaction and electromagnetism. Even during the quark epoch the
temperature of the universe was still too high for quarks to be bound into hadrons
(protons and neutrons). Thus the universe was filled with a dense, hot quark-phase,
containing quarks, leptons, and their antiparticles. The fundamental interactions of
electromagnetism, gravitation, the strong interaction and the weak interaction were
in their present form. This energy regime has been achieved with current accelerator
technology at the Relativistic Heavy Ion Collider (RHIC) at Brookhaven National

Lab (BNL) and Large Hadron Collider (LHC) at CERN.

1.3.2 Quark-Gluon Plasma and SU(3) gauge group

Quantum Chromo Dynamics is a SU(3) Yang-Mills theory [9]. In the gauge group
SU(3), quarks are fermions (spin 1/2) and represented as Dirac fields. The quarks
carry color charge which is described in theory as the responsible feature for strong
interaction. In QCD gluons are bosons (spin 1) that carry color charge and are
represented via the adjoint representation 8 of the SU(3) gauge group. Hence, the

strong interaction is described in QCD, as the interaction between quarks and gluons.
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The theory features two special properties describing the interaction between quarks
and gluons. They are known as confinement and asymptotic freedom. The non-
existence of free quarks in nature can be explained via the confinement and the

potential in QCD can simply be modeled as shown by equation 1.1.
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Figure 1.6: Quark confinement.

+ K(r) (1.1)

If we apply forces to pull two quarks apart, the binding force between the quarks
increases linearly (see the animated cartoon in Figure. 1.6 top). If we keep pulling
them apart, the strong field energy between quarks is released (fig.1.6 bottom). The
released energy results in a quark anti-quark pair production. The point is, that
the newly produced quark anti-quark pair is now confined in bound states with the
original quarks. This feature is explained as the confinement of the quarks in the
theory of QCD, and is responsible for generating color neutral hadrons called baryons
( three quark combinations) and mesons (quark anti-quark pair) in nature. Figure

1.7 shows the composition of a proton a (baryon) and a 7% (meson).

The interaction between quarks decreases when they are brought closer together.

This phenomena is known as the asymptotic freedom. This prediction of QCD was
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Figure 1.7: Quarks confined as a color neutral proton (a) and a color neutral 7+
meson (b).

first made in the early 1970s by David Politzer, Frank Wilczek and David Gross and
they won the 2004 Nobel Prize in Physics for their work. This feature of the QCD
theory was the basis for the creation of QGP phase of matter in the laboratory.
Scientists realized that compressing and heating nuclear matter to the maximally
achievable value will overcome confinement and lead to asymptotic freedom in the
heated phase. These conditions can be accomplished by colliding heavy-ions close to
the speed of light. The initial attempts to create a QGP were at the SPS accelerator
at CERN and the AGS at Brookhaven National Laboratory (BNL). The Relativistic
Heavy-lon Collider (RHIC) was then built at BNL to increase the beam energies.
Then, in order to bring the quarks even closer together, scientists at LHC attempted

to generate the highest possible energy density since 2010.

Figure 1.8 above shows the energy density in a nuclear system as a function of
temperature. The sharp rise in the plot signifies a the phase transition behavior
from cold nuclear matter to hot dense QGP. In order to create these conditions,

scientists at LHC collide Pb heavy-ions at \/syny = 2.76 TeV by accelerating them
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Figure 1.8: Lattice predictions for energy density as a function of temperature [10].

up to 99.999999% of the speed of light. Experimental details will be discussed in
second chapter. The remainder of chapter one will discuss the time evolution of a

heavy-ion collision, and important QGP signatures scientists observed at RHIC and

LHC.

1.3.3 The time evolution of a heavy-ion collision

Figure 1.9 shows the final state charged hadrons detected in the TPC and ITS
tracking detectors over 27w azimuth. The figure 1.10 shows the time evolution of a

relativistic heavy-ion collision, which produces these final state hadrons.

Figure 1.10 shows (left) a schematic of colliding nuclei. Due to the Lorentz con-
traction in the beam direction at the relativistic limit, the nuclei look like sheets of

nucleons (pancakes) in the Center of Mass (CM) frame. The collisions of nuclei occur
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Figure 1.9: The charged particle tracks in an Pb-Pb collision at ALICE as seen in the
Time Projection Chamber (TPC, yellow tracks) and Inner Tracking System (ITS,
white tracks).

as high-energy inelastic collisions of individual nucleons. Many partons (quarks and
gluons) are liberated. As a result high a particle density is created in these collisions,
which allows for multiple re-scattering. The initial momentum distribution, which is
along the beam axis, is redistributed. In this inelastic scattering process, the nuclei
leave a significant amount of energy in the CM frame, producing a fireball in the
central region (the region perpendicular to the beam axis). The kinetic energy de-
posited in the system is converted to hadrons via quark, anti-quark pair production.

At this stage, the net baryon density is zero, therefore we call this a transparent

collision.

The rapidity y for a particle with 4-momentum vector is defined as,
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Figure 1.10: Schematic view of the various stages of a heavy-ion collision [180].

1 E+p,
= - 1.2
y Qn(E_pz) (1.2)

where E is the total energy and p, is the momentum along beam direction (z-
direction) in CM the frame. This differs slightly from the definition of rapidity
in special relativity, which uses |P| instead of p,. Pseudorapidity depends only on
the polar angle of the particle’s trajectory, and not on the mass of the particle. At
relativistic speeds, the rapidity can be approximated by pseudo-rapidity 7, which is

widely used in all 2D di-hadron correlation studies.

n = —In(tan(0/2)) (1.3)
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n = -In(tan(6/2))
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Figure 1.11: Left panel: Shows the azimuth angle as defined in the ALICE detector.
Right panel: Shows the angle § with respect to the beam direction which is used to
define the pseudo-rapidity [181].

Assuming thermalization of the medium formed in a collision at the proper time

T at origin (t, z) = (0, 0), the energy density in the central region is calculated

according to Bjorken, [23] as;

1 dE,

e(r) = Ady ly=0 (1.4)

In the equation 1.4, the area perpendicular to the beam direction (z direction)
or transverse area of colliding nuclei is given by A and the transverse energy per
unit of rapidity is given by the derivative term. Considering central collisions at the
Super Proton Synchrotron (SPS) at CERN, by approximating the thermalization at
7 = 1fm/c, the energy density can be calculated by the equation 1.4 as, 3 GeV/fm3.
According to lattice QCD predictions in Figure 1.8 3 GeV/fm? corresponds to a tem-

perature of the order of 210 MeV, which is sufficient to create the QGP. It is likely
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that at the SPS energies the lifetime of the plasma was too short to manifest into
unambiguous signals of a new phase of matter. At RHIC the achievable energy den-

sity according to Bjorken was 1-10 GeV /fm?, which then resulted in more convincing

evidence of the QGP.

Figure 1.12: Time evolution of the collision system. T, T¢, and Ty, denote the critical
temperature, the chemical temperature and the freeze out temperature respectively.

The time evolution of a heavy-ion collision on the light cone is shown in figure
1.12. Two energetic nuclei are traveling along the light cone and collide to create

a multi-parton system. Due to the excess pressure built in the initial multi-parton
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system with respect to the surrounding vacuum, the system expands. When the sys-
tem temperature reaches T, the system will start forming hadrons (hadronization).
Understanding the mechanism of hadronaization is one of the primary goals of the
heavy-ion program. The majority of these hadrons are pions. These hadrons will
further collide inelastically until the measured particle yields are fixed at a certain
temperature. We call this the chemical freeze out (7,,) temperature. The system
further expands via elastic collisions until the particles do not re scatter anymore.
This is called thermal freeze out (7y,) and from here the hadrons will free stream
towards the detectors. The detected hadrons should reveal the conditions inside the

fireball.

1.4 QGP signatures at LHC

1.4.1 The energy lost in the medium

One of the ways to study the medium is to measure the partonic energy-loss in the
system. By stating the analogy to ionization loss of charged particles in ordinary
matter, Bjorken proposed [11], that the collisional energy loss dE/dx of the high en-
ergy quarks and gluons in nuclear collisions should carry information of the medium.
Further studies revealed that the energy loss due to scattering is too small or negli-
gible compared to energy loss due to radiation of the partons in the medium [12-14].

If we have achieved the deconfinement of quarks and gluons, the energy loss can be

18



attributed to the gluon density in the medium [15]. Thus a large energy loss mea-
surement can be treated as an indirect signature of de-confinement of quarks and

gluons.

1.4.2 Suppression of inclusive hadron spectra

In order to study the partonic energy loss of the medium created in relativistic heavy-
ion collisions, we compare between the particle spectra of the systems where we
expect (e.g., heavy-ions) and do not expect medium formation (e.g., p+p collisions).
One direct comparison quantity is known as the nuclear modification factor R4p.
Here we compare the transverse momentum spectra of produced charged particles
in Pb + Pb and p+Pb collisions to p+p reference collisions. In p + p and p +
Pb systems we do not expect the high density medium formation. The nuclear

modification factor is defined as follows.

Opp-d>0 B [dprdn
< Nyin, > .d?oPP /dprdn

RAB(pT) = (1.5)

The numerator d?c4? /dprdn represents the integral yield in the A + B collisions
in a given pr bin, and the denominator d?c??/dprdn is the corresponding p + p
yield. The coefficient < Ny, >/0,, scales the p + p yield by the number of binary
collisions in the Pb 4+ Pb collisions at a given centrality (centrality measures the
impact parameter). In addition to partonic energy loss, the nuclear modification
factor is affected by nuclear effects such as gluon shadowing and soft partonic mul-

tiple scattering in the initial state (Cronin effect). The shadowing will reduce R4p
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measurement, whereas the Cronin effect would increase it.
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Figure 1.13: Measurement of energy loss due to the dense medium in central Pb +
Pb collisions.

The left panel of figure 1.13 shows the R p measurement for the most central
(refer to section 3.3.2) and peripheral Pb 4+ Pb collisions. The dashed line at R4
= 1 signifies the expected ratio if Pb + Pb collisions were only a superposition of
the appropriate number of p + p collisions. As shown by fig 1.13 (left), the Pb
+ Pb charged particle momentum spectrum is significantly suppressed at pr > 2
GeV/c. Tt is also observed that, only weak medium effects (Ra4 = 0.7) are present
in peripheral collisions. In central collisions, R4 drops to a minimum of about
0.14 in this py range of 6-7 GeV/c and rises significantly at higher pr. The right

panel of fig. 1.13 shows the comparison of R44 in central PbPb collisions at LHC

to measurements at /syy = 200 GeV by the PHENIX and STAR experiments at
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RHIC. The measured suppression of high pr particles is stronger than that observed
at lower collision energies at RHIC, which is an indication that a higher energy
density medium is formed in central PbPb collisions at the LHC. Further studies
show that the observed suppression cannot be explained via hadronic interactions
only [16, 17]. Tt requires partonic interactions and radiative and collisional energy

loss in the partonic medium.
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Figure 1.14: The nuclear modification factor of minimum bias p-Pb collisions at
VSnn = 5.02 TeV. The data for |1)ey,.s|<0.3 are compared to measurements [30] in
collisions at /syy= 2.76 TeV. The statistical errors are represented by vertical bars,
the systematic errors by (filled) boxes around data points[26] .

The R p measurement for d + Au data at /syy= 0.2 TeV at RHIC shows no
suppression. The initial enhancement we see of the charged particle spectra in the
pr < 2 GeV/c is explained as Cronin effect [18]. In the p-Pb system the Cronin

effect is much smaller in magnitude and no enhancement is observed within the
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systematics. In order to determine the suppression factor alone, one has to compare
the p+Pb and Pb+Pb spectra in the region where the Cronin effect is insignificant
(i.e. pr >7 GeV/c). The comparison between the suppressions of Pb + Pb and p +
Pb systems (see Figure 1.14) at pr ~8 GeV/c (i.e. analog to comparing with p + p)

reveals a suppression of a factor of 5 between the two systems.
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Figure 1.15: Nuclear modification factor R4 of charged particles in Pb-Pb collisions
at \/Syn= 2.76 TeV at LHC in nine centrality intervals [30 |.

Figure 1.15 shows the centrality evolution of R44 measurement for Pb+Pb sys-
tem. Despite the observed increases of Ra4 for pr < 2GeV/c at all centralities, the
results indicate a strong suppression of charged particle production in Pb+Pb and a

very dense medium formation.
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1.4.3 Jet-like correlations via high py di-hadron azimuthal

correlations

One of the main particle production mechanisms in relativistic heavy-ion collisions
is called jet fragmentation. In this process, collimated groups of energetic hadrons
are formed due to hard scattering of high energy (high pr) partons in the colliding
system. The jets are produced within a cone (see Figure 1.16 ) with axis along the

leading particle (highest pr particle ) in 3- dimensional space.

(

{
7/
Figure 1.16: Fragmentation of a quark anti-quark pair, producing back to back jets.

The leading particles in the jet are back to back (in order to preserve the linear
momentum) in the azimuthal angle ¢ (see Fig 1.16 ). The initial studies at RHIC
energies showed that jets can be used to probe the medium [25]. Though full jet
reconstruction is quite challenging due to complex background, the study of high pr
di-hadron correlations provide an additional insight into partonic energy loss in the

medium.
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Figure 1.17: Relative angle distribution for high py di-hadrons at \/syy = 200 GeV.
Left: p + p, d + Au and central Au 4+ Au collisions. Right: trigger particle in or
out of reaction plane in non-central Au + Au collisions [19].

Figure 1.17 represents the associated yield of hadrons vs. the relative azimuthal

angle:

1 _dN 11
= = [ d(an)N(Aag, A 1.6
Nirigger A(Ag) Ntm’ggerf/ (An)N(An, Ag) (1.6)

where ¢ is the tracking efficiency and Njgee- is the number of leading (trigger)
particles. N(An, A¢) denotes the number of hadron pairs with relative azimuth
A¢ (azimuthal angle difference between the two tracks) and relative pseudo-rapidity
(angle relative to the beam direction) An (see Figure 1.11). The trigger particle is
selected in the momentum range péfig > 4GeV/c . The trigger particle is taken as
the jet axis and particles (associated particles) relative to the jet axis are selected
the momentum range 2 < pr < pty’:ig to form A¢ pairs. The resulting correlation
structure is shown in Figure 1.17 for different systems. Due to the procedure the

correlation technique is known as a triggered correlation analysis.
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In Figure 1.17 left panel, we observe an approximate similarity on the near side
(A¢p =~ 0) for all the systems; p + p, d + Au and Au+Au. The absence of the
away side (A¢ ~ ) correlation in Au + Au compared to the other two systems thus
indicates a strong suppression of the recoiling jet. The selected trigger particle is
likely emitted near the medium surface on the same side and has this traversed less
distance in the medium. On the other hand, the recoiling jet has to go through the
dense medium of the fireball. This geometrical bias plays an important role in high
pr di-hadron azimuthal correlations. The result shown in the right panel of fig 1.17
is from a similar di-hadron analysis based on non central Au + Au collisions. The
reaction plane (fig 1.18 x-z plane) of the nuclear collision has been used to calculate
the in- plane and out of -plane yields. The difference between in-plane and out of
plane(see fig. 1.18) in figure 1.17 is a clear indication of the path length dependence

of the energy loss.

Out-of—glaﬁe

Reaction
plane

Dashed lines: hard
sphere radii of nuclei

Figure 1.18: A typical non central collision of two heavy nuclei. Along the z axis is
the beam direction and x-z is the reaction plane.

The azimuthal correlation approach we discussed so far can be extended into a

two-dimensional (An, A¢) correlation analysis. Fig 1.19 presents the result obtained
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for a two-dimensional correlation analysis for high pr charged hadrons. The top
panel shows p + p data, the bottom is obtained from central Au + Au collisions.
In both cases a jet-like correlation is observed at An , A¢ ~ 0. Correlations on
the away side are also apparent for both cases with a broadening along An. An
additional correlation structure in central Au + Au is observed at (A¢ ~ 0) and

long-ranges in pseudo-rapidity (large An).

Figure 1.19: Two-dimensional (An, A¢) charged dihadron correlation functions from
minimum bias p + p (top) and central Au + Au (bottom) collisions at \/syy = 200
GeV with 3 < pi* < 6GeV/c and 2 < pgoc < pi™f.

It was observed in the early studies, that the long-range An component is uni-
form within the detector acceptance |n| < 1 and is distinguishable from the jet-like
peak. The jet-like correlations structures are similar in central Au + Au and p + p

collisions for high- momentum particles ( ptTMg > 6 GeV/c ) where as low-momentum

(pi*9) particles exhibit medium modified broadening of the jet [25]. The same side
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long-range correlations for soft hadrons (pr < 2GeV/c) were also studied [22]. The
physics behind the long-range correlation structure has not been resolved yet. One
of the goals of my dissertation is to attempt to understand the long-range correlation

phenomena, .

1.4.4 Flow and viscosity: perfect fluid

In non-central heavy-ion collisions the initial volume of the interacting system is
anisotropic in coordinate space (see Figure 1.18). If the system behaves collectively
and can be described by fluid dynamics or multi-parton exchanges, the initial spatial
anisotropy is transferred to momentum anisotropy. The momentum space can be
quantified via a Fourier decomposition and known as flow harmonics v, [61]. Esti-
mation of flow harmonics is carried out with different analysis techniques. In this

thesis work, the method of di-hadron correlations will be used to measure the v, s.

Before the RHIC heavy-ion results, scientists thought that the increase of energy
density would lead to a weakly interacting QGP (similar to ideal gas). Surprisingly,
the RHIC results indicated strong jet quenching effects and flow signals of light and
heavy quarks. In other words, the QGP at RHIC was strongly interacting. In order
to measure the strength of interaction in fluid systems there exists a well-defined
quantity. It is the ratio of the shear viscosity 7 (a measure of the mean free path
of particles) and its entropy density s (measure of the inter-particle distances). The

ratio can be used to characterize how close a given fluid is to being perfect. Studies
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by Son et al. [27] indicated that, there exists a lower viscosity bound n/s > 1/4w
applicable for all quantum systems. The most common examples of very low viscosity
(or near-perfect) fluids which are referred to as superfluids are shown in Figure.1.20.

The viscosity bound (quantum limit = 7/s > 1/47 ) is shown by the red line at the

very bottom.
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Figure 1.20: The shear viscosity to entropy density ratios (1/s) divided by the con-

jectured lower bound as a function of temperature in Kelvins. Shown are curves for
helium, nitrogen and water.

The specific shear viscosity (n/s)gep of the quark-gluon plasma (QGP) can be
extracted from v, data in heavy-ion collisions by comparing them to dynamical

models. These models [104,105] can predict the v, values for a given ( n/s) value.

