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ABSTRACT

Heavy ion collisions at the LHC provide a tool to study the phase transition from hadronic

matter to a deconfined phase of quarks and gluons. We investigated whether flavor hierarchy

in the QCD transition crossover region could lead to clustering of strangeness. The idea was

supported by the enhanced production of strange carrying hadrons in heavy-ion collisions.

Kaons are the lightest meson that carry the strange quark and thus they represent around

80% of the total strangeness in the system. We search for clusters of strange quarks in

heavy-ion collisions, taking kaons as a proxy, by studying the azimuthal distribution of

particles on an event-by-event basis. To find the signatures of clustering, we defined two

different observables, probability of event clustering P (E) and Pull distributions. The shape

of these distributions is expected to carry the possible clustering signature. We measured the

higher moments of these distributions and compared them with the baselines, which have

no clustering. These baselines are achieved either through simple statistical considerations

of Poissonian particle production, leading to Gaussian signatures, or through analysis of

a realistic MC event generator, HIJING, that does not carry any mechanism of generated

particle cluster or even flavor hierarchy in the particle freeze-out. We find no explicit evidence

for azimuthal strangeness, but the detailed analysis allows us to set more stringent thresholds

on the clustering probability. A sensitivity study shows that the higher moments (skewness

and kurtosis) are more prone to show a signal. At this time, with the presently available

dataset and the resulting statistical and systematic uncertainties on the higher moment

measurements, we can state that the strangeness clustering probability in central heavy ion

collisions at LHC energies is less than 20%.
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Chapter 1

Introduction

A few microseconds after the Big Bang nearly 14 billion years ago, researchers theorize, the

universe transitioned from a hot, dense soup called quark-gluon plasma to hadron gas. These

particles make up the universe we know today, but only account for 5% of the matter needed

to understand all measured cosmic signals. The remaining 95% is the matter we do not see,

known as dark matter [1] [2].

The accelerator program started at the Lawrence Berkeley National Laboratory, Berke-

ley, where nuclei were first accelerated to relativistic speeds successfully in 1954 [3]. It

was then followed by the fixed target experiments such as Alternating Gradient Synchroton

(AGS) at Brookhaven National Laboratory (BNL) and Super Proton Synchrotron (SPS) at

CERN. Then followed the collider experiments, the Relativistic Heavy Ion Collider (RHIC)

at Brookhaven National Laboratory (BNL), which started operation in 2000 and the Large

Hadron Collider (LHC) at CERN, which is collecting data since 2010. The main goal of

heavy ion collisions has been to understand Quantum Chromodynamics (QCD) under ex-

treme temperature and baryon densities. An essential characteristic of relativistic heavy-ion

collisions is the large amount of energy deposited in a tiny space region for a brief period.

The nucleons inside the nucleus are made up of elementary particles, quarks and gluons.
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These quarks and gluons are confined within hadrons at ordinary temperatures, but they

form a deconfined state of matter where quarks and gluons are strongly coupled at high

temperatures and densities. This state, known as Quark Gluon Plasma (QGP), can be cre-

ated in interactions of relativistic heavy-ions at colliders such as the Large Hadron Collider

(LHC) [4].

1.1 The Standard Model of Particle Physics

The Standard model is a theory of particle physics describing the elementary particles of

matter, quarks and leptons, and their universal behavior, conveyed by three fundamental

forces: electromagnetic, strong, and weak [5].

The model lists six quarks and six leptons. Quarks are divided into six flavors (one for

each quark type): up (u), down (d), strange (s), charm (c), bottom (b), and top (t). On the

other hand, the three lepton flavors consist of a given lepton and a corresponding neutrino:

electron (e), muon (µ), and tau (τ).

The fundamental forces act via an exchange of force carriers referred to as gauge bosons.

The electromagnetic (EM) force is carried by γ photons exchanged between electrically

charged particles. The weak force is mediated by W± and Z bosons accountable for nuclear

decays due to the ability of change of flavor of both quarks and leptons. Finally, the strong

interaction which is moderated by gluons (g), carrying a colour charge, binds the quarks

within composite particles, known as hadrons. Lastly, there is a Higgs boson (H ), which

is responsible for giving the mass (inertia) to all massive particles by its interaction with a

scalar Higgs field permeating the entire Universe. An overview of the elementary particles

of the standard model is provided in Fig. 1.1, including some of their characteristic qualities

such as mass, charge, and spin.
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Figure 1.1: The elementary particles in the standard model of particle physics [5].

1.2 Quantum Chromodynamics

Quantum Chromodynamics (QCD) is the theory of the strong interaction between quarks

and gluons. Quarks and gluons are the fundamental particles that make up composite

hadrons such as protons, neutrons, kaons and pions, etc. It is based on non-abelian SU(3)

gauge theory with quarks in the fundamental and gluons in the adjoint representation of

the gauge group. The QCD analog of electric charge is a property called color. Gluons are

the force carrier of the theory, just as photons are for the electromagnetic force in Quantum

Electrodynamics. The six flavors of quarks are fermions with spin 1/2. Three quarks come

together in a color neutral state to form baryons, while a quark and an anti-quark together

form a colorless meson. Baryons and mesons are together called hadrons. All visible matter

around us is made of hadrons. There are eight massless, flavorless, colored gluons with spin

3



Figure 1.2: Summary of measurements of αS(Q) as a function of respective scale of mo-
mentum transfer Q. Open and filled symbols are from NLO and NNLO QCD calculations,
respectively. The curves are obtained from QCD predictions for the combined world average
value of αS(MZ0) [6].