Figure 1.21 shows the theoretical (based on MC KLN model [29] ) and experi-
mental values for v, as a function of centrality. For RHIC data, (n/s)gep = 0.16
gives a better description for experimental results whereas (17/s)gap = 0.2 describes

the LHC data. In order to measure (1/s) accurately we need both theoretical and
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Figure 1.21: Total charged hadron elliptic flow (vy is the second Fourier harmonics)
as function of centrality (measure of impact parameter or how violent the collision

is) for LHC at \/syy = 2.76 TeV Pb-Pb and RHIC at \/syy = 0.2 TeV Au-Au data
experimental v, values with high precision. In this thesis work, I will attempt to

measure the experimental v,,s (upto higher order vs) with better precision and purity.

1.4.5 Dissertation outline

In the second chapter we introduce the experimental facility, the Large Hadron Col-
lider (LHC) at CERN accelerator complex. All stages of ion acceleration will be
discussed. Next, we explain the ALICE detector and its sub detector components
and their principles of operation in detail. In chapter three we discuss the physics

of the di-hadron correlations. The main part of chapter four describes the di-hadron
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correlation formalism and derives the correlation measurement we apply, while dis-
cussing the relation between fluctuations and correlations. The correction procedure
to the correlation measure and the fitting procedure of the model is also included
in this chapter. Chapter five reports the results from our model studies. In chapter
six we discuss the study of systematic uncertainty estimations and present the final
results. In the final chapter, we summarize and discuss the experimental findings and
implications related to understand the de-confined state of matter and its medium

properties.
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Chapter 2

The ALICE experiment at LHC

In the quest of understanding nature at the smallest scale, accelerators have become
indispensable. Accelerated beams were first produced by Crooks with his cathode
ray tube experiments. At the time, the acceleration of a beam of electrons was
achieved by applying DC voltage. In 1909 Geiger and Marsden, under the super-
vision of Ernest Rutherford, performed the historical gold foil experiment, known
as Rutherford scatting experiment, with beams of « particles. The discoveries from
the Rutherford experiment revolutionized the understanding of the subatomic struc-
ture. Meanwhile Louse De Broglie introduced his “De Broglie Hypothesis”. The
relation A = h/p predicts that highly energetic particles (large momentum p) give
finer resolution (small A\) when probing a target, where h is the Plank’s constant
(6.626068 x 10731Js). Thus, acceleration of particles to higher momentum (or en-
ergy) became an essential task, which was first accomplished by Cockcroft and Wal-

ton (won Noble price for physics in 1951) with their circuit design and generator in
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1932. Due to the limitations of the DC voltage acceleration procedure, the cyclotron
was introduced by Leo Szilard and Ernest Lawrence in 1932. The cyclotron uses an
AC-generated electric field and a static magnetic field to accelerate particle beams.
In order to overcome the limitations of cyclotron operation at relativistic speeds,
synchrotrons were introduced. In a synchrotron accelerator, bending, beam focusing
and acceleration can be separated into different components. Unlike AC-generated
electric fields in cyclotrons, synchrotrons are designed with Radio Frequency (RF)
cavities to accelerate particles. The concept of the synchrotron, laid the founda-
tion to the design of large scale facilities. In order to achieve higher center of mass
(CM) energy systems, collider experiments are being used in modern particle physics
laboratories. Today, the Relativistic heavy-ion Collider (RHIC) at Brookhaven Na-
tional Laboratory (BNL), Upton, New York and the Large Hadron Collider (LHC)
at CERN, Geneva, Switzerland are the most powerful particle accelerators in the

world.

2.1 The Large Hadron Collider - LHC

In the 1990’s the Super Proton Synchrotron (SPS) at CERN and the Alternating
Gradient Synchrotron (AGS) at BNL started a new era in the search for signatures of
the Quark-Gluon Plasma (QGP). In order to search for more signatures of the QGP,
even higher energy densities were required. A new machine called the Relativistic
Heavy-Ion Collider (RHIC) at Brookhaven National Laboratory was completed in

2000 to create such energy densities. Compelling evidence for the existence of the
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QGP was observed at RHIC and turned a new page in heavy-ion physics. Until
the year 2009, RHIC was the most powerful and versatile particle accelerator in the
world. In 2009 the Large Hadronic Collider (LHC) at CERN was commissioned,
reaching even higher (14 times) CM energies. The heavy-ion physics program at
the LHC searches for new physics at the TeV scale while further investigating the

findings of RHIC. Figure 2.1 shows an arial view of the CERN accelerator complex.

Figure 2.1: An arial view of the LHC Accelerator Complex [168]. The locations of
four main experiments ALICE, ATLAS, CMS and LHCDb are also shown
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Brief summary of heavy-ion accelerators

The Table 2.1 presents an overview of ultra-relativistic heavy-ion accelerators. The
table summarizes the last four decades of heavy-ion collision experiments. The col-
lision energy has increased from 2 GeV (1975) to 5.5 TeV(2007) per nucleon in the
CM frame. From 2015 LHC is expected to achieve energies up to 13 TeV. The field
of accelerator technology has achieved tremendous advancements during the span of

four decades.

Table 2.1: History of heavy-ion physics :Experimental facilities.

Experimental Facility

(time period) Laboratory /S04 Type

BEVLAC(1975 - 1986) LBNL 2.0 GeV  Fixed target
S1S(1989 -) GSI 2.4 GeV  Fixed target
AGS(1986 - 1998) BNL 4.8 GeV  Fixed target
SPS(1986 - 2003) CERN 17.3 GeV  Fixed target

RHIC(2000 - ) BNL 200 GeV collider

LHC(2007 -) CERN 5.5 TeV collider
FAIR(2014 - ) GSI 8 GeV  Fixed target

LHC(2015 - ) CERN 13 TeV collider

The Large Hadron Collider is capable of producing both symmetric (p+p or
Pb+Pb) and asymmetric collisions (p+ Pb). Asymmetric collisions are useful for
distinguishing the effects of cold nuclear matter (modification of the initial state in
a nucleus) versus hot nuclear matter (such as a QGP). The following paragraphs

discuss in detail the individual components of the LHC complex.
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Figure 2.2: Perspective view of the LHC complex at CERN. The subsystems PS, SPS,
LEIR, LINAC, Booster and four experiments are also indicated at the interaction
points.

2.2 CERN accelerator complex

Figure 2.2 shows general details of the LHC complex and acceleration procedure. For
example, p+p acceleration begins with Linac 2 and then goes through the Proton
Synchrotron Booster before entering the Proton Synchrotron (PS). After accelerating
through PS, the beam is injected to SPS and finally to LHC. The heavy-ion acceler-
ation begins with Linac 3 and enters the Low Energy Ion Ring. Then the ion beam
enters PS,SPS and LHC successively. In the following subsections, we will discuss

the main acceleration subcomponents at the LHC complex. Those are: LINAC, PS

35

Gran Sasso



Booster, LEIR, PS, SPS, and the LHC.

2.2.1 The linear accelerators at CERN - Linac 2,3

The starting point of the proton beam of the LHC is the linear accelerator 2 (Linac
2) which started its operations in 1978. The Proton source is a bottle of hydrogen
gas at one end of Linac 2. The hydrogen is passed through an electric field to strip off
its electrons, leaving only protons to enter the accelerator. The protons pass through
the cylindrical conductors, which are charged positively and negatively periodically.
The acceleration of protons is caused by the push and the pull from the positively and
negatively charged conductors kept at radio frequency. By the time they reach the
other end of the conductor chain, the protons have reached an energy of 50 MeV and
gained 5% in effective mass. In order to squeeze the beam, small quadrupole magnets
are used. Then the beam is injected into the Proton Synchrotron Booster.The proton
beams are pulsed from the hydrogen bottle for up to 10~%s per pulse. The pulses are
repeated until reaching the required luminosity. Linac 2 will be superseded by Linac

4 in 2017 /18.

Linear accelerator 3 (Linac 3) is the starting point for the ions used in experiments
at CERN. It provides lead ions for the Large Hadron Collider (LHC) and for fixed-
target experiments. Linac 3 was built to provide ions to study the quark gluon
plasma. In the past, linac 3 provided ions to the Proton Synchrotron Booster. It
now injects lead ions into the Low Energy Ion Ring, which prepares them for injection

into the LHC complex. The accelerated Pb ions from Linac 3, are sent through a
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Figure 2.3: The ion source of the linac3: the starting point of the ion beam of LHC

stripping foil to transform Pb to Pb*. Linac 3 uses up about 500 milligrams of

lead per two weeks of operation. Linac 3 is expected to be in use until at least 2022.

2.2.2 The Proton Synchrotron Booster

The Proton Synchrotron Booster is made up of four superimposed synchrotron rings
of 157 m circumference. Figure 2.4 shows a graphical view of the PS Booster which
receives beams of protons from the linear accelerator Linac 2 at 31.4% of the speed
of light and an energy of 50 MeV. The original beam from linac2 is spilt into four
beams and further accelerated to 91.6% of the speed of light and then squeeze into
packets. The packets from four rings (with energy of 1.4 GeV) are recombined and

injected into the Proton Synchrotron (PS).

Before the construction of the Booster in 1972, protons were injected directly
from the linac into the PS. The number of protons the PS could accept was limited

due to the low injection energy of 50 MeV. The Booster has increased the acceptance
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Figure 2.4: A graphical view of the Proton Synchrotron Booster rings.

of PS by two orders of magnitude. Consequently, the beam’s use for experiments has

enhanced significantly.

2.2.3 The Low Energy Ion Ring (LEIR)

The Low Energy Ion Ring (LEIR) receives long pulses of lead ions from Linac 3,
then transforms them into the dense, short bunches for injection to PS, SPS and
finally the Large Hadron Collider. LEIR splits each long pulse from Linac 3 into
four shorter bunches, each containing 2.2 x 10® lead ions. The LEIR accelerates the
bunches (with charge Pb***) from 4.2 MeV to 72 MeV in 2.5 seconds. Then the ions
are at an optimal energy to be injected to the Proton Synchrotron (PS). The LHC
uses 592 bunches (each bunch with 9 x 107 lead ions ) of ions per beam, so it takes
around 10 minutes for LEIR to provide enough for a complete fill. In 2006 and 2007

LEIR was being used to re-commission the PS and SPS to handle ions. Finally, in
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Figure 2.5: The Low Energy Ion Ring facility at CERN

November 2010, the Low Energy Ion Ring provided the lead ion beam for LHC for

the first time.

2.2.4 The Proton Synchrotron (PS)

The Proton Synchrotron (PS) is a key accelerator in CERN’s accelerator complex.
Despite the name, the Proton Synchrotron is capable of accelerating heavy-ions
from the Low Energy Ton Ring (LEIR) and protons delivered by the Proton Syn-
chrotron Booster. Figure 2.6 shows the schematic view of the Proton Synchrotron.
With a circumference of 628 meters, the PS is composed of 277 conventional (room-
temperature) electromagnets, including 100 dipoles to bend the beams around the
ring. The ion beam from LEIR is accelerated to 5.9 GeV and proton beams from

PS Booster (entering with 1.4 GeV) are accelerated up to 25 GeV. After extraction
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Figure 2.6: The schematic view of Proton Synchrotron

from the PS, the Pb®** beam is fully stripped to Pb®?* by using a 0.8 mm aluminum
foil.

The PS first accelerated protons in 1959, becoming the world’s highest energy
particle accelerator for a short period time. The PS was CERNSs first synchrotron
and was its flagship accelerator. The introduction of new accelerators in the 1970s
changed the role of the PS, which became to supply particles to the new machines.
Over five decades, it has undergone many upgrades and modifications. The intensity
of its proton beam has increased by three orders of magnitude. Since 1959, the PS
has accelerated many different kinds of particles for experiments or passed to more
powerful accelerators (SPS), such as protons, alpha particles, oxygen,sulphur nuclei,
electrons, positrons and antiprotons. Furthermore, the PS provides beams to test

detector prototypes for future detector upgrade projects.
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2.2.5 Super Proton Synchrotron (SPS)

Figure 2.7: Inside the Super Proton Synchrotron tunnel

The Super Proton Synchrotron (SPS) is the second-largest accelerator in the
CERN complex. Measuring 6.9 kilometers in circumference, SPS takes particles
from the Proton Synchrotron and accelerates them to provide beams for the Large
Hadron Collider and other smaller scale experiments. It has 1317 conventional (non-
superconducting) electromagnets, including 744 dipoles to bend the beams around
the ring. The SPS accelerates proton beams from 25 GeV to 450 GeV (99.9998% of

the speed of light) and lead beams from 5.9 GeV to 177 GeV.

When the SPS was commissioned in 1976, it became the workhorse for the particle
physics program at CERN. The Nobel Prize-winning discovery of W and Z particles in
1983 was the major highlight (1983) of the SPS while running as a proton-antiproton
collider. The accelerator has also handled many different types of particles pre-

accelerated through the PS.
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2.2.6 The Large Hadron Collider

Figure 2.8: The accelerator ring of Large Hadron Collider

The Large Hadron Collider (LHC) is the largest and most technologically ad-
vanced particle accelerator in the world. It first started up on 10 September 2008,
and remains the latest addition to CERNs accelerator complex. The LHC consists of
a 27-kilometer ring of superconducting magnets with Radio Frequency (RF) cavities

to boost the energy and storage of the particles along the way.

The LHC is not a perfect circle. It consists of eight arcs and eight insertions.

Figure 2.9 shows the layout of the LHC, the LHC tunnel is made 100 m underground
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and consists of eight 545 m-long straight sections, and eight 2.45 km-long arcs. Each
arc section, contains 154 dipole magnets for bending the beam. The LHC is also
equipped with 392 quadrupole magnets to focus the beams. The exact layout of
each straight section depends on the specific use of that section, e.g., for physics
experiments. Figure 2.10 shows the design of cryogenic dipole magnet and the figure

2.11 shows the testing if the modules before installing at the LHC tunnel.

TOTEM

CMS

RF : :
cavities DUMP

Cleaning Cleaning

Figure 2.9: The LHC layout: The arc sections and the straight sections

The LHC design consists of two independent beams which travel at 99.9999% of
the speed of light in clockwise and counterclockwise directions in separate beam pipes
kept at ultrahigh vacuum. A vacuum of 107% atm is maintained in the beam pipes

in order to avoid interactions between the gas molecules and relativistically moving

43



helium-ll
vessel

beam pipe heat exchanger pipe

superconducting coils

vacuum
vessel

spool piece
superconducting
bus bar

iron yoke

quadrupole )
non-magnetic

collars
radiation screen

thermal shield

auxiliary
bus-bar tube

instrumentation

/
protection diode feed-throughs

Figure 2.10: The cryodipole magnets of the LHC [182]

ions. In the curved sections, dipole magnets steer the ion beam along the curvature
of the pipes. In the straight sections, quadrupole magnets guide the beam along
the beam axis. All the magnets in the LHC are superconducting electromagnets.
They are cooled by superfluid helium to maintain an operational temperature of 1.9
K which is even colder than outer space (2.7 K). Radio Frequency (RF) cavities
with 400 MHz frequency located in the straight sections of the rings generate a high
frequency electromagnetic field, which is used either to accelerate or to store the
bunches of particles at each pass around the ring. In the middle of each straight
section is an intersection region where the beam pipes cross, allowing the particle
beams to collide. Just prior to collision, another type of magnet is used to ”squeeze”

the particles closer together to increase the chances of collisions. At these intersection
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points, the experiments (ALICE, ATLAS, CMS and LHCD) are located. Table 2.2

lists important parameters for the LHC.

Figure 2.11: The cryodipole magnets testing before the installation at LHC
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Table 2.2: Important LHC parameters

parameter name value
Circumference 26 659 m
Dipole operating temperature 19 K
Number of magnets 9593
Number of main dipoles 1232
Number of main quadrupoles 392
Number of RF cavities 8 per beam
Nominal energy, protons 7 TeV
Nominal energy, ions 2.76 TeV
Peak magnetic dipole field 833 T
Min. distance between bunches ~7 m
No. of bunches per proton beam 2808
No. of protons per bunch (at start) 1.1x10"
Number of turns per second 11245

Design luminosity

Number of collisions per second

1x10%* em=2 ¢!

600 million
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2.2.7 Experiments at LHC

In this section the other main experiments at the LHC will be introduced briefly.
The ALICE experiment will be discussed in section 2.3 in detail including all relevent

sub detector components.

CMS experiment

Crystal calorimeter

Forward hadron
calorimeter

Superconducting
i solenoid magnet

Rv { ’7‘ el
“=..0One of the 15

Hadron Muon
calorimeter chambers cfetector sections

Figure 2.12: A schematic view of CMS detector at CERN [182].

The Compact Muon Solenoid (CMS) is a general-purpose detector at the Large
Hadron Collider (LHC). It is designed to investigate a wide range of physics, including

the search for the Higgs boson, extra dimensions, and particles that could make up
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dark matter. Although it has similar scientific goals as the ATLAS experiment, it
uses a quite different detector design. The Nobel prize winning discovery of the Higgs
boson in 2013 was the major highlight of the CMS experiment. ATLAS confirmed

the results, and the final results were reported together.

Figure 2.13: CMS detector under construction

CMS is the second largest detector built for the LHC. The detector is 21 meters
long, 15 meters wide, 15 meters high and weights 12,500 tons. The CMS detector is
built inside a huge solenoid magnet, which generates a magnetic field of 4 T. Figure

2.13 shows the CMS detector in the underground cavern before the final assembly.

ATLAS experiment

A Toroidal LHC Apparatus (ATLAS) is the other general-purpose detectors at LHC.

And it is the largest particle detector ever built. It also investigates a wide range of
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Figure 2.14: A schematic diagram of the ATLAS detector [35].

physics. The search for the Higgs boson was a primary physics goal of the ATLAS
collaboration. In addition, searches for existence of extra dimensions and particles
that could make up dark matter will be conducted. As of today, ATLAS experiment
has confirmed the existence of the Higgs boson, which enhanced the validity of the
standard model. Figure 2.14 shows the gigantic ATLAS detector. It is 46 m long,

25 m diameter and weighting 7000 tons.

Figure 2.15: ATLAS detector under construction [35]
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LHCDb experiment

The Large Hadron Collider beauty (LHCb) experiment specializes in investigating
the Matter-Antimatter asymmetry of the universe. The design of the LHCb detector
uses a series of sub detectors to detect mainly forward particles whereas, ATLAS
LALICE and CMS are designed to capture the complete azimuth of 27 with the col-
lision point entirely enclosed. Figure 2.16 shows the graphical and schematic view of

the LHCb detector.

Figure 2.16: The LHCb detector design [182].
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2.3 The ALICE experiment

A Large Ion Collider Experiment (ALICE) is the dedicated heavy-ion experiment to
study the Quark Gluon Plasma at the LHC. Its detector components can be classified
into three categories, namely tracking devices, calorimeters and particle identification
devices. In this thesis work the most important sub detector components are the

tracking devices.

ACORDE
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DIPOLE
MAGNET,
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Figure 2.17: The A Large Ion Collider Experiment [183].

In the following section we discuss the ALICE tracking devices in detail. Then

the calorimeters and Particle Identification (PID) devices will be introduced briefly.
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2.3.1 ALICE TPC - The main tracking detector in ALICE

The Time-Projection Chamber (TPC) [29,30] is one of the most important sub sys-
tems in ALICE. It is also the main tracking device in ALICE, and the largest TPC
ever constructed for a particle detector. The time-projection chamber has a cylin-
drical shape and is separated in two volumes by a central cathode (see Fig. 2.18). It
is 5 m long (the length alongside the beam direction) and has an innermost radius
of 0.85 m and outermost radius of 2.50 m. Multi-wire proportional chambers with
(MWPC) cathode pad readout are mounted at each end plate into 18 trapezoidal

sectors covering the complete azimuth of 27 .

Figure 2.18: Time-Projection Chamber of ALICE [183].

The TPC is a gaseous detector filled with a 90 m?® gas mixture of Ne/COy/Ny
(90/10/5), which is kept slightly above atmospheric pressure to prevent the entering
of the atmospheric gases to the active TPC volume. The TPC gas is being ionized

by the traversing charged particles, after which the liberated electrons drift towards
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the end plates. The drift time (z coordinate) information together with the position
of the electron cloud at the end plates (x,y coordinate) can be used to determine the

3D space points along the trajectories of charged particles.

Due to the presence of a 0.5 T magnetic field, a charged particle traversing the
chamber follows a helical path. The traversing charged particle ionizes nearby atoms
and liberated electrons drift towards the nearest end of the chamber at ~ 2.7 cm/us
under the influence of a 400 V/cm electric field between the central high voltage
electrode and end caps of the TPC. The cathode captures positive ions at the center
while the clouds of electron drift towards the end cap. The positive ions are be-
ing neutralized at the central cathode plane. A Multi-wire Proportional Chamber
(MWPC) near the end caps amplifies the electron clouds, before the electrons meet
a gating grid at the end of the drift region. Beyond the gating grid, lies a propor-
tional region, as shown in figure 2.19. If an event needs to be recorded based on the

triggering criteria, the gating grid is opened (see fig. 2.19 right).
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Figure 2.19: The MWPC gating procedure

The TPC pads (with Front End Cards FEC ) are laid out in trapezoidal sectors

53



that cover 20° in azimuth. There are 18 sectors mounted on the East and West ends
of the TPC. Each sector contains inner (848 < r <1321 mm) and outer (1346 < r <
2466 mm) readout chambers. In order to improve the two track resolution the inner
sector pads are made smaller. The inner readout chamber has 63 rows containing a
total of 5504 pads and the outer chamber has 96 rows with 9984 pads. Based on the
trigger selection the drifting charge is taken as the signal. The charge collected on
the TPC pads is amplified and integrated by a low-input impedance amplifier circuit
and digitized.The recorded x, y, z position is known as a hit. After applying further
corrections to the inhomogeneities of the electric and magnetic fields, we proceed to

the track reconstruction phase.

Track reconstruction is done in two stages. In the first stage, regions of ionization
are localized within the same pad row and recorded as the center of gravity of the
charge distribution. The final outcome of this stage is a set of space points, where
the drift of electrons is initiated. In the next stage, a set of points due to a single
particle trajectory has to be identified. Then the points are combined to form tracks.
Since the charged particles move in a solenoidal magnetic field, tracks are fitted
using a helical path. The curvature of the helix in the transverse plane (x,y) is
used to calculate the momentum of the charged particles. Therefore the momentum

resolution directly depends on the spatial resolution of the TPC.
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Figure 2.20: A reconstructed event display for a single Pb-Pb collision (left) and the
energy loss distribution for primary and secondary particles in the TPC as a function
of the momentum of the primary particle (right ) [48].

The TPC can also be used for particle identification. As described by the Bethe-
Bloch formula (Eq. 2.1.), a TPC can measure the specific energy loss of charged
particles in a medium. The only particle properties entering the formula are its
charge z and the velocity 8 of the particle traversing the TPC gas. The medium
related drift gas properties are atomic number Z, mass number A, specic ionization
I and density p. E); is the maximum energy transfer in one interaction. The charge
e and mass m of the electron, the speed of light ¢ and the Avogadro number N4
enter into the Bethe-Bloch formula as described in [47]. As most of the particles
seen by the TPC carry a single unit charge e, the ionization is simply a function of
the velocity 8 of the particle. Figure 2.20 shows the specic energy loss for different

particle species.

Due to the drift time in the TPC which is about 90 ps, the maximum luminosity

which ALICE can handle is limited. For Pb4+Pb The TPC was designed to cope
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with a large number of particles per event in Pb-Pb collisions. In the most central
collisions, it was designed to cope with reach about 20,000 primary and secondary
particles. The TPC is capable of detecting the particles in the transverse momentum
range 0.15 < pr <100 GeV/c. The transverse momentum resolution is around 6%
for pr < 20 GeV/c in central Pb-Pb collisions, and around 4.5% for pr < 20 GeV/c
in p-p collisions [29]. The TPC has a pseudo rapidity coverage of |n| <0.9 if only the

tracks with maximum radial track length are being considered.

2.3.2 The Inner Tracking System (ITS)

( Strip ) ( Drift ) ( Pixel )

Figure 2.21: The schematics of inner tracking system in ALICE [183]

The Inner Tracking System (ITS) is the innermost set of tracking detectors and
the main design goal of the ITS is to locate the collision vertex with maximum
accuracy (better than 100 um spatial resolution). The ITS consists of six layers of
silicon detectors, arranged in three pairs of layers. As shown in Figure 2.21, each of
these sub detector double layers is different from each other and designed to cope

with the rapid change in particle density as a function of radius. In order to keep
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the channel occupancy low, detectors are designed with very high granularity.

As shown in Fig. 2.21 the innermost two silicon layers are made of Silicon Pixel
Detector (SPD) and the third and fourth layer consist of Silicon Drift Detectors
(SDD), and the outermost two layers are Silicon Strip Detectors (SSD). The ITS
is inserted inside the TPC. With a diameter of 6 cm, the beam pipe provides the
lower physical boundary for the SPD. Transverse momentum is covered within the
range 0.1 < pr <3 GeV/c with a resolution of (<2% for pions) [29]. In the high
momentum region (for pr >3 GeV/c), I'TS still can be used to improve the transverse
momentum resolution of the tracks which traverse the TPC. The ITS coverage in

pseudo-rapidity is |n| <0.9, over the full azimuth (27).

Any charged particles traversing through the dead zones of the TPC and low pr
particles which do not read the TPC, can be reconstructed with the ITS alone. The
ITS is also capable of particle identification via dF/dx using its (SDD) and (SSD)
layers. In addition, the innermost SPD layer is being used as a centrality estimator

and an online trigger.

2.3.3 VZERO detectores

The VZERO is a forward detector [29,33] which consists of two separate arrays of
scintillator counters, VOA and VOC.The VO counters are placed on opposite sides of
the central barrel detectors along the beam line (see Figure 2.22). VOA and VOC are
placed asymmetrically with respect to the interaction point: VOA is located 340 cm

from the interaction point , while VOC is placed 90 ¢m from the interaction point on
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the opposite side from VOA. Due to this asymmetry, VOA and VOC have different
pseudo-rapidity coverages. VOA covers the pseudo-rapidity range 2.8 < n < 5.1,
while VOC covers -3.7 < n < -1.7. Each set of VZERO arrays contains 32 elementary

counters arranged in 4 rings and 8 sectors of w/4 (see Figure 2.22).

Figure 2.22: The VZERO detector layout with VOA and VOC [183].

The VZERO detector serves various purposes within the ALICE experiment. It
provides several online triggers, namely: Minimum Bias trigger (MB), Multiplicity
Trigger (MT), semi-Central Trigger (CT1) and Central Trigger (CT2). The VZERO
detector is also utilized for centrality determination, with a resolution of about 0.5%
of the centrality bin width in the most central collisions, and a resolution of better

than 2% of the centrality bin width for peripheral collisions [84].
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2.3.4 Summary of other sub detectors

Time-of-Flight Detector (TOF)

Particle identification using dF/dx gives (see Figure 2.20 right panel with TPC)
relatively poor hadron separation in momentum range pr =1- 2.5 GeV/c. Thus the

task of TOF is to a better PID resolution in that range.

p (GeV/c)

Figure 2.23: 18 sectors of the TOF system from the front view of the ALICE detec-
tor(left) and its PID capabilities(right panel) [183].

The TOF detector occupies the central interaction region of ALICE, covering
In| < 0.9 with full coverage in ¢. The detector has an innermost radius of 370
cm and an outermost radius of 399 cm. It is divided into 18 azimuthal sectors
and five modules of three different types are grouped in a line to form one sector.
Each TOF module consists of a gas region which contains Multi-gap Resistive Plate
Chambers (MRPC). These measure the time-of-flight of hadrons. The main aspect
of the MRPC technology is to keep a high electric field uniform over the whole

sensitive gaseous volume of the detector. Unlike in the TPC which uses atmospheric
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pressurized gas, any ionization produced by a charged particle traversing the TOF
detector will immediately start a gas avalanche which eventually generates a faster
signal in the readouts. The basic unit is a MRPC pad of size 3.5 x 2.5 cm?. The
pads are organized in large modules and a full barrel has 18 (in r¢) x 5 (along z)
modules, covering an active area of ~ 140m? . The MRPC resolution is measured to

be in the 45—60 ps range, with an efficiency over 99%.

High-Momentum Particle Identification Detector (HMPID)

The High-Momentum Particle IDentification (HMPID) system pushes the PID ca-
pabilities of ALICE to a higher momentum range than possible by the energy loss
measurements from ITS, TPC, and by the TOF. The HMPID detector is designed
to extend the useful range for identification of ratios such as ¢/K up to 3 GeV/c and
K/p up to 5 GeV/c, on a track-by-track basis. A Ring Imaging Cherenkov detector
(RICH) is used in the HMPID detector, which is placed at a distance of 4.5 m from
the beam axis and consists of seven modules, each with an area of 1.5 x 1.5 m?. It
uses a liquid C,4Fy4 radiator and a multi-wire proportional counter (MWPC). The
photo-cathode is a thin layer of Csl coated onto the pad plane. Figure 2.24 shows

the schematics of the RICH operation.

The Cherenkov photons refract out of the liquid radiator and reach the Csl-coated
pad cathode located at a distance (proximity gap) chosen to reduce the geometrical

aberration of the Cherenkov angle measurement. This proximity gap is filled with
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Figure 2.24: The working principle of RICH (left panel) and its PID capabilities
(right) [183].

CHy, and electrons released by ionizing particles in this gap, are prevented from
entering the MWPC sensitive volume by a positive polarization of the collection

electrode positioned close to the radiator.

Zero-Degree Calorimeter (ZDC)

The Zero-Degree Calorimeter measures forward energy, which is inferred to corre-
spond to the number of neutrons from spectators. Thus, the measure provides an-
other tool to estimate the centrality of collision. The number of participant nucleons
is estimated as Np,t= A- Ngpecrators, Where A is the total number of nucleons in the
nucleus (or the mass number). The ZDC is located 116 c¢cm from the beam interac-
tion point. This distance allows spectator protons and neutrons to be separated by
the magnetic elements of the collider ring. The ZDC consists of three calorimeters.

Two of them are hadronic, the ZN (which measures neutrons) and the ZP (which
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measures protons) calorimeters. The third is an electromagnetic calorimeter ZEM

(which measures the total energy ).

Transition-Radiation Detector(TRD)

The Transition-Radiation Detector is located at a radius of 2.9 m, between the TPC
and TOF detectors. It is the main detector for electron identification and consists
of six layers of radiator foil stacks followed by Time Expansion Chambers filled with
Xe/COy gas. It uses the photons emitted via transition radiation to distinguish

particles of different masses.

Forward Multiplicity Detector (FMD)

The FMD is a forward detector composed of 5 rings of semiconductor detectors.
The design consideration was to detect the multiplicity of charged particles emitted
at forward rapidities (1.7< |n| <5.1). The FMD is also used to study multiplicity

fluctuations and elliptic flow.

The Electromagnetic Calorimeter (EMCal)

Calorimeters are devices that measure the energy of particles by stopping them and
measuring the amount of energy released. Calorimeters provide the main way to
identify neutral particles such as photons and neutrons, which are not visible in

tracking devices. The EMCAL, is located outside of the TOF detector and covers
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the pseudo rapidity of || < 0.7 region and azimuth of 107°. The EMCAL identifies
particles using the electromagnetic showers they trigger in scintillators. Using the cell
locations and energy deposited in each cell, shower shapes can be reconstructed and

analyzed. It can also be used for jet energy reconstruction and jet events triggering.

2.3.5 ALICE trigger

The process of selecting particular collisions (events) is known as triggering and is
useful for collecting rare or specific events without the need for recording vast quan-
tities of unwanted data. The ALICE Central Trigger Processor (CTP) is designed
to select events of different features at rates which can be scaled down to suit data
recording requirements. The restrictions imposed by the bandwidth of the Data Ac-
quisition (DAQ) system and the High-Level Trigger (HLT) has also to be taken into
account when selecting trigger criteria. The challenge for the ALICE trigger is to
make optimize the use of the detector components. Trigger selections are optimized
for several different running modes: ion (Pb-Pb and several lighter species), pA, and
pp, and the corresponding counting rates vary by almost two orders of magnitude.
The first response from the trigger system has to be fast to suit the detector re-
quirements. Three levels of hardware trigger are used in ALICE, called Level 0 (LO0),
Level 1 (L1) and Level 2 (I.2). The first two triggers are fast triggers. The L0 trigger
is sent to the relevant detectors to instruct them to start the readout, while the
L1 trigger instruct them to either continue proceeding with the readout, or discard
the event. The necessity for the existence of two triggers arises from the different

speed of trigger input detectors and the necessity for some readout detectors (that
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is, detectors on the receiving end of the trigger) to start processing the event early.
The LO trigger is sent 1.2us after the event, while the L1 trigger is sent 6.5 us later
and is based on detectors that are too slow to participate in the LO decision. The
L2 trigger is of a different nature. It is sent after a much longer time has passed
since the collision (~ 88us) and serves the role of past-future protection. It sends
the signal that the event has been rejected or accepted based on the presence or ab-
sence of pile-up, (i.e., multiple collisions registered as a single event by the readout

detectors).

2.3.6 ALICE Online systems

The ALICE experiment contains five online systems, Data Acquisition (DAQ), High-
Level Trigger (HLT'), Detector Control System (DCS), Experiment Control System
(ECS) and the CTP. The purpose of the DAQ system is to collect the data readout
from the detectors, process it and archive it. It is designed to provide the bandwidth
required for the large data size of frequent Pb-Pb trigger (minbias, central or mid-
central events), as well as collecting the highest possible event count for rare triggers.
The data transfer between the detector readout systems and the DAQ is carried out
by Detector Data Links (DDL). The front-end electronics (Local Data Concentrators,
LDCs) assemble this data into sub-events and ship them to a farm of machines
called Global Data Collectors (GDCs), which collect the sub-events into a whole
event before eventually sending them to the storage network. The DAQ is also able
to send BUSY signals to the CTP, as well as enable (or disable) some triggers to

maximize detector availability of rare events.
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2.3.7 ALICE analysis framework

The analysis presented in this thesis performed by software code in the ROOT|[74]
and AlIROOT framework. ROOT is an object-oriented software toolkit which in-
cludes a set of statistical analysis libraries, a C interpreter and a GUL. ROOT is
widely used in the field of high-energy physics. It is written in C++ with an in-
terface to FORTRAN. ROOT stores analysis data structures in objects equipped
with methods appropriate for the convenient treatment of these data structures and
extraction of parameters. It includes mathematical libraries for integration, Fourier
transform, minimization and fitting, and many other complex operations. ROOT
is also equipped with a powerful graphing tool for the display of its data structures
which has been used for many of the figures presented in this thesis. The ALICE ex-
periment developed a specialized ROOT version called AlIROOT. The core analysis
functionalities are based on the processing of events stored in 3 types of data struc-
tures, called MC (for events created by Monte Carlo simulations), Event Summary
Data (ESD) and Analysis Object Data (AOD). The ESD format is the result of the
event reconstruction process (i.e. tracking, etc.) and contains all the data produced
by that process. It includes a header containing general event and run information
such as run number, magnetic field configuration, trigger information, reconstruction
software version, various collision vertex and centrality estimations, multiplicity, etc.
It also contains the complete arrays of tracks, VO vertices and clusters found in all
the detectors. The AOD format is obtained by filtering ESD events and selecting
specific tracks, vertices and clusters. In this thesis work data files using the AOD

format are used. CERN provides for the LHC users a distributed computing network
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called the Grid. It is based on a collaboration of computing centers located in many
places around the world (statistics can be found on the Grid status page found in
[69]). Each computing center provides data storage, which, when taken globally,
can host the 15 yearly petabytes of data produced by the LHC. These centers also
provide computing power for analysis tasks. The UH computer cluster (TLC?) is
an ALICE grid point and actively participates in the grid computing. The ALICE
Environment software (AliEn) provides an interface to the Grid for ALICE users,
including various routines and shell environments to browse the data stored on the
Grid and manage them. Individuals and groups in the ALICE collaboration write
their own codes to analyze data and submit the analysis task jobs to the computing
grid via AliEn. The job dispatcher in AliEn, divides the jobs into smaller sub jobs

which can be executed within short periods of time.

66



Chapter 3

Physics of correlation functions

3.1 Physics of di-hadron correlations

In this chapter, physics conclusions that can be drawn from analyzing di-hadron
correlations will be discussed. If the system created in a heavy-ion collision is homo-
geneous, static, and isotropic, then one could expect a uniform correlation structure
in di-hadron correlations (see Figure 3.1). In this case, each particle produced will
have an equal probability to be emitted in any direction. One can expect partic-
ular correlation structures due to known physical processes in high-energy nuclear
physics. We model these processes into two categories; flow and non-flow. Then we

use a fit model to extract parameters characterizing the flow and non-flow.
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Figure 3.1: Left: A stationery isotropic homogeneous system. Right: Corresponding
correlation structure in Anp — Ag.

3.1.1 Away-side momentum conservation

In chapter one, jet-like correlations were discussed. For a near side trigger parton,
there exists a back to back recoil associated partner which is 180° opposite in az-
imuth. Since in p+p collisions we do not observe a medium formation, this associated
parton on the away-side fragments similarly to the trigger parton. This requires an-
other term to model the correlation structure on the away side as well (see Figure

3.5).