1, which act as force carriers of QCD. QCD is characterized by its two key features, namely,

confinement and asymptotic freedom. The coupling constant reflects the interaction strength

among various constituents. For QCD interactions, the coupling constant, αS, is given by

αS =
12π

(11n− 2f) ln (|Q2|/Λ2)
, (1.1)

where n is the number of colors, f is the number of flavors, Q2 is the amount of momentum

transferred and Λ is the scale parameter with a value in the range of 100 MeV to 500 MeV.

Fig. 1.2 shows the value of αS as extracted from different experiments and its comparison
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with results from perturbative QCD(pQCD) [6].

Experimentally, a single quark described by a color triplet state has never been isolated.

Their absence suggests that the interaction between quarks and gluons is very strong on

large distance scales. This is what is meant by confinement. The idea was pioneered by Ken

Wilson [7], within the backdrop of the bag model, which is an effective picture of hadronic

structure [8] [9]. In the other extreme, the effective strength of the interaction between

quarks and gluons on short distance scales becomes arbitrarily small. This is known as

asymptotic freedom and was discovered by David Gross, Frank Wilczek and David Politzer

in 1973 [10] [11] [12].

1.3 Quark Gluon Plasma

Based on the nature of strong interactions, in 1974, T.D. Lee proposed the creation of nuclear

matter at very high energies, containing asymptotically free quarks and gluons [13]. This

deconfined state of nuclear matter is called Quark Gluon Plasma (QGP). It is believed to

have existed a few microsecond after the Big Bang [14]. The QGP is defined as a thermally

equilibrated state of matter in which quarks and gluons are deconfined from hadrons.

Lattice QCD aims to calculate QCD quantities non-perturbatively and from first principle

using lattice gauge techniques on a discretized space-time grid. These calculations predict a

phase transition from confined hadronic matter to a deconfined phase of quarks and gluons

around a critical temperature (Tc) of 154 MeV [15] and an energy density (ε) of 1 GeV/fm3

[16]. Fig. 1.3 shows the diagram of temperature versus baryon density of the QCD phase

structure. The active number of degrees of freedom, indicated by ε/T 4, increases rapidly,

thereby indicating the formation of a new state of matter (as shown in Fig. 1.4 [16]).

The study of the QGP within the perspective of the QCD phase diagram gives an insight

into the thermal properties of strongly interacting matter. The QCD phase diagram, as
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Figure 1.3: A sketch of the QCD phase diagram.

shown in Fig. 1.3, is spanned by baryon chemical potential (µB) and temperature (T ) [17].

It has several distinct features. Some of them are: (a) high temperature high density phase

of deconfined quarks and gluons (QGP), (b) low temperature low density phase of hadrons,

(c) nature of quark-hadron transition, and (d) end point of the first order phase transition

line, called the critical point (CP). Lattice QCD predicts the phase transition from QGP

to hadron gas phase for small baryon chemical potential to be a cross-over transition [18].

Theoretical calculations predict this transition to be a first-order phase transition for large

baryon chemical potential that ends in a critical point [19].
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Figure 1.4: The energy density, normalized by temperature, in QCD with different number
of degrees of freedom as a function of temperature [16].

1.4 Relativistic Heavy-ion Collisions

The field of relativistic heavy-ion collisions is a fascinating inter-disciplinary area of research

at the interface of particle physics and high-energy nuclear physics [20]. It overlaps with

thermal field theory, relativistic fluid dynamics, kinetic or transport theory, quantum collision

theory, and standard statistical mechanics and thermodynamics.

Results from relativistic heavy-ion collider experiments support the existence of the QGP.

Some signatures of the creation of QGP are: enhanced production of strange hadrons in

heavy ion collisions [21], J/ψ suppression [22], strong suppression of high energy jets and

heavy quarks [23], and large azimuthal asymmetry in the particle yields or elliptic flow, v2

[24].
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1.5 Evolution of Heavy-ion Collision

The space-time evolution of heavy-ion collisions is schematically shown in Fig. 1.5 [25]. The

various forms of QCD matter formed during the evolution are discussed below.

Figure 1.5: Space-time evolution of relativistic heavy ion collisions with (right side) and
without (left side) QGP formation.

Before the collisions, the nuclei are accelerated to nearly the speed of light in opposite

directions. Due to Lorentz-contraction, they look like thin disks in the centre-of-mass frame,

which are contracted along the longitudinal direction by a factor of ∼ 100 compared with

the radial extent in the transverse plane [26].

At z = 0 and τ = 0, the two incoming nuclei collide with each other and the space-time
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evolution has two possible scenarios: (a) if the energy density and temperature created in

the collisions do not attain the critical value necessary for the formation of QGP, the system

will behave as a hadronic gas