In relativistic heavy-ion collisions, the associated particles on the away-side un-
dergo medium interactions (see Figure 3.2 middle). In azimuthal correlations, studies
show that an enhanced yield with a broader away-side (compared to the near side
width) peak occurs for low momentum particles. Regarding high pr particles, a rela-
tively strong depleted yield occurs [19]. As we discussed in section 1.4, this indicates
that our recoil jet interacts with a medium, loses energy and changes its scatter

direction in ¢. One can characterize the away-side momentum conservation using a
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Figure 3.2: A schematic of hard-parton scattering in p + p(left) and heavy-ion
(center) collisions. In p + p the associated partner does not traverse a medium
whereas in heavy-ion system it does. The corresponding correlation structure is
shown on right.

-cos(A¢) component in the fit function as shown in Figure 3.2. This term models
both global and local momentum conservation phenomena in such collisions. It is
also important to note that, the first term in a Fourier expansion (which will be
discussed next) of the angular distribution, known as dipolar asymmetry [62 - 68],
takes the same mathematical form as the above mentioned away-side momentum
conservation [163]. Here we have not made any attempts to separate the momen-

tum conservation and dipolar asymmetry correlation phenomena from the extracted

-cos(A¢) model component.

3.2 Anisotropic Flow

3.2.1 Elliptic flow

In non-central heavy-ion collisions, the initial volume of the colliding system is

anisotropic in coordinate space. It can be described by an almond shape. If the
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Figure 3.3: Left top: A mid-central heavy-ion collision in coordinate space has an
almond shape. Right top: The initial coordinate space anisotropy is converted in to
a momentum space anisotropy due to the collective nature of the medium. bottom:
The momentum space anisotropy can be Fourier decomposed.

system behaves collectively, this initial coordinate space anisotropy is converted into
a momentum space anisotropy for all measured final state charged hadrons. The
strength of the resulting anisotropy in momentum space is a measure of the in-
teraction strength. In a Fourier expansion of the angular distribution, the second
harmonic component (vy) directly relates to the elliptic shape of the initial system’s
coordinate space geometry, and was discussed as a key signature for the existence

of a QGP [61]. In di-hadron (a pair correlation) measurements, this phenomena is

expected to give a cos(2A¢) structure and we included the term in the fit model.
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3.2.2 Higher-order harmonics

The importance of higher-order terms in the Fourier decomposition of an anisotropic
angular distribution shown in Figure 3.3 has been discussed in recent theoretical
publications [71,72,73]. Figure 3.4 shows a schematic diagram, which describes the

underlying physical origin of higher-order harmonics.

Initial condition is lumpy (Glauber with gaussian energy profile):
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Figure 3.4: Top: Shows the initial nucleon and the corresponding energy distribution
from a heavy-ion collision. Bottom: Shows possible initial nucleon distributions
which generates higher harmonics flow (from M. Luzum QM 2011).

This follows the same reasoning as the elliptic flow, the 2nd harmonic in the azimuthal
decomposition, but is more sensitive to the energy-density fluctuations in the collid-
ing nuclei. In other words, rather than using hard sphere nuclei in a Glauber cal-

culation, a realistic nucleon distribution is assumed. For instance, the Woods-Saxon
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potential for the nuclear surface will lead to energy density fluctuations beyond the
simple almond shape in the overlap region of the incoming nuclei. The bottom
panel of Figure 3.4 shows an example of the third-order harmonic deduced from the
same initial nucleon distribution than vy. The series can be expanded to include all
harmonics up to the order where they are believed to contribute to the correlation
function. The higher-order fluctuations are predicted to become comparable to the
2nd Fourier coefficient. In our pr evolution study, we will search for such evidence
and incorporate model components (cos(nA¢); n > 2) to extract the contributions

to the correlation function.

3.3 Other contributions to the correlations

3.3.1 Parton fragmentation

Hard parton scatterings are expected to occur in elementary as well as heavy-ion
collisions. In heavy-ion collisions, only the non-thermalized high momentum fraction
of the fragmentation process should be visible above the bulk particle correlations

from flow.

The left-hand side of Figure 3.5 illustrates a back to back hard scattering, and
the resulting fragmentation of both partons in p + p collisions. The right-hand side
of the Figure shows the corresponding di-hadron correlation on near and away side.
In heavy-ion collisions, we do not observe the away side jet peak due to the medium

modification (jet quenching). Therefore we include a 2d Gaussian model component
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Figure 3.5: Left: Back-to-back parton hard scattering in p + p collisions. Right:
The corresponding near and away side correlation structure in An — A¢ space.

in our fit model only in near side. It takes the following mathematical form:

agexp{—% (%>2+(i_j)2 } (3.1)

where a3 is the amplitude, a4 is the An width and a5 is the A¢ width. Although

the jet peaks are measured to be symmetric in An and A¢ in elementary collisions,
we leave both widths as free parameters in order to accommodate any jet medium

modification in heavy-ion collisions.
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3.3.2 String fragmentation

--------------------------------------------------------------------
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Figure 3.6: Time evolution of the Lund string fragmentation phenomena [69].

String fragmentation phenomena can be understood using the Lund model [162].
As we described regarding Figure 1.6, pulling apart a confined quark anti-quark pair
(color neutral ¢g pair) generates a color force between the two quarks. The color force
lines are constrained in a narrow tube connecting the two quarks with a string tension
of 2 1 GeV/fm. In a collision, the low momentum partons create such ¢g pairs which
undergo oscillations due to string tension and the resulting fragmentation occurs as
shown in Figure 3.6. In the ¢g rest frame, these fragments are moving along the
longitudinal direction with the possibility of arbitrary azimuthal orientation. This
process is expected to generate a structure, which is uniform in A¢ and having a

narrow width in An as shown in Figure 3.7.

Therefore we include a 1d Gaussian model component in Ay which has the fol-

lowing form:
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Figure 3.7: The 1d Gaussian structure in Az that represents Lund string fragmen-
tation.

1 (An\?
— | — 3.2
agerp | = < o > (3.2)
where ag and a7 are the amplitude and width of the 1d Gaussian, respectively. It is

also important to mention that the correlation contribution due to this phenomena

becomes negligible in central (0-10%) heavy-ion collisions and at high pr.

3.3.3 The Hanbury-Brown-Twiss (HBT) effect, v — eTe”

and resonances

In brief, quantum interference effects between particles with small differences in
relative momentum (or similar momentum) give rise to small angle correlations.
These effects result in a narrow peak around An, A¢ = 0. Further studies of the HBT
phenomena in heavy-ion physics can be found elsewhere [70]. A similar correlation

structure can be expected from resonance decays. Resonances are excited states of
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hadrons which decay via strong force. Since a strong decay is allowed (i.e., conserves
all quantum numbers), the lifetime of hadronic resonances is comparable to the
lifetime of the plasma (on the fm/cscale). The examples of such hadronic resonances

and their decays are; A — pm, k* — km, ¢ — kTk™ and p — 77,

At the decay vertex, the daughter particles are close to each other in coordinate
space. As a result, the di-hadron correlation structure contains small angle correla-
tions produced via resonances. Finally, gamma conversions in the detector material
(v — ete™) also generate small angle correlations. A combination of these contri-
butions are modeled using a 2d exponential model component centered around An,

A¢ = 0 which has the following form:

1/2

agexp { —1 (3.3)

2 2
() ()
Gy a0

where ag is the amplitude, An and A¢ are widths of the 2d exponent respectively. It

is also important to mention that all narrow peak contributions are low momentum

phenomena.
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Chapter 4

Methods and approach to analysis

Based on data from SPS experiments, in 2001 a press release from CERN[49]
presented compelling evidence for the existence of a new state of matter. This
evidence was awaiting confirmation at higher energies using RHIC data. It took
several years for RHIC to obtain the existence of a new state of matter (QGP). We
discussed these signatures of the QGP in chapter one. Today at the LHC we are
on solid grounds regarding these signatures at an order of magnitude higher center
of mass collision energy. In this chapter we discuss in detail one particular set of
measurements, namely fluctuations and correlations [50] used to study the Quark

Gluon Plasma.
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4.1 Fluctuations and correlations

The study of fluctuations and correlations is a primary concern when characteriz-
ing a physical system, providing essential information about the effective degrees
of freedom of the system. Furthermore, the susceptibilities, which characterize the
correlations and fluctuations, predict the response of the system to applied perturba-
tions. In general one can classify three types of fluctuations. The most fundamental
level of fluctuation is the quantum fluctuations, which plays a lesser role in the con-
text of heavy-ion collisions. The second category is dynamical fluctuations which
relate to the dynamics of the system. For instance, density fluctuations are dynam-
ical fluctuations governed by the compressibility of the system. The final category,
called “statistical” fluctuations are due to a number of reasons such as limited statis-
tics, acceptance, efficiency etc. In order to analyze the dynamical fluctuations, one
needs to have a control over the statistical fluctuations. In an analysis, these fluc-
tuations can be subtracted to isolate the dynamical fluctuations. In the context of
heavy-ion collisions, a given observable can be measured on an event by event basis
and the fluctuations can be studied over an ensemble of events. The most relevant
measurements in heavy-ion collisions are based on transverse momentum, multiplic-

ity, particle ratio and the net-electric charge fluctuations.

The study of transverse momentum fluctuations is a standard event by event

measurement. In a single event one can define the average transverse momentum as:
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(pr) = %Zpt,i (4.1)

where N is the total number of tracks in an event (also called multiplicity) and index ¢
is used to index a particle or a track. The multiplicity of an event is impact parameter
dependent and shows random statistical fluctuations event-wise. In addition, the
measured quantity is dependent on the detector acceptance. In general terms, the
fluctuation measure has a scale dependence. In order to suppress the statistical

fluctuations, a fluctuation measure was developed [51] to express the variance.

The improved fluctuation measure is defined as follows:

1< X
A‘Tit:n = - Z n;[(pe); — pt]2 - 0,2,} (4.2)
j=1
= 2UﬁtAapt:n (4.3)

Considering all charged-particles from all the events, mean and variance of the p,

distribution are defined as p; and o2

5, Where, j is the event index and (p;);, n; are

the mean p, and multiplicity of the 7" event, respectively. The number of events
per centrality bin is denoted as €. More detailed studies of this fluctuation measure
were performed in the STAR experiment at RHIC [51]. Here we adopt the same

techniques for the ALICE experiment.

In order to study the dependence of the scale, the improved fluctuation quantity

is measured as a function of dn and d¢, as shown in the left panel in Figure 4.1. The
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Figure 4.1: Left panel: 0n — d¢ scale dependence of Aag
corresponding p; correlation from inversion.

Right panel: The

+:n

structure contains significant information. Therefore an interpretation of the results
is not straightforward. It is easier to understand as integral of the covariance. In
this procedure, a correlation measure is constructed by computing the covariance
and a proper normalization. Here we form the well known Pearson’s correlation
coefficient [53]. This way the study of fluctuations becomes a study of correlations.
The inverted fluctuation measure [52]| is shown by Figure 4.1 in the right panel.
Then we concentrate on studying the angular distribution of correlated particles in
An and A¢. A comprehensive mapping from fluctuations to correlations has been
carried out in [54]. The governing mathematical relationship between fluctuations

and correlations can be expressed as:

2 Ap(py:n), . .
Ao ., (0n,00) = 4eye K ———=(te,, je 4.4
o (0180) = deges 3 KPS e o) (4.4

i7j

80



On the right hand side we have the per-particle correlation density expressed by Pear-

Ap
\/Pref

histogram binning information, €, is a bin width with indices 7 and j corresponding

son’s correlation coeflicient . Here K is a kernel which contains two dimensional

to a correlation bin. The right panel on Figure 4.1 shows the correlation structure
with correlated angular distributions providing more visualization. As we discussed
in chapter 3, one can distinguish. The apparent flow signal in Figure 4.1 right panel

is a good example of a non-statistical or dynamical fluctuation.

4.2 Formalism

In this section, we discuss the formalism of sampling random variables to construct

the Pearson’s correlation coefficients.

4.2.1 Pearson’s correlation coefficient

The mean or the average of a given z; (i = 1,2,3, ..... N) set of data is defined as:

1 N
T=— (4.5)
=1

=l

and the variance is defined as:

= % Z(x — ) (4.6)

In statistics, covariance is used to determine the relationship between two random

variables. For two sets of data x; and y; the covariance is defined as:
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1 _ _
de%@ngE}%—xX%—w (4.7)
When y=z, the above definition reduces to the variance of a random variable.
When we normalize the covariance by the standard deviation of each distribution we

construct the Pearson’s correlation coefficient.

Rw:C?gw) (4.8)
> (@ — ) (yi — 9) (4.9)

-0t -

The range of above measure R can oscillate between -1 and +1, which can be
shown via direct substitution of y; = +x; in the equation. For perfectly correlated
random variables, R reaches +1 and in the case of perfectly anti-correlated data R
reaches -1. If the random variables are uncorrelated R takes the value 0. This can

be further understood by looking at Figure 4.2

Autocorrelations in heavy-ion physics

In the statistical description of Brownian motion, Einstein introduced the concept of
autocorrelations in 1905 [55, 56]. Later scientists including Wiener, and Langevin,
also contributed to the development of the concept and its applications. Today
this concept has become a standard analysis tool which is commonly used in di-

verse fields, such as signal processing,statistical applications, regression analysis, etc.
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Figure 4.2: Degree of correlations using few data points.

The key concept of autocorrelation is to invoke correlations within the same dis-
tribution rather than two different variables. In other words, one determines the
cross-correlation of a signal with itself. Going back to equation 4.9, by studying the
amplitude at the time step ¢ denoted as x;, and the correlation between the mea-
sured quantities at time step i+1 (of the same quantity), the autocorrelations (or
correlations for the same variable) are studied. Setting y; = z; + 1 in equation 4.9,
R,, determines the independence of a single point and the averaged next point in
a two dimensional histogram bin. Considering an arbitrary time difference k, the

equation 4.9 becomes,
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R, — iy (@ — &) (@i — ) (4.10)

> (i — @)?

Since we detect particles from a heavy-ion collision with a finite resolution as a
subset of a parent distribution containing all the particles from all the events, the
autocorrelation method is applicable for heavy-ion physics. Considering an arbitrary
quantity = a two dimensional histogram is binned with n detected particles. Defining
n;(a) as the number of particle counted in bin a for #* event, the correlation between

two histogram bins a and b averaged over all N events can be expressed as follows:

Ruy = % i {ni(a) ~ @)} {ni(0) = 7B } /ou0n (4.11)

(n—n)a(n —n)y/oa00 (4.12)

The over-bar in the equation 4.12 represents the event averaging with bin indices
as subscripts. An autocorrelation among these histogram bins can be defined by
measuring the relative displacement. In order to test the correlation between n(x)
in bin a and n(z + Azx) in bin a + k as a function of Az, we embedded a test
particle and average over z. This measurement determines the particle distribution
around the test particle on average. Thus, the time series autocorrelation of equation

4.11 can be re-written as follows:

1 Tmaz—k
Ry= ———

(n—n)a(n —N)atk/CaOatk (4.13)
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In di-hadron correlation analysis, particle pairs are selected and the correlation is
evaluated per pair. If we use pre-binned distributions, some practical concerns should
be taken into account. In histograms we have a lower limit for bin width depending
on the available statistics. Then we have to approximate the position as the bin
center causing a shift of the actual position. In other words we lose information in
the process of binning. Furthermore, if two tracks are too close, we have to deal with

additional inefficiencies.

Therefore the use of direct binning is preferred over the use of pre-binned particle
distributions. In the next step the measure of covariance is expressed in terms of
particle pairs. Considering the numerator in equation 4.12, the covariance can be

re-written as:

(n—n)o(n —n)p = Mgy — Mg 1 (4.14)

The first term on the right-hand side of equation 4.14 represents the total number
of pairs in bin (a, b), averaged for a two-dimensional histogram of particle pairs (e.g.
M1, m2) event by event. The second term calculates the expectation of a and b for the
uncorrelated case. Particles in a particular event are combined to form all possible
correlations by constructing pairs in a two-dimensional histogram. The first term on
the right hand side of equation 4.15. is referred to as sibling pairs. The second term
is measured by taking the two particles from uncorrelated events and which we call
mixed pairs. A detailed discussion of the histogram binning using single particle and

particle pairs can be found in [57]. By defining n;, as the number of particles in bin
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a for event ¢ with e total events, one can simply derive the equivalence between the

single particle bins and particle pairs in terms of sibling and mixed events:

Cov(a,b) = ngng — Mgy,

1 € €
= NgNp — 6—2 E E N aTljb

i=1 j=1
€
(e -1)
= NgNp — § E N alljp — 2 § UZRALRA
i=1 j= ljyéz =1
1 e—1
= 1—; nanb—T E g Nialjp
i=1 j=1,j7#1¢
€
e—1
= P NgMp — E E N aljp
i=1 j=1,j#i
e—1 o
= € [nanb - na-nbmixed] (415)

The factor in front of the square brackets approaches unity for a large number of
events. In order to determine the denominator in equation 4.12, we need to express it
in terms of particle pairs. In our approach, the number of particles we are detecting
in a given detector volume during a very short period of time is discrete. Therefore
this rather challenging task can be achieved by approximating the particle detection
to a Poisson process. In a Poisson distribution the mean and variance take the same
value. We can then re-write the denominator of equation 4.12 as o,0, &~ \/Ng. .
The particle pair quantity (a, b) from mixed pairs is given by the term inside the

square root.
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4.2.2 Correlation measure

Equation 4.12 is now expressed in terms of sibling and mixed pair densities as shown

follows:

= 4.16
\/ Pref Ng-Ny ( )

Here Ap = psip — prey Where pgip ,prey denote the sibling pair-density and mixed
pair-density, respectively. Since pg; contains both correlated and uncorrelated pairs,
one should subtract p,.; from pg;. Then the correlated pair density is given by Ap.
Pref is the number of uncorrelated pairs, which is proportional to the number of parti-

cles. Thus our correlation measure is proportional to the correlated pairs per particle.

When using experimental data we have take into account experimental artifacts,
such as tracking efficiency, detector acceptance etc. Those factors influence both
sibling and mixed pair distributions. In the case of sibling pairs one needs to consider
two track inefficiencies. In order to correct for common experimental artifacts for
both sibling and mixed pair distributions, we construct the ratio r = % We can

re-arrange the correlation measure as:

Ap Ap
oyl (4.17)

v/ Pref Pref
— Vorar(r = 1) (4.18)



Still, some of these artifacts remain due to the multiplication of /pres (i.e., the pre-
factor). An idealized p;ef can be constructed. This idealized p;ef can be formed
using Z—Z at 7 = 0 to get rid of the remaining art effects [58]. The corrections due to
two track efficiencies will be discussed briefly under section 4.4.2.

We need to make sure that we treat the sibling and mixed-event distributions in
the same way. This is taken care of by analyzing events in appropriate windows of
the event centrality An and primary z vertex location Az. In section 4.2.4 we will
discuss these techniques in detail. These calculations allow us to determine the final

correlation measure as:

\/pr_ef(% b) =/ Preslr(a,b) — 1] (4.19)

4.2.3 Triggered and untriggered di-hadron correlations

Measurements of untriggered di-hadron correlations explore the bulk correlation
structures in heavy-ion collisions. All charged hadrons with pr > 0.15GeV /c are

used to form a correlation function, which for this analysis is defined as follows:

A 2N, ;
2V pref AWASO pref

The denominator is the square root of the number of background pairs(y/p.. f),

which represents the number of charged hadrons, i.e d*>Ny,/dnd¢. The correlation
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function therefore measures the number of correlated pairs per particle. In this anal-

ysis we also use the definition C'(An, Ap) and its relation to equation 4.21 is:

Ap
C(An, Ap) = > f(A'rz,AsO)Jrl

4.2.4 Sibling and mixed event distributions

= Two particle density g
0 WO p ty Event A, Sibling pairs

Sibling pairs X,
n,n —~
Py (D1, ) = L
Area
. . Event B
Mixed pairs _ Mixed pairs
Do (Po11,0) =
re el Area

Figure 4.3: track selection of same and mixed events

(4.21)

Figure 4.3 shows a schematic of sibling and mixed event distributions. First, we

determine the background by using tracks in An and A¢ with pairs from different

events to generate uncorrelated pairs. One needs to carefully perform the mixed

event distribution by mixing events with similar event population, such as particle

multiplicity. Therefore, we select the events based on the primary vertex location and

the centrality percentile. Events within [APVz| = 0.4cm and 1% of the centrality

are used for the background determination. Furthermore, the mixed-event distribu-

tion can be improved with multiple event mixing. In terms of computing, multiple

event mixing is time consuming, though we found that mixing one event with five
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other events optimizes the background determination. In addition, the pair distri-
butions are constructed in a charge dependent manner: NN (negative,negative), NP,
PN and PP(positive, positive). This procedure gives us the possibility for further
charge-dependent studies. In order to obtain a 0 — 10% centrality bin, we combine

the first ten 1%-wide centrality bins. Figure 4.4 shows the same and mixed events

Mixed events Same events

it
i,
)

i/,
7

/)
7
Vi)
AN
//1,%/ 773\
/)

Pair density
Pair density

Figure 4.4: Same and mixed event distributions

as a function of An and A¢ for the 0 — 10% event class .

4.2.5 Correlation function

Figure 4.5 shows the extracted correlation function for all charged-particles with

pr > 0.15GeV/c. The most prominent structure is a short range nearside spike,
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Figure 4.5: The measure \/ﬁ% in minimum bias events for charged-particles with
pr> 0.15 GeV/c

which can be attributed to Hanbury-Brown-Twiss (HBT) effect, 7 — et e~ and res-
onance decay. The prominent elliptic flow is represented by the cos(2A¢) structure,

which is independent of An.

4.3 System, Events and track selection

In this section we mainly discuss the specific event selection and track selection cuts

used in the analysis. The set of data is LHC10h, which classifies the heavy-ion run
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in 2010. We list here the set of specific run numbers in the data set.

139510, 139507, 139505, 139503, 139465, 139438, 139437, 139360, 139329, 139328,
139314, 139310, 139309, 139173, 139107, 139105, 139038, 139037, 139036, 139029,
139028, 138872, 138871, 138870, 138837, 138732, 138730, 138666, 138662, 138653,
138652, 138638, 138624, 138621, 138583, 138582, 138579, 138578, 138534, 138469,
138442, 138439, 138438, 138396, 138364, 138275, 138225, 138201, 138197, 138192,
138190, 137848, 137844, 137752, 137751, 137724, 137722, 137718, 137704, 137693,
137692, 137691, 137686, 137685, 137639, 137638, 137608, 137595, 137549, 137544,
137541, 137539, 137443, 137441, 137440, 137439, 137434, 137432, 137431, 137430,

137366, 137243, 137236, 137235, 137232, 137231, 137230, 137162, 137161, 137135.

Reconstruction pass2, for Analysis Object Data (AODO086) is used (14M events).
For Monte Carlo corrections and cross checks, the AMPT production LHC12alla
AODO81 is used. Regarding software versions, the data and MC productions have

been analyzed using AliRoot, ALICE’s native software.

4.3.1 Event selection based on primary vertex

The results presented here are based on three data sets taken by the ALICE detector
at LHC. Data from Pb+Pb /syny = 2.76 TeV collisions (minimum bias triggered
events) has been analyzed. In addition, a cut on z vertex position is imposed. We
reject events with a z vertex position greater than + 7 ¢cm from the TPC center. For

studies of systematic uncertainties, a looser cut (10cm) and a tighter cut (5cm) were

92



applied. Further details will be discussed in Chapter 6 in the systematics uncertainty

estimation section.

4.3.2 Event centrality

Event centrality is a classification based on the impact parameter of a heavy-ion
collision. The impact parameter b is defined as the relative distance in radial direction
of the centers of the colliding nuclei. Collisions with a smaller impact parameter
produce a higher number of tracks and those events are called “central collisions”.
A higher b leads to events called “mid-central” or “peripheral” collisions. In the
analysis presented in this dissertation, the centrality determination will be based on
the multiplicity obtained in the VZERO detector. Measurements performed using
other detectors will be also analyzed for systematic uncertainty estimations. Figure
4.6 shows the VZERO multiplicity distribution and the resulting centrality definition

using the Glauber model.

4.3.3 Track selection cuts

In general, we can classify track selection cuts into three categories: reconstruc-
tion cuts, kinematic cuts and particle identification cuts. Table 4.1 summarizes the

applied track cuts accordingly.

The lower pr cut value 0.15 GeV/c is set considering the applied magnetic field
strength in the TPC. Lower-momentum charged-particles can’t reach the inner field

cage of the TPC since their radius of curvature in the field is too small. In an event, all
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Figure 4.6: V ZERO estimated Multiplicity distribution and the fit based on Glauber
model.

primary charged-particle tracks emerge from a single collision vertex. We refer to this
as the primary vertex. In contrast, there are secondary charged-particle tracks which
do not point towards the primary vertex. These tracks are produced by decaying
parent particles or by interaction of primary particles with detector materials. In
order to select primary particles from the primary vertex we apply a Distance-of-
Closest Approach (DCA) cut. The DCA cut rejects the particles (secondaries)
which do not point towards the primary event vertex. In this analysis, tracks with
a DCA, above 3.2cm and DCA,, above 2.4cm are removed. Track reconstruction
is done using the Kalman filtering procedure [42]. By setting a minimum number of

cluster points and maximum x?/cluster required for in reconstruction, the purity of
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Table 4.1: Summary of track cuts applied in the analysis

Category Track cut Range Description
Reconstruction cluster > 70 Number of fit points per track
X% /cluster < 4.0 Reconstructed track quality
DCA, < 3.2 cm Minimum distance from a
reconstructed vertex to the track
DCA,, < 2.4 cm Minimum distance from a
reconstructed vertex to the track
Kinematic p(GeV/e) 0.15 py range used in the minimum
bias analysis
) +7 Full azimuthal acceptance
| 0.80 Optimal 1 acceptance
in TPC for our analysis
PID Charge (e) +1 Includes tracks with only
a charge of +1
NSigmaElectron  +1.5 Rejects background electrons

We only accept charged-particle tracks with the magnitude of electronic charge of

the reconstructed track is enhanced. In our analysis, we use the angular variables
n and ¢. Though we have a lager acceptance in 7, we restrict our acceptance in
In|] < 0.8 due to reduced reconstruction efficiencies in larger 7. We use the full

azimuth acceptance of the ALICE detector.

+e when constructing the correlation function. Even though the contribution from

hadrons with higher electric charge is negligible, we reject those hadrons. We have
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to minimize the electron contamination by using a restriction on the TPC energy

loss, which is given by the Bethe-Bloch formula in equation 2.1.

7 - — q 1000+ e ; —
£ ; | R T
: | 5om L @)
£ ] & 800F ! at W\ ) iy 4", 2012
< E E ) s A WS A
= "ﬂ'a,,lﬁfcs u [ 700E- p ¥ % Y negative particles,
k) 18/05/2011 [ E L ; \ " Pb-Pb, 2011 run,
% Pb-Pb (s_NN=2.7sTev_. % 005 Sy =2.76 TeV
13 1 E
& 1§ 800t
§ 400
c E
O 300
£ 200E
F 10057
=By
L L L L MR | 0‘ N FEEEN
02 03 1 2 3 4 5678910 20 0.1 02 03 1 2 3 45
) p (GeV/c) g (GeV/c)

Figure 4.7: % distributions for different species in TPC along with the corresponding

predicted curves using Bethe-Bloch formula.
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4.4  Correction procedure

4.4.1 Efficiency correction

In order to draw precise physics conclusions, results need to be corrected for limited
efficiencies due to finite detector acceptance and specific analysis procedures. In
principle to achieve this, a differential study needs to be done as a function of pr,
n and ¢. As we discussed in the formalism, in order to cancel out the inefficiencies
in the active detector volume, we form a pair ratio in which most acceptance effects
cancel out. This technique does not correct for the inefficiencies and acceptance loss
caused by the tracks which do not pass through the active detector volume. For this
effect we perform a Monte Carlo (MC) simulation study in two stages. In the first
stage, we generate a heavy-ion event using an event generator called HIJING [76].
We call this the Generator level MC. In the second stage we do a detector response
simulation using GEANT [77] for the generator level particles. After the second
stage, we obtain the Reconstructed MC. Finally the Reconstructed to Generated
ratio gives the efficiency. We then correct the results with the obtained efficiency by
applying the factor in the pre-factor \/? . In principle the Reconstructed level tracks
should be similar to those seen the actual data. Otherwise, we lose confidence in the

simulation and the model.

Figure 4.8 (left panel) shows the single particle tracking efficiency as a function
of pr obtained with HIJING for different centrality classes. The right panel shows a

comparison of tracking efficiency for p-p and Pb-Pb systems.
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Figure 4.8: HIJING simulation for the tracking efficiency in ALICE detector [176].

4.4.2 Two-Track Efficiency

When TPC tracks with similar momentum and angle cross and/or share TPC clus-
ters, the efficiency at small angles can be reduced due to merging. Thus, we are
trying to increase the efficiency by increasing the purity of the sample. By applying
a two-track efficiency cut, which removes pairs with tracks that are too close to each
other. This cut is applied to the same event as well as the mixed event correlations

in order to remove two track effects for the correlation function.

4.4.2.1 Merging correction

This method has been developed by the another working group in the ALICE col-
laboration, and is widely used in di-hadron correlations (triggered jet shape[176], pp,

etc). It is based on cuts on the distance of closest approach of the two tracks within
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the TPC. This distance is calculated from the track parameters using:

PT1

P12

\

Figure 4.9: angular distance in transverse plane

. . z1eB,r . z9eB,r
Ap* = Ap + arcsin — arcsin
Pra Pr,2

(4.22)

where e is the electron charge, B, the magnetic field in z direction, z the sign
of the particle, and r the radius in the TPC. For the nominal field of 0.5T, r in m
and pr in GeV/¢, B,e = 0.075. The two arcsin terms consider the curvature in the
magnetic field, thus Ap* is the distance in ¢ -direction at the radius r. To cut on the
distance of closest approach, Ag? . . the smallest Ap* within the TPC radius (0.8 -

2.5 m), has to be found. Pairs are removed which satisfy the condition:

|Ap:. | <0.02,|An| < 0.02 (4.23)
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4.4.3 Wing correction

The di-hadron correlation structure has a relative rise in the region A¢ = 7 along
An, and this is not expected from a known physical process. This structure is known
as the “wing”. Our understanding regarding the origin of the wing structure in the
correlation function is not complete at the moment. Nevertheless, studies show that
we can minimize the effect by applying strict cuts to the event-mixing procedure.
Generally, we mix events with less than a 2 cm primary vertex difference and within
5% centrality. In this analysis, however, we have used very tight mixing criteria
(within 0.4 cm and 1% centrality). Consequently, statistics will be reduced, but
this is not a big concern since for untriggered correlations we take all the charged
hadrons; therefore, we are not statistically limited. We explored the effect of chang-
ing the number of events we mix, since it is possible that the ratio of the same events
to mixed events causes a rise in large An as a result of a slightly narrower mixed
event distribution. This was actually the case in the high pr region, but we were
able to fix the issue by implementing multiple event mixing. This gives at least one
possibility of the origin of the wing structure. Still, the strongest wing is at the low-
est pr > 0.15GeV/c, so further understanding and studies explanation are needed.
Since we have observed wings in other analyses (triggered, jet shape,..etc), it was
decided to look at the generated and reconstructed level in a more sophisticated MC

event generator called AMPT (A Multi Phase Transport model [96]).
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4.4.4 Monte Carlo Simulations

The AMPT model uses the Heavy lon Jet Interaction Generator (HIJING) to gen-
erate the initial conditions, then it propagates the parton through Zhangs Parton
Cascade (ZPC)for modeling partonic scatterings, before using the Lund string frag-
mentation model or a quark coalescence model for hadronization and finally A Rela-
tivistic Transport (ART) model for treating hadronic scatterings. The model gives a

comprehensive description of all dynamic stages of a relativistic heavy-ion collision.

4.4.4.1 Monte Carlo (AMPT)

| Pb+Pb AMPT Generated Level ‘ | Pb+Pb AMPT Reconstructed Level

0.15 GeV /c

A p/_v prt-';f

R
Q)
TR
\‘\‘\\Q\\\\\\

O

0.5

Figure 4.10: Generated and reconstructed level AMPT

As shown in Figure 4.10, even in the MC model, we can clearly see the wings at

generator level.
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4.4.4.2 Momentum evolution of AMPT

pr>0.15 GeV/c pr>0.30 GeV/c pr>0.50 GeV/c

Figure 4.11: Generated level AMPT as a function of pr

In order to obtain more information on the wing structure we have studied its
momentum dependence. Figure 4.11 shows the first three bins of the momentum
evolution for the MC events. It is observed that the wing structure indeed has a mo-
mentum dependence. On the reconstructed level, we observe similar effects (Figure
4.12). Furthermore, a double-hump like structure on the same side is observed in

this low pr range.

pr>0.15GeV/c pr>0.30 GeV/c pr>0.50 GeV/c

Figure 4.12: Reconstructed level AMPT as a function of pr
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Centrality dependence of the wing

In Figure 4.13, we show an away-side projection to investigate the centrality depen-

dence of the wings. It appears the wings are relatively stronger in central events.
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Figure 4.13: The centrality evolution of the away-side wing.

At this point our understanding is that the structure could either be caused by a
physics process or by the way the correlation function is constructed. Since the effect
is small, in either case we decided to report the wings as a systematic uncertainty
and to subtract the wing structure in the analysis by using a simple functional fit

(polynomial).

Wing correction via subtraction

The subtraction of the fit function results (see Chapter 5) from the data yields a

residual, as shown in the upper-right frame of Figure 4.14. This residual is projected
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Figure 4.14: Wing correction technique applied

and fitted with a quadratic polynomial. Then, the modeled wing (bottom middle
plot) is subtracted from the data. Here the correlation structure for pr > 0.15 GeV/c
is shown as an example. Figure 4.15 shows the correlation structure before and after

the acceptance correction.
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Figure 4.15: An acceptance (wing) correction [174].
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4.5 Fit model and procedure

In this section we discuss the modeling of the untriggered di-hadron correlation
functions in terms of flow and non-flow. We are modeling the flow with a Fourier
decomposition, and are modeling the non-flow with an asymmetric 2D Gaussian on

the nearside.

4.5.1 Direct Fourier decomposition

4.5.1.1 Using a 2D fit

ROOT fit (Fourier decomposition + HBT ) ROOT Res

5 .'n“""“‘\
571 || RS
= P

P AT
m\\\“||‘\‘|‘\““|‘\‘|‘il|||\|||

i, \||‘\‘| iy

Figure 4.16: The fit function with a Fourier decomposition only.

When using only the Fourier series in our fit (see Figure 4.16), it is evident that
we need another component to model the data. Ideally, as this residual should be as

flat. Consequently, we modeled the non flow with another Gaussian.
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Figure 4.17: The fit function with a Fourier decomposition and a 2D Gaussian.

4.5.2 Fourier decomposition with a 2D Gaussian

Figure 4.17 shows the effect of using a fit function with a Fourier decomposition
and a 2D Gaussian. The right frame shows the residual, which is a significant
improvement over Figure 4.16. The residual is much flatter, as evidenced by the
much lower x2/NDF of the second fit. When we projected the residue on either An
or A¢, there was no significant structure left. At low momentum, pr < 1GeV/c, the
HBT (this will be described later) peak is visible. In this analysis, we remove this

narrow peak by fitting a exponential function at An ,A¢p=0.

Final fit decomposition

Figure 4.18 shows the decomposed components of the fit function and Eq. 4.24
shows the mathematical form of the fit function. The well known HBT phenomena,

quantum interference effects between detected identical particles with similar relative
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Figure 4.18: The fit function with v, (n = 1, 2, 3, 4, 5) and 2D Gaussian
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momentum, gives rise to small angle correlations in our correlation function. This
results in a narrow peak around An, A¢ = 0. In order to model the HBT peak(can

be seen in Figure. 4.5) at low pr, another exponent (see Eq. 4.25) is added to the

equation 4.24.

F = ag+ a1 cos(A¢) + azcos(2A0) + azcos(3A¢) + ascos(4A)

ORI

1/2
(4.25)

1
+ ascos(5AQ) + agexp {—5

agexp g —1

2 2
() (&)
@10 11

Table 4.2 shows the interpretation of the fit parameters used in equations 4.25 and
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Table 4.2: A brief summary of the fit parameters

Description

Parameter Parameter name
ao Offset
a -cos(A¢) amplitude

az

a3

ayq

Qs

Qe

a7

ag

Qg

aio

a1

cos(2A¢) amplitude
cos(3A¢) amplitude
cos(4A¢) amplitude
cos(5A¢) amplitude
2D Gaus. amplitude
2D Gaus. An width
2D Gaus. A¢ width
2D Expo. amplitude

2D Expo. An width

2D Expo. A¢ width

Estimates a negative offset for

positive correlation structures
in the data

local and global momentum
conservation

elliptic flow
triangular flow
quadrangular flow

pentagonal flow
amplitude of the ridge
An width of the ridge
A¢ width of the ridge

amplitude of the HBT peak

An width of

eT e~ contamination

A¢ width of

eT e contamination
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4.26. In the fitting procedure a y? minimization is used by applying the standard
package in the ROOT [74] . All the parameters were fitted simultaneously without

constraining the parameters except the Gaussian widths were set to be positive.
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Chapter 5

Results

In this chapter, we first described the previous studies of di-hadron correlations
and the related measurements. As mentioned in section 1.4, the motivation behind
the analysis of relativistic heavy-ion collision data is to study the QGP signatures.
In this thesis work, the key signatures we analyze are classified as flow and non-
flow measurements. Firstly, previous studies of non flow will be introduced. Then,
previous measurements of flow will be shown. Finally, the results from this analysis
will be shown. The implications of the results related to formation of QGP and the

properties of QGP will be discussed in chapter seven.

5.1 Previous studies of di-hadron correlations

As introduced in chapter 4, correlations and fluctuations can provide essential in-

formation on the nature of the medium produced in ultra- relativistic heavy-ion
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collisions. An enhanced correlated yield on the near side (A¢ ~ 0) at large pseudo
rapidity separations (An >> 0) has been observed in previous di-hadron correlation
studies at RHIC [22,76,77] and were quite surprising. The correlation structure cor-
responding to this yield, which is referred to as the "ridge”, was first observed in [22]
for all charged-particle pairs in the low p; (p; < 2 GeV/c) region. Later on it was also
observed for trigger particles in the intermediate p; (4 < p; < 6 GeV/c) range [76].
In order to further investigate the dependence of the jet production and successive
hard scattering on the novel ridge structure, the transverse momentum region was
pushed pr up to 9 GeV/c [77]. It was observed that the ridge structure exists up to

the highest possible trigger p; within the given statistical reach.
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Figure 5.1: Raw A¢ x An di-hadron correlation function in central Au + Au collisions
for 3 < p"¥ < 4GeV/c and p3e*°¢ > 2GeV /c. (Background and flow subtracted).

Figure 5.1 displays the main result, namely a near side yield that exhibits (a) a
distinguishable peak around (An,A¢) = (0, 0) which is expected from jet fragmen-

tation, and (b) an enhancement of correlated yield at large An.

Further studies were carried out at LHC with the ALICE experiment with higher
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center of mass energy. Figure 5.2 shows the di-hadron correlation function at 2.76
TeV at higher momentum trigger. The flow and non-flow components of the corre-
lation functions were extracted by placing an An gap in the correlation structure.

This technique does minimize the non-flow presence in the flow measurements.

3<p. <4GeVic Oplitl;’? 2.76 TeV
- (¢}
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Figure 5.2: The di-hadron correlation function in central Pb + Pb collisions for 3 <
P < 4GeV/c and >p2°c 2.5 > 2GeV /c in ALICE experiment.

In this thesis work, we propose a multi-component fit method to extract flow
and non flow signals with higher purity. Cleaner flow parameters should ultimately
lead to better estimates of n/s value of the QGP. Thus measuring flow with minimal
presence of non-flow becomes an essential task. This will be discussed in chapter

seven in detail.
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5.2 Previous studies of flow

The quark-gluon plasma is a state of matter whose existence at high-energy density
is predicted by quantum chromodynamics. The creation of this state of matter in the
laboratory and the study of its properties are the main goals of the ultra relativistic
nuclear collision program. One of the experimental observables that is sensitive to
the properties of this matter is the azimuthal distribution of particles in the plane
perpendicular to the beam direction. When nuclei collide at nonzero impact parame-
ter (non-central collisions), the geometrical overlap region is anisotropic. This initial
spatial asymmetry is converted via multiple collisions into an anisotropic momentum

distribution of the produced particles.

dN/dé

0 # 2n

(a) Large mean free path (b) Small mean free path

Figure 5.3: Possible azimuthal patterns based on the mean free path of the produced
particles between collisions

Figure 5.3 gives a graphical view of the anisotropic flow signal. If no medium

formation has occurred, the distribution of particles in the azimuth should be an
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uniform distribution (see the middle plot of the figure 5.3). Anisotropic flow mea-
surements are based on an analysis of azimuthal correlations and might be biased by
contributions from correlations that are not related to the initial geometry, which are
called non-flow. The most frequently used method in flow analysis is the standard
event plane method (EP). First, the true reaction plane angle is estimated. Then
and all particles azimuthal angles are correlated to this estimated plane in order to
get the flow harmonics v,. This method is probably biased by contributions from
non-flow. To improve the anisotropic flow measurements advanced methods based
on genuine multi-particle correlations (cumulants) have been developed which sup-
press systematically the non-flow contribution [54-56]. The Fourier coefficients as a

function of pr shown in figure 5.4 are obtained by using the ”cumulants” method.
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Figure 5.4: Higher-order Fourier decompositions of the anisotropic momentum dis-
tribution for central heavy-ion collisions.
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Analysis approach for dissertation study

In order to measure flow with higher precision and investigate the cause of the ridge
structure, we focus on the correlation structure in the most central events (0-10%).
This centrality bin corresponds to the highest possible energy density created in
a heavy-ion collision for any given system (e.g., Pb-Pb). If a QGP is formed, it
is likely to be formed in these collisions and we can study the relation between
the novel correlation phenomena and QGP. Finally, considering the centrality trend
observed in data (Figure 5.5), we expect the correlation strength to be largest in the
0-10% centrality bin. In our study the transverse momentum evolution of di-hadron
correlations is obtained by raising the lower pr acceptance for both charged-particles.
We first report our initial results of the Pb-Pb centrality dependence, and then report

the the pr evolution study using Pb-Pb collisions at /syy = 2.76 TeV.

5.3 Centrality evolution studies

As we discussed in section 3.2, our di-hadron correlation analysis technique uses all
charged-particle pairs(untriggered analysis). From the measured centrality evolu-
tion study [175] (Figure 5.5) it is evident that the ridge structure starts to appear
with increasing centrality in heavy-ion collisions. Di-hadron correlations in periph-
eral heavy-ion collisions are expected to show a similar structure than in elementary
collisions, which is confirmed by comparing inclusive p 4+ p collisions to peripheral

Pb-Pb collisions. However, even in the most peripheral 70-80% bin, we still observe
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a slight relative An elongation in the Pb+Pb 2.76 TeV system. This observation is

directly related to the density of the system created in the collision.

Pb-Pb 70-80% Pb-Pb 60-70% Pb-Pb 50-60% Pb-Pb 40-50% @

' Preliminary

AR
pt
iy

Pb-Pb 30-40% Pb-Pb 0-10%

ot | I

it

T
i

o Y
iy it
i

Figure 5.5: The centrality evolution of di-hadron correlations for py > 0.15 GeV/c
[175].

In order to determine the underlying physics origins of this correlation structure,
an empirical model fit function based on model components discussed in chapter four
has been adopted. After considering all possible correlation contributions, the em-
pirical model function takes the following form. The corresponding 11 fit parameters
are denoted by a; (i = 0,1, ...., 10) which are described in table 5.1. Figure 5.6 shows
an example fit for central Pb-Pb 2.76 TeV data. The residual structure (data - fit)
is a proof for the good fit quality (y%/DOF value ~ 1.1) we get from our standard

ROOT minimization method [74]. Figure 5.7 shows an example decomposition using
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the same fit function in a particular momentum bin.

F = ap+ a1 cos(A¢) + agcos(2A0) + azcos(3A¢) + ascos(4A)

2 2
+ a5 cos(5AQ) + agexp 1 (&> + <%>

2 ay as

AN? as\2]
+agexp ¢ —1 (_77) —i—(—) (5.1)
10 a11

p=|

\isustinanne,

SR ‘““\\ TITTY

"‘ |‘|‘|‘\‘|"|““‘“““
P

Figure 5.6: Example of a correlation function in 0 — 10% Pb-Pb collisions (data, fit
and the residual)

Figure 5.8 shows the extracted Gaussian parameters using the fit we described

(excluding vs) from the centrality evolution studies shown in Figure 5.5.
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Figure 5.7: The fit function with v, (n = 1, 2, 3, 4, 5) and 2D Gaussian
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Figure 5.8: Extracted Gaussian parameters as a function of centrality in Pb-Pb
Vsyn = 2.76 TeV collisions. No v3+4v4 refers to fits without higher harmonics,
v3+v4 included refers to fits with higher harmonics [175].
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Table 5.1: A summary of the fit parameters

Parameter Parameter name Description
ag Offset Estimates a negative offset for
positive correlation structures
in the data
aq -cos(A¢) amplitude  local and global momentum
conservation
as cos(2A¢) amplitude elliptic flow
as cos(3A¢) amplitude triangular flow
ay cos(4A¢) amplitude quadrangular flow
as cos(bA¢) amplitude pentagonal flow
ag 2D Gaus. amplitude amplitude of the ridge
ar 2D Gaus. An width An width of the ridge
ag 2D Gaus. A¢ width A¢ width of the ridge
agy 2D Expo. amplitude  amplitude of the HBT peak
a1 2D Expo. An width An width of
ete” contamination
a1 2D Expo. A¢ width A¢ width of

eT e contamination
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5.4 Transverse momentum dependence studies

The transverse momentum evolution of di-hadron correlations in the 0-10% centrality
bin was mainly carried out to map the kinematic region neglected in previous studies
[22,76,77]. We aimed to study the connection between the high and low pr kinematic
regions in the context of the “ridge” formation. At high pr, we should be sensitive
to jet physics, whereas at low pr and intermediate py there are many convoluting
effects such as, elliptic flow, string fragmentation, HBT, mini-jets, resonances and
other possible novel QCD phenomena.

We first report our raw data spectra for Pb-Pb /syy = 2.76 TeV. Then we show
the results after applying the corrections (explained in chapter 4). Next we present
fit parameters as a function of mean pr. Finally we compare our model study and

related theoretical comparisons [98,99] in chapter seven.

5.4.1 Raw Correlation functions

The correlation functions reveal a smooth evolution of the near side structure as a
function of the low pr threshold for all particle pairs (see Figure 5.9 and 5.10 ). The
long range correlation strength reduces at high pr and the jet structure becomes
more prominent. While the higher track density in Pb-Pb enables a better statisti-
cal reach in pr, it also generates a dip at (An = 0, A¢ = 0) for lower pr threshold

cuts. This is caused mainly by Coulomb repulsion between close tracks in a high
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P;>0.15 GeV/c P, >0.30 GeV/c P;>0.50 GeV/c

Figure 5.9: The uncorrected transverse momentum evolution for 0-10% data
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P.>2.7 GeV/c P;>3.0 GeV/c P;>3.2 GeV/c

Figure 5.10: Transverse momentum evolution at higher momenta

track density environment. It is confirmed using charge dependent di-hadron correla-
tions (will be discussed in detail in the systematic uncertainty estimation in chapter
six ). The like sign (++ and ——) charged pairs repel (Figure 5.9 mid pr range)
each other. A smaller dip structure at (0,0) remains even for unlike sign pairs (+—)

which is due to tracking inefficiencies at small separation angles rejection criteria [58].

As we can observe in Figure 5.9, the inclusion of low pr particles generates a
structure on the near side compared to the structure at high pr which is seen as a
linear combination of a long range and a short range structure in An. Figures 5.11
and 5.12 show the two-track efficiency corrected momentum spectra. This correction
minimizes the effect of coulomb repulsion. In these Figures the wing correction,
which takes care of the slight enhancement at large An in the away side long range
correlations structure, has yet to be applied. Figures 5.13 and 5.14 show the spectrum

with both corrections.
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Figure 5.11: The two-track efficiency corrected pr evolution for 0-10%
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P, >2.7 GeV/c P, >3.0 GeV/c P;>3.2 GeV/c

Figure 5.12: Transverse momentum evolution at higher momenta after the two-track
correction
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P;>0.15 GeV/c P, >0.30 GeV/c P;>0.50 GeV/c
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Figure 5.13: Transverse momentum evolution of di-hadron correlation in 0-10% cen-
trality bin using Pb -Pb 2.76 TeV data.
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P;>2.7 GeV/c P;>3.0 GeV/c P.>3.2 GeV/c

Figure 5.14: Transverse momentum evolution at higher momenta, after wing correc-
tion

5.4.2 pr evolution in momentum windows

When we apply the lower-threshold py cut, the parameters extracted are reported
as a function of mean pr of a large momentum window. In order to investigate
the contributions from a specific pr range, narrow momentum windows are studied.
On the other hand, the study in windows enables us to make comparisons with
other independent measurements. Figure 5.15 shows the py evolution in momentum
windows and the statistical fluctuations are visible compared to the integral method.
The evolution of the correlations structures show similar trend to the integral method.
The observed differences in extracted fit parameters were reported as a systematic

uncertainty.
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128



The fit quality and y? test for goodness of fit

In order to test the fit quality we calculate the standard x?/DOF for x;(i = 1,2,3, ..., v)

variables, the x? is defined as:

v 2

¢=y ok 52)

i=1 t

where y1; and o? correspond to the mean and variance of the variable x; respec-
tively. Ideally we would expect that each term of the sum is one since the random
fluctuation of the value z; about the mean should be close to the variance. Therefore
if we can choose y; and o; correctly, our x? value should be equal to v. The model
function which defines the best p; values that satisfies this condition would describe
the data well. If ¥ becomes larger than v given that our o; estimates are accurate,
then the model function does not describe the data well. In our data, we calculate
the o; which is the error on data, using square error propagation. The o; values are

on the order of 1073. The x? distribution with v degrees of freedom is defined as:

1

_ X2y 2)(/2) -1 5.3

F07%)

with a mean of v and a variance of 2v. The distribution becomes symmetric for
larger v values even though it is highly skewed to the left for small v values. In a
test for goodness of fit, we have to consider the possibility that our xz; variables are

not independent from each other for the most general case. Therefore, depending on
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the number of relations or constraints (say r) between the variables z; our degrees
of freedom (v) reduces to N — r. In our fit model study, x;’s are the bins in the An
x Ay space (625 in total) and the constraints are the number of parameters in the
fit function (9 in total). This means the x? for our fits should be close to 616 for our
model study. Figure 5.16 shows the x*/DOF values for the model fit for different

momentum bins.
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Figure 5.16: The value of x?/DOF as a function of transverse momentum.

5.4.3 Fit paramaters

5.4.3.1 Flow harmonics

Our model v, parameters are not directly comparable to standard flow measure-
ments. Measurements from di-hadron correlations need to be converted [82] using

the following equation in order to be compared.
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4rv, (Fit)

WP\ San o)

(5.4)

In equation 5.4, v,(2D) represents the converted measure, v, (F'it) gives the ex-

tracted model fit value and % is the charged-particle distribution within the se-

lected acceptance of the di-hadron correlation function.
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Figure 5.17: Extracted flow parameters (v, n=2,3,4,5) as a function of pr.

Figure 5.17 shows v, as a function of mean pr in 0-10% central events. During
the fit procedure, which is explained in the previous chapter, there was no n gap re-
striction. One can perform a direct Fourier decomposition [173] from the correlation
function by projecting over the full An range. We construct the correlation function
in the 0 — 5% centrality range in order to make a more direct comparison to the

published data which used 1 gap method the event plane method [174].

5.4.3.2 Non-flow Parameters
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Figure 5.18: The momentum evolution of 2D Gaussian.
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Figure 5.18 shows the modeled 2D gaussian evolution after v, subtraction as a
function of pr. At low pr, a broad ridge is observed, the so-called “soft ridge.” At
high pr, the broad ridge becomes a sharp jet peak. We find a smooth evolution of

di-hadron correlation structures as a function of pr from a soft ridge to a jet peak.
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Figure 5.19: The Gaussian width evolution .

The extracted Gaussian width parameters from the fit are plotted as a function of
mean pr in Figure 5.19. At high pr, the A¢ and An widths agree well in magnitude,
which can be interpreted as the the jet becoming symmetric at high pr, while there

is a clear separation or asymmetry at low pr.

The reliability of our results is associated with the uncertainty of the measure-
ment. Thus we performed an extensive statistical and systematic error estimation
(chapter 6) before comparing to other independent measurements or theory predic-

tions in chapter 7.
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Chapter 6

Error Analysis

6.1 Statistical uncertainty estimation

In general, a statistical error gives the amount by which an observation differs from
its expected value. By increasing the sample size one can reduce the statistical error.
In this thesis work we used the full data set with 14 million events to minimize the

statistical error.

6.1.1 Statistical error from the fit

As discussed in previous chapters, a multi component fit function was used to extract
the parameters. The statistical error of the parameter was obtained from the uncer-
tainty of the fit parameter. Because of ample statistics fluctuations were minimized

and the quality of the fit is reflected by the x?/DOF. In the pr windows study, we
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start to lose statistics and can observe the gradual increase of statistical fluctuations.

6.2 Systematic uncertainty estimation

AOD 086 (14 M Events)

Binning Integral Method Window method
Event selection Primary Vertex Selection Primary Vertex Selection
10cm Tcm 5cm 10cm 7cm 5cm
TPC only tracks ¢/ 4 v 4 4 v
Hybrid tracks 4 v 4 4 v 4
Two track 4 v v v 4 v
efficiency
Charge 4 v 4 4 4 v
dependency
Fitting 4 v v v 4 v
procedure

AOD 081 AMPT

Wing correction  Generated level ¢/ Reconstructed level v/

Figure 6.1: Overview of systematics checks performed

In this section we will discuss the systematic checks we performed ( see table. 6.1)
to check the stability of the results. By changing certain cuts in the analysis, one can
determine the changes in the extracted parameters. One can also study additional
effects by turning off correction procedures. First, we look at the systematics due to

event selection and track selection. Afterwards, systematic errors from the correction
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procedure will be discussed. Finally, systematics from the procedure itself will be

addressed.

6.2.1 Systematics due to event selection

The event selection is based on a primary vertex cut and the centrality. In the
pr analysis we only studied the central events. Therefore event selection was only
affected by the primary vertex selection. Hence, we compared the structures of the
correlation functions for different primary vertex cuts as a systematic check. Primary
vertices had to be within 45, 7, +10 cm respectively. In order to see the dependence
of the primary vertex selection, the correlation functions from two different primary
vertex cuts were compared by subtraction. For TPC-only tracks, we observe a spike

after the subtraction of 7cm from 10cm structure (Fig. 6.2, right frame).
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Figure 6.2: Left : the correlation structure with 10 cm , (middle) with 7 cm primary
vertices and (right) the difference between the structure with py > 0.15 GeV/c.

There is no spike when the correlation functions are compared for the 5 cm and

7 cm cuts (Figure 6.3 and 6.4 ). The primary vertex selection is further extended
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Figure 6.3: Comparison of the primary vertex selection 7 cm (left) and 5 cm (middle)
using TPC only tracks and the residual is shown in the right
higher-order

by using Hybrid tracks (e.g., Figure 6.4). Hybrid tracks are reconstructed with TPC
and ITS signals together, and regarded as the most reliable set of tracks. In all cases,
there appears to be little difference when the vertex cuts are changed. The narrow
peak in the TPC Only signal is stronger than the hybrid signal. This is due to the
primary particles interaction with the detector material and hybrid tracks are cleaner
compared to TPC Only tracks, as it requires both TPC Only and ITS hits for track
reconstruction. However, this does not affect our analysis as we remove the quantum
correlations. It should be noted the spike is modeled with a exponent in the fits, and
we do not extract any physics information from these correlation functions. Figure
6.5 shows the extracted parameters with the different primary vertex selections.
Good agreement is observed within different primary vertex selections and, there is

no accountable dependency of correlation function on the primary vertex selection.
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Figure 6.4: Comparison of the primary vertex selection 7 cm (left) and 10cm (middle)
using Hybrid tracks and the residual is shown in the right

6.2.1.1 Statistical significance test

One should note that events with 7cm and 5cm primary vertex are a subset of the
10cm primary vertex event pool. A technique advocated by Barlow [177] is useful for
checking the statistical significance of systematic variations when a subset of data is
compared to the full sample. If A is a subset of B, then the statistical uncertainty
of the difference A — B is v/o42 — o52. If the difference is less than the statistical

limit there is no true systematic due to the selection of the subset.

Figure 6.6 upper raw shows the above mentioned statistical significant test for
veand v3. Data sets with 7cm and 5cm primary vertex cut are compared as per above.
It is observed that the statistical uncertainties are higher than the difference between
the observables from the subsets. This means there is no systematic deviation beyond
what is expected from statistics. In the bottom row of the fig. 6.6 we observe that

the trend for vy and w3 also applies to v, and vs. Thus, we report the maximum
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Figure 6.5: Systematic study of Fourier harmonics and Gaussian parameters with
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discrepancy of the parameters between two primary vertex selections as a systematic.
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6.2.2 Systematics due to track selection

The effect of the track selection is evaluated by comparing results obtained using
different track cuts, i.e. Hybrid tracks versus TPC-only tracks.
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Figure 6.7: The comparison of the track selection TPC Only (upper row) and Hy-
brid(lower row) first the lowest bin (pr > 0.15 GeV /c ) three different primary vertex
selections are shown .

Figure 6.7 shows the comparison of TPC-only tracks (upper row) and Hybrid
tracks (lower row), where the columns are for different primary vertex cuts. The HBT
peak for the TPC-only tracks is much larger than for hybrid tracks, otherwise, both

structures looks quite similar. The structures can now be compared as a function of

pr(see Figures 6.8 - 6.13 ).
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Figure 6.8: The comparison of the track selection TPC Only (upper row) and Hy-
brid(lower row) tracks as a function of pr for first three bins
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P;>2.5 GeV/c P;>2.7 GeV/c P;>3.0 GeV/c

TPC Only

Figure 6.10: TPC Only vs. Hybrid tracks at high pr > 2.5 GeV/c

In order to gain a better understanding, the correlation structures of different
track selections are projected over the full A¢ range. Here, a lower momentum
threshold of pr > 0.15GeV/c is used. As shown by the left frame of Figure 6.11,
both the projections look quite similar, except near An=0. However, the small angle
peak (An =~ 0) is higher in TPC-only tracks, so this difference is expected. The
green line in the right frame shows the difference whereas the ratio is shown as the
black line. It is observed that the difference is close to zero and the ratio has a slight
oscillation near unity, presumably from HBT contributions.

Figure 6.12 shows the pr evolution of Fourier coefficients for different track selec-

tions. Good agreement is observed between the different track selections.
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Figure 6.11: The comparison of projected correlation functions over An using TPC-
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Figure 6.12: Comparison of flow coefficients as a function of transverse momentum
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6.2.3 Systematics due to corrections

6.2.3.1 Wing effects
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Figure 6.13: The centrality evolution of untriggered di-hadron correlations for min
bias events.

Figure 6.13 shows the centrality evolution of the 2D correlation functions. In
Figure 6.14, we show an away-side projection to investigate the centrality dependence
of the wings. It appears the wings are stronger in central events. As explained in
chapter 4, the correction for this acceptance effect in 7 is carried out via a subtraction
of a polynomial function. Here we calculate the difference of the parameters with
and without that subtraction and report it as the systematic uncertainty due to the
An acceptance. The estimates are summarized in the table 6.1 and this correction

has the highest contribution(5%) to the systematics in low momentum range.
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Figure 6.14: The centrality evolution of projected away-side wing on An.

6.2.3.2 Two-track efficiency

The effect of the two-track efficiency correction was also studied by comparing the
fit parameters with and without the correction. An additional test is carried out by
varying the standard cut values (An < 0.02 and Ag < 0.02) . The cuts were first
doubled and then halved. Both Gaussian parameters and flow parameters showed

less sensitivity (<1%) to the two-track efficiency correction.
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6.2.4 Systematics due to procedure

6.2.4.1 Momentum binning

The momentum evolution of the untriggered di-hadron correlations first studied by
increasing the lower threshold of the momentum cut for both particles. The extracted
parameters are then plotted as a function of the mean pr for a given cut. We refer
to this as the integral method . The second procedure was to study the parameters
as a function of momentum windows, which the following cuts x < pr < x + 0.5,
x < pr < x4+ 0.25 GeV/c. The widths of the windows are 0.5 and 0.25 GeV/c. We

refer to this as the window method.
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Figure 6.15: The comparison of extracted v, between Integral method and windows
methods.

Figure 6.15 shows the comparison of the two methods; integrals vs windows (with

0.25 GeV/c width windows). One can see they give consistent results.
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6.2.4.2 Charge dependence of the correlation function
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Figure 6.16: Charge dependence of di-hadron correlation function

In order to study the charge dependence of the extracted parameters, correla-
tions functions were constructed separately from like-sign (++ or ——) and unlike-
sign (+ — or — +) pairs. Figure 6.16 (upper row) shows the charge independent
(left) ,unlike-sign (middle) and like-sign(right) structures of correlation function for
pr > 0.15GeV/c. One can see that the spike appears only in the unlike sign cor-
relation function (middle structure in both rows). This indicates that we see more

+

e™, e~ conversions than HBT correlations. Figures 6.17-6.19 show the momentum

evolution of the charge dependence of the correlation function.
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P> 14 GeV/c
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Figure 6.19: Charge dependence of the correlation in the high range pr > 2.2 GeV/c
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In figure 6.20 we compare the charge dependent Fourier coefficients as a function

of mean pr. There is no evidence for any charge dependence of the Fourier harmonics.
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Figure 6.20: Charge dependence of the Fourier harmonics (v,, n= 2,3,4,5) as a
function of pr.

153



6.2.5 Summary of systematics uncertainties

Table 6.1 shows a summary of the systematic uncertainties. The track selection
relates to the differences observed between hybrid and TPC only tracks. Event
selection refers to the differences observed for different vertex cuts. The acceptance

correction (wing) causes the largest uncertainty.

Parameter m(n=1,2,3,4,5) 2d Gaus. An width 2d Gaus. A¢ width

Track selection < 1% < 1% < 1%

Event selection < 1% < 1% < 1%

Wing correction < 1% < 5% < 5%
Two-track efficiency < 1% < 1% < 1%
Momentum binning < 1% < 1% < 1%

Fitting procedure < 1% < 1% < 1%
Charge dependence < 1% < 1% < 1%

Table 6.1: Summary of systematic uncertainties
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6.3 Final results

6.3.0.1 Addition of higher harmonics (vg)

In order to study the initial energy density fluctuations, the order of the highest v,

increased and up to vg. At high pr one can see the vg signal (see fig. 6.21 green line

in the bottom). The vg parameters are extracted for the first time from the ALICE

experiment via di-hadron correlations.
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Figure 6.21: Fourier harmonics v, (n = 2,3,4,5,6) for 0-5% centrality class using the
lower threshold method.

The systematics we discussed so far can be treated as independent errors. Hence

one can add them in quadrature to get the final systematic uncertainty. Figure 6.22

shows the extracted Fourier harmonics with full systematics. Here the statistical and

systematic errors are combined and presented as a single value. The values are also
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compared with the most recent independent measurement[175]. The closed symbols

are from this analysis and yield smaller error bars. As vg is extracted for the first

time, one needs an independent measurement to confirm the result.
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Figure 6.22: Fourier harmonics with final error bars.

Figure 6.23 shows the transverse momentum evolution of Gaussian widths. The
systematics are shown as gray box whereas statistical errors are shown as error bars.
One can observe that the largest systematic uncertainty is in the lower momentum
bins. This is mainly due to the acceptance correction because the wing correction
causes the nearside Gaussian to become larger. Consequently, the Gaussian param-
eters have larger uncertainty. At hight pr the effect of the correction is minimal and

the uncertainty is dominated by statistics.
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Figure 6.23: Gaussian parameters as a function of pr.
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Chapter 7

Discussion and Conclusions

In this chapter, we try to relate the parameters extracted from the momentum de-
pendence of di-hadron correlations to the model predictions. First we discuss the
advantage of the technique applied for our v,, measurements. Then we compare our
measurements to the most recent measurements. Afterwards, we compare our v,
values to the recent theoretical predictions and deduce the importance of the flow
measurements to understand the QGP medium properties. At the end, we address
the Gaussian parameters and jet modification at lower momentum. A possible link
to calculating energy transport coefficient in the QGP based on the data at high (pr)

will also be discussed.
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7.1 Higher-order Fourier coefficients

Comparison to other techniques

Here we compare the v, (n = 2,3,4) values from this analysis for two different
techniques. Obtaining flow parameters with the least presence of non-flow was one
of the goals of this thesis work. Figure 7.1 shows the comparison between the 2D fit
method(this thesis work open symbols) and the An gap method (closed symbols). In
the An gap method [174] the removal of non-flow (or jet) is carried out by excluding

the jet region in the fit function (typically |An| < 1).
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Figure 7.1: Comparison of extracted v,, coefficients from 2D fit method and An gap
method.

By excluding the jet region one can minimize the non-flow contribution in flow
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measurements. However it does not fully remove the non-flow. In our method, we
do not exclude any region, which means the complete A7 is used in the estimation of
the flow coefficients and non-flow contributions. This way, we remove the non-flow
rather than minimizing it. One can see that the v,, values from the An gap method
are slightly higher than the 2D fit method, which can be attributed to the presence
of non-flow in the measurement compared to our method. The above figure indicates

the strength of the applied analysis technique.

7.1.1 Theory comparison

’ Physics results ‘

\ 2

Theory Experimental

|

simulation

probes

4\

Initial conditions Dynamics De coupling Statistical Systematic
* MC Glauber Hydrodynamics * Cooper-Frye errors errors
* MCKLN e Ideal * Gradual
* |IP-Glasma * viscous freeze out
(CGQ) ¢ Sudden
freeze out

Figure 7.2: Sources of uncertainties which influence the physics results

7.1.1.1 Comparison to recent theoretical developments

In order to understand the physics behind the deconfined state of matter, we attempt

to explain the experimental results using model predictions. Obtaining new physics

160



depends on the accuracy of both theoretical and experimental calculations. Thus,
proper estimation of statistical and systematic uncertainty becomes an essential task.
In this thesis work we discussed the uncertainty associated with the experimental
results in the chapter 6. We have performed an extensive systematics study while
minimizing the statistical uncertainties. Theoretical modeling of a relativistic heavy-
ion collision is quite complicated and challenging. The process of modeling can be
done in three steps. First, the initial conditions of the colliding nuclei have to be
modeled. Second, the dynamical evolution of the Quark Gluon Plasma has to be
implemented. The third stage is the reproduction of the particle spectra. Each
stage has different challenges and limitations. The modeling of the initial nucleon
distribution of colliding nucleus is theoretically represented by several models. The

Monte Carlo (MC )Glauber model is one such model.

€ o £ o £ o
= > L > L
s5F -5 -5
L L L L L L L L L
10750 0 10 10750 0 10 10730 0 10
x(fm) x(fm) x(fm)

Figure 7.3: Typical events for Cu+Cu (left panel), Au+Au (middle panel), and Pb-
Pb (right panel) collisions, the first two were performed at RHIC energies and the
latter at the LHC.Wounded nucleons (participants) are indicated as solid circles,
while spectators are dotted circles

In heavy-ion collisions, initial geometric quantities such as the shape of the colli-

sion region and the impact parameter cannot be directly determined experimentally.
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However, it is possible to find the relationship between the number of observed par-
ticles and number of spectator neutrons to the centrality of the collision. Based on
the centrality of a collision, the initial geometry can be estimated. In MC Glauber
calculations, a uniform matter density is assumed. The quantity is typically de-
scribed by a Fermi distribution in the radial direction and uniform over solid angle.
In the Monte-Carlo-based models, individual nucleons are randomly distributed on
event-by-event basis. The calculation of collision properties are done via averaging
over larger number of events (collisions). Figure 7.3 shows the Glauber-Monte-Carlo
simulation of the nucleon distribution for different systems. The dynamical evolution
of the QGP phase is modeled via hydrodynamics. Hydrodynamic modeling includes
initial conditions, an equation of state (EOS) and a decoupling prescription. At the
kinematic freeze out temperature, the Cooper-Frye formalism has been carried out

for converting the fluid cells of the system into particles [124].

Studies show that the higher-order Fourier harmonic scaling relation %, for
Vg

RHIC data which is discussed in [100] indicates a discrepancy from the ideal hy-
drodynamical behavior[106]. Further studies [107-110] indicate that the observed
discrepancy can be due to the degree of thermalization in the QGP, elliptic flow
and eccentricity fluctuations in the initial geometry, or viscous effects of the QGP
medium. The Glauber initial condition model was improved very recently by cou-
pling to color charge fluctuations using a modified Color Glass Condensate (CGC)
picture to incorporate quantum fluctuations. In order to investigate the underlying

physics, we compared the Fourier harmonics to these models which pair CGC initial

conditions with viscous hydrodynamical flow [104,105].
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First, an Impact Parameter dependent saturation model (IP-Sat) [112,113] which
incorporates high energy nuclear and nucleon wave functions has been combined
with classical Yang-Mills description of glasma fields (CGC)[114-117] in heavy-ion

collisions. This improved model is called IP-Glasma model [104,105,118] and has the

following properties.

e Nucleon positions are distributed using Woods-Saxon potential
e Impact parameter dependent Q?(x, b ) is obtained for each nucleon by fitting
[P-Sat model to deep inelastic scattering (DIS )data from the HERA experi-
ment
e The color charge squared per unit area, g?u%(z, b, ), is proportional to Q*(z, b, )
e The characteristic correlation length is 1/Q, thus allowing a finer granularity
than the nucleon scale
") )
NI N
o ,‘\I: \‘ . ::
sy Y
z \ \ b')'{ ,? ,

Figure 7.4: The color charge densities of incoming nuclei gu for Au + Au collisions
at 200 GeV. Higher densities are shown in red [118].The degree of correlation and
fluctuation in the gluon fields of the lead ions at /Syy = 2.76 TeV.
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The degree of correlation and fluctuation of the gluon fields in the incoming nuclei
are shown in Figure 7.4. After the initial classical Yang-Mills (CYM) description (~
0.2 fm/c) of this boost invariant configuration of gluon fields, the system is evolved
using relativistic viscous hydrodynamics as prescribed in MUSIC [119-122] which
is a 2 4+ 1D relativistic viscous hydrodynamical simulation. The hydrodynamical

evolution requires the construction of the energy momentum tensor:

Thpuia = (€ + P)uu” — Pg"” + 11" (7.1)

where € is the energy density in the fluids rest frame, u* is the flow velocity, P is
the local pressure using the equation of state at all transverse positions and IT* is
the shear viscosity. The equation of state used is derived using a hadron resonance
gas model and fits to lattice QCD results [123] solved for € and u* considering energy
momentum conservation (9,7"” = 0). Partial chemical equilibrium temperature at
which the different species of particles are formed is set to below 150 MeV with the
kinematic freeze out temperature at which the particles stop interacting set to 120

MeV.

Comparison to RHIC measurements

Figure 7.5 shows how the initial energy anisotropy propagates with and without
viscous effects. As shown in figure 7.5, after 6 fm/c, ideal hydrodynamical evolu-
tion preserves much of the initial energy anisotropy compared to the viscous hydro

evolution of the medium. A non-zero viscosity to entropy density ratio (n/s # 0)
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Figure 7.5: The evolution of initial energy density with and without viscous effects
using the MUSIC simulation [111].

dampens the flow strength (the anisotropy transformation between the initial geo-

metrical anisotropy and final state momentum space anisotropy) that is measured

experimentally:.
0.21 vy == + | RHIC 200GeV, 30%—40%
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Figure 7.6: Comparison of v, (pr) for /s = 0.12 for RHIC data , Experimental data
by the PHENIX (open symbols) and STAR (preliminary, filled symbols) Collabora-
tions. Bands indicate statistical errors.

The data are well described by the theoretical results with a n/s value of 0.12,

which is larger than the predicted quantum limit of (1/47 = 0.08) [125,126] and
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within the predicted range 0.08 - 0.24 [127].

Comparison to our LHC measurements
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Figure 7.7: (Leftpanel) Identified particle pr spectra including all resonances up
to 2 GeV compared to experimental ALICE data; (Right panel) Root-mean-square
anisotropic flow coefficients v, (n = 2,3,4,5) computed as a function of centrality,
compared ALICE [175] (experimental points)
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Figure 7.8: Pb-Pb 2.76 TeV data from ALICE at 0-5%(this thesis work) compared
to IP-Glasma model calculations with /s = 0.2.

The obtained pr spectra of pions kaons and protons for 0-5% central Pb-Pb colli-

sions at v/ Syy= 2.76 TeV at ALICE shows good agreement with the IP-Glasma+Music
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predictions with n/s= 0.2. Figure 7.7 shows that the centrality evolution also agrees
well within error bars. The IP-Glasma framework has described a wide range of data
in both RHIC and LHC with decent accuracy. It is the best candidate to compare

our Fourier harmonics to estimate the specific shear viscosity.

We compare the transverse momentum evolution of v, 0-5% central data to IP-
Glasma model in Figure 7.8. Despite the small deviations in v, the model describes
the data well. In particular v shows excellent agreement. One can deduce that,
the analysis strengthen the prediction of 7/s= 0.2 since anisotropic flow measure-
ments obtained from this method (see Figure 6.22) has better precision and the least

presence of non-flow.
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7.2 Implication of 2D Gaussian parameter evolu-

tion

The 2D Gaussian parameter evolution shown in Figure 6.23 can be understood pri-
marily as medium modified jets. As shown in Figure 5.19, that the Gaussian become

symmetric above pr ~ 2.8 GeV/c.

Low Pt. PbPb

Ad

An

Figure 7.9: The behavior of Gaussian width modification at three different momen-
tum ranges

The strength of di-hadron correlations in a narrow An x A¢ space is expected to
grow as we increase the momentum (lower pr cut). Jets are high energetic set of par-
tons distributed around a leading hard scattered parton, and consist of sub-leading
partons closer( in the coordinate space) to the initial leading parton. The partons
which are further away from leading and sub-leading particles have lower momentum
compared to leading partons. Thus, as a function of the lower py threshold cut, the
decrease in correlated pairs is less steep compared to the decrease in background
pairs. This is clearly reflected in di-hadron correlation measure, as an increase of
the correlation strength (see Figure 5.18). In the range Below pr 2.8 GeV/c, the 2D

Gaussian is asymmetric and more elongated in An. First we discuss the 2D Gaussian
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parameters in the momentum range below 2.8 GeV/c. Recent theoretical develop-
ments [128,129], which are based on hydrodynamical evolution of the QGP, can be
related to the parameter evolution. Afterwards, the broadening of the 2D Gaussian
width in relation to modified jets, and the energy-loss mechanisms (characterized by

the jet transport coefficient ¢) in the QGP medium will also be discussed.

7.2.1 Implications of Gaussian widths at low momenta

The candidates for describing the An elongation are; medium modified jets [158,159],
hydrodynamical phenomena [128,129] and resonance production [165]. First, we will

discuss hydrodynamical predictions which exhibit similar trends in the data.

7.2.1.1 Hydrodynamical explanations

The dynamical model we use to model the space-time evolution of QGP is a very
versatile framework. As we discussed earlier, hydrodynamical modeling requires
the initial conditions to propagate. The studies show that the effects due to the
initial state fluctuations within a fluid cell can cause induced correlations in the final
state[130]. This phenomena occurs due to natural hydrodynamical fluctuations. In
this procedure, a single fluid element (also referred to as a local hot spot) is evolved by
using the hydrodynamical equations in the expanding medium with flow background.
The hydro fluctuations are modeled as perturbations and are implemented by adding
these perturbations to the energy-momentum tensor (7%") and current densities (J*)

[130]. The di-hadron correlation functions K(An) of these stochastic terms are then
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calculated by using the fluid equations of motion.

The motivation behind this study comes from studies [131]. It is found that,
most of di-hadron correlations featuring azimuth angle difference (A¢) can be re-
produced by using the hot spots. This is carried out by placing the hot spots at a
particular position in the transverse plane and evolved using hydrodynamical equa-
tions. In brief, the initial microscopic space-time fluctuations are propagated in the
expanding medium. Though the fluctuations are still correlated at a macroscopic
scale and observed in the final state. Therefore the long range correlation in An
can be described as a result of natural hydrodynamical fluctuations of initial state,
propagating through an expanding medium. In addition, one can use this procedure

to deduce the n/s value.

No viscosity With viscosity

K(An)
Tkap
K(An)

Figure 7.10: The correlation strength K(An) measured in An without (left) and with
(middle) viscous effects in a hydrodynamical evolution, (right) The comparison of
correlation function K(An) for the two viscosity values n/s = 1/47 and 3/47 using
solid and dashed curve respectively.

Figure 7.10 (left and middle) shows the di-hadron correlation described in [130]
without and with viscosity effects. It is observed a viscosity dependence in the An
of the di-hadron correlations. Figure 7.10 (right) shows the comparison of the corre-

lation function K(An) for the two (n/s) values 1/47 and 3/47 (the predicted range
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is (n/s =0.08 - 0.24) [127]). The calculations are based on the value of kinematic
freeze-out temperature (T%,) of 150 MeV and the Cooper-Frye prescription [124] to

obtain the final state particle spectra.

Coc b b b il IS AR AN PN BN BPNEN B
-1.5 -1 -0.5 0 0.5 1 15 0 02 04 06 038 1 12 14
An An

Figure 7.11: Left:The one diminutional projection of our correlation function
(Pb+Pb data 0-10%) as a function of An, Right: the comparable range to the model
(0- 1.5) An

In order to see the evidence of such a behavior in our correlation function, we
took the one dimensional projection of the 2D correlation function on An axis over
A¢. Though our analysis is limited to mid pseudo rapidity range (An < 1.5), the
data shows qualitative similar trend within the range. Still one needs a more analysis

specific simulation to make a quantitative comparison.

7.2.1.2 Local charge conservation picture

Another hydrodynamically motivated explanation is based on the effects of local
charge conservation at the de-coupling stage of the evolution [129]. In this procedure,

hydrodynamical calculation has been carried out on the basis of an event by event and
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Glauber model initial conditions energy distributions to construct the 2D di-hadron
correlation function in An—A¢ . The previous work [132 - 135], shows the importance
of the formation of charges at de-coupling stage of the hydro evolution of QGP
medium. Such charge-dependent particle productions exhibit strong correlations
between unlike-sign pairs in An and A¢. Thus, the mechanism has been proposed
as the cause of An dependence of the "ridge” correlation. In this case,the ridge
is on top of the flow modulation [136]. In this local charge conservation picture,
the Glauber initial conditions are evolved using a 3 + 1D viscous hydrodynamical
evolution with both bulk and shear viscosity [137,138]. The initial entropy density
is modeled from the code GLISSANDO [139] and the freeze-out particle emission
is carried out using THERMINATOR code [140]. The local charge conservation is
implemented at the de-coupling stage of the THERMINATOR code with opposite

charged particles emitted in pairs from the fluid element (see Figure 7.12).

+

Figure 7.12: Charge conservation mechanism for resonance decay and local pair
creation, where u gives the collective flow velocity of the fluid cell and pq, po are the
momenta of positive and negative charged particles in the pair respectively. The
charged particle pair coming out from the dotted line represents resonance decay.
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(a) 30-40%, u_nbAa_I%_‘_.-—«.-- . . (b) 30-40%, u_r)bglz

Figure 7.13: 2D correlation functions showing the local charge conservation effects.
Top and bottom rows are without and with charge balancing respectively while left
and right columns are for like-sign and unlike sign pairs respectively. The correlation
functions are generated for 30-40% Au + Au collisions at /syy = 200 GeV and for
charged particles with 0.2< pr < 2 GeV/c with T}, = 150 MeV.

As shown in Figure 7.12; the local charge conserving charged particle pair expe-
riences the same collective flow velocity u which collimates their motion. The calcu-
lation also includes pairs from resonance decay cascades. The effect of the resonance
decay cascades can be observed in Figure 7.13 top row, right panel, (unlike-sign cor-
relation) as a weak short range correlation peak, compared to the left panel (like-sign
correlation). However, when we apply the local charge conservation (bottom row),
the unlike-sign correlation function is enhanced and show significant peak structure

compared to the like-sign measurement. This feature is comparable to the experi-

ment and observed similar trend [141]. As global momentum conservation needs to
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30-40% Pb-Pb 2.76 TeV
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Figure 7.14: 2D correlation functions shown for this thesis work with the charge de-
pendence. Left and right columns are for like-sign and unlike sign pairs respectively.
The correlation functions are generated for 30-40% Pb-Pb collisions at /syny = 2.76
TeV and for charged particles pr > 0.7 GeV/c.

be implemented in the theory, direct quantitative comparison of the theory to our
data is not possible yet. In order to study this effect qualitatively, 30-40% centrality
class was generated by like sign pairs and unlike pairs for Pb-Pb collisions at \/syy =
2.76 TeV. The effects from resonance decay cascades has been removed by taking out
the secondaries from the data. As shown by figure 7.14 Pb-Pb data also shows the
trend explained by the local charge conservation. The qualitative correlation trend

shown in theory by incorporating hydrodynamical flow and local charge conservation

is an indicative of a possible explanation for our results.
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7.2.2 Comparison to triggered analysis

In the triggered analysis the construction of the correlation function is carried in a
way that the triggered particle is in a higher pr range whereas the associated particle
is in the lower pr region. For instance, one can choose 2 < pr9 < 3 GeV and 1
< pr***° < 2. The main objective of such an analysis is to sample the jets in a
desired momentum range. Recently, a study was carried out to model the near side
jet shape[176] as a function of centrality for different py combinations. Our analysis
is not focused on identifying the jet contribution. The correlation structures consist
of contributions from jets and modified jets. If we compare to a jet only analysis we
can isolate the effect of the jet modifications. In order to make such a comparison a

centrality evolution study was carried out in the momentum range of 1< py < 3 GeV.

Figure 7.16 shows the near side centrality evolution of the untriggered correla-
tions. Figure 7.17 shows the comparison to triggered jet shape analysis. The top
four 2D correlation structures are from the jet shape analysis and the bottom ones
are from this thesis work. The first column is 0-10% and the second column shows
the structure after the flow subtraction. The elongation in An our analysis is clearly
visible compared to the triggered analysis.The third column is for 60-70% and the

right most column shows the flow subtracted structures.
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Figure 7.18: Centrality evolution of 2D Gaussian .
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Figure 7.19: Comparison of Gaussian parameters

In order to model the centrality evolution the data are fitted using the same fit
function used in the momentum evolution studies in the chapter 5. Figure 7.18 shows
the fitted 2D Gaussian as a function of centrality. Figure 7.19 shows the compar-
ison of the Gaussian widths to jet shape analysis as a function of centrality. The
black points (corresponding to 2 < pr'™ < 3 GeV/c and 1 < pr®*° < 2 in the left
panel ) are compared. One can see that there is a difference in the An width in
all centralities . The observed difference qualitatively described as a consequence of
medium modification of the jets. The strength of the untriggered analysis technique
used in this thesis work is the ability to probe the lower momentum region (even
< 1 GeV/c). However, the observation needs feedback from the theory and model
predictions to quantify the medium modifications, which ultimately will connect to
a energy-loss mechanism. Next we discuss the energy-loss mechanisms, which de-

scribes the observed behavior.
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7.2.3 Energy-loss mechanisms in the QGP medium

One of the extensively studied QGP properties is the energy-loss in the medium.
As we briefly discussed in chapter one, the energy-loss in the QGP medium can
be related to the R44 measurement. In a R4, measurement, the particle yield in a
heavy-ion collision is compared to the corresponding yield in a p 4+ p collision system
as a function of py. If R44 measures a value of one, implies in a heavy-ion collision
the particle yield is a superposition of p + p in that py bin, which indicates that no

medium effect has taken place.
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Figure 7.20: Neutral pion suppression factor in central and mid-central 200 GeV Au
+ Au collisions from PHENIX collaboration compared to theory calculations. Here
the dashed dotted curve represents collisional, dashed curve represents radiative and
solid curve represents both energy-loss mechanisms taken into consideration [151].

179



The energy-loss of a traversing high energetic parton in the QGP medium is
described in two different mechanisms. First, by elastic scattering [142-144] and
second, medium-induced gluon radiation [145-150]. Figure 7.20 shows an example of
the different contributions to the 7% suppression spectrum. The energy-loss models
calculate the energy transport coefficient ¢ in order to quantify the average energy
transfer between the medium and the parton. Thus, the energy transport coefficient

q is also described as the jet energy transport coefficient.

The energy-loss via gluon radiation is described by two different procedures, which
characterized by the equations 7.2 and 7.3. The radiative energy-loss using BDMPS
model [152] describes via multiple gluon emission whereas the GLV model [153] the

energy-loss describes via single gluon emission.

<AE>BDMPS 0.8 CL’SCR<C_§>L2 (72)
1 dNY9
AE 3CrR———L .
GLV X aSCRAL dy (7 3)

In the BDMPS model, the energy-loss is characterized by the jet transport co-
efficient ¢, whereas the GLV model characterizes the initial gluon density %. In
the equations, «; is the strong coupling constant, dd% is the gluon density per unit
rapidity, A, is the transverse area, Cr is the Casimir operator and L is the path
length of a parton in the QGP medium. Defining ¢ requires the number density
density p of the constituents in the medium (partons). A definition can be written

as,
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) do
q=p / *qrqt 2. (7.4)

where ¢, is the transverse momentum transfer (in the x-y plane) and dg;l is the

differential scattering cross section of the parton in the medium.

jet

i
i
1l

gluonsstrahlung

Figure 7.21: A schematic of radiative energy-loss in a hard scattered jet. Some of the
the relevant physical quantities which drives the energy-loss, T', ¢ and gluon density
are notified.

Figure 7.21 shows a schematic view of a hard scattered parton traversing the
QGP formed in a heavy-ion collision. The parton shower of the jet on top of the
schematic does not interact with the medium if it is emitted from the surface of the
QGP (surface jet). If a jet is formed inside the QGP, then the jet interacted with
the medium and is called quenched jet. Our measurement shows a broadening of

quenched jets with respect to unmodified jets in p + p collisions where a QGP is
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- PHENIX Au+Au (central collisions):
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Figure 7.22: left panel:BDMPS models fits to the 7° and charged hadron R44 as a
function of ¢. A ¢ value of 5 GeV?/fm corresponds to a % of 900. Right panel:

GLV model comparison to 7° R4 for central Au + Au 200 GeV data from PHENIX.
R4 for n and direct v is also shown without model comparisons

not formed. Though, both GLV and BDMPS model computations shown in figure
7.22 successfully describes the observed R 4 measurements, they do not converge
to a common ¢ value. The GLV calculation gives a range for ¢ that is 0.35 - 0.85
GeV?/fm for dN9/dy = 900 with the corresponding BDMPS value at 5 GeV?/fm. In

fact due to many theoretical uncertainties, ¢ ranges from 0.3 - 20 GeV?/fm [155-157].

The BDMPS model is extended in order to study the jet broadening and corre-
sponding energy-loss, to extract ¢ of the QGP [160]. Figure 7.23 shows the mech-
anism which is implemented in the model. As seen in figure 7.23, the collective
flow fields in the medium modifies the high p; parton fragmentation. The partonic
energy-loss mechanism is remodeled by considering flow induced, directed momentum
transfer. The asymmetry of energy and multiplicity distributions for the modified

jets in the 7 — ¢ plane have been calculated and are shown in Figure 7.24. The gluon
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energy distribution that resulted from fragmenting the initial scattered parton, can

be deduced by coupling the momentum transfer to flow fields in the medium .

A model calculation (shown in Figure 7.24) has been carried out by using, a
momentum transfer per scattering center p of 1 GeV/c, a total transverse jet energy
of Er=100 GeV, a path length L of 6 fm, a collective flow effected momentum
transfer ¢o of 1 GeV/c, a jet cone radius of 0.3 and the strong coupling of a;=1/3.
It is also shown that in general the reconstructed jet axis (the symmetry axis of the
jet) gets modified (shifted) in the direction of the flow. The multiplicity distribution
of the fragmented initial parton is shown in Figure 7.24. The effects is observed
in the multiplicity distributions, as expected from the model prediction. As it is
implemented in the model, that the long tails of the gluon multiplicity distribution
cause the elongation in An correlation function. In the case a’'=0, gives a slightly
higher yield as compared to the a'=m/4 case. It is evident that as one increases
the lower pr/energy cut off for the partons, the yield closer to the jet axis slightly
reduces. For the o/ =7 /2 case, the multiplicity distribution is symmetric as one would

expect due to relatively smaller medium interactions.

The model study yields qualitative agreement with our analysis as, we observed
the both jet broadening and the asymmetry via the 2D Gaussian width evolution as
a function of pr. But more quantitative approach will require knowledge of the jet

energy, which is beyond the scope of this thesis.
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Vacuum Static medium: Flowing medium:

(reference) Broadening Anisotropic shape

%‘
3

Figure 7.23: A schematic of a jet traversing a). in vacuum b). in a medium which is
co-moving with the jet’s rest frame ¢). in a medium which is boosted perpendicularly
to the rest frame of the jet. The distribution of radiated parton multiplicity under
the influence of a co-moving QGP medium is shown[160].

dN/(RdRda’) for ar=0
[ dashed: w>3 GeV
I solid: w>1 GeV

R
wk dN/(RdRdar) for ar=m/4
QS beam 50

PRI PRI [P S S A NP A
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Figure 7.24: The jet multiplicity distribution for different cuts in n — ¢ plane for two
low momentum cut off values, w > 3 GeV/c and 1 GeV/c. The flow field acts in the
direction of the beam line[160].
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7.3 Summary

In summary, we were able to study the transverse momentum evolution of triggered
di-hadron correlation analysis in the 0-10% centrality bin using Pb-Pb 2.76 TeV data
from the ALICE experiment. A smooth evolution of di-hadron correlation structures
as a function of pr and ( pr) is observed. The correlation structure was modeled
using a Fourier series that consist of terms up to n=>5 and a 2d Gaussian structure to
model the non-flow contributons in the near side after subtracting out the summed
Fourier series contribution. The Fourier series terms are due to possible initial state
energy density fluctuation correlation contributions in heavy-ion collisions. We stud-
ied the Fourier series terms n>2 by comparing to an independent analysis from the
ALICE experiment, based on single particle measurements with respect to the re-
action plane, and observed excellent agreement. Then we focused on characterizing
medium properties of the QGP by extracting a value for the shear viscosity (n/s).
Our results are consistent with a hydrodynamics based model that uses an n/s value
of 0.2, which is within the anticipated range (0.08 - 0.24) for a near perfect liquid
close to the quantum limit. It is also about a factor 2 larger than the value obtained
with the same model fit for RHIC data. This is consistent with the picture where
the strong coupling falls weaker as a function of collision energy.

For the second part of our analysis we focused on the Gaussian profile of non-flow.
The region below pr = 2.8 GeV/c was discussed in relation to two possible scenarios
that use hydro-dynamical description of QGP. Indications are that the asymmetry
in the Gaussian can be attributed primarily to medium modified jets. The observed

difference of the An widths between our analysis and the jet shape analysis can be
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understood as the contribution from the particles produced via induced gluon distri-

butions that result for partonic energy-loss, i.e., quenched jets in the medium.

7.3.1 Features of the analysis

A smooth evolution of structures in the measured di-hadron correlation func-

tion as a function of increasing momentum is observed

e A multi-component fit function has been proposed to describe the measured

structures.
e v, scaling can be used to describe the flow.

e The 2D Gaussian fit component, which is added to a describe the modified jet
contribution, gradually shifts from an asymmetric to a symmetric shape in An

and A¢ with increasing momentum

7.3.2 Physics conclusions

e Extracted specific shear viscosity value (/s = 0.2) show small viscous contri-
bution to the ‘perfect liquid” medium. We have constrained the shear viscosity

to a new level of precision.

e The IP Glasma model, which assumes strong gluon saturation in the initial
state, and a viscous hydro dynamical evolution of the system describe the data

quite well.
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e This is consistent with the picture where the strong coupling becomes weaker

as a function of collision energy, as similar model study at RHIC estimated

(n/s = 0.12).
e Gaussian parameters describe the medium modified jets

e Future modeling will provide more constrains for the transport coefficient
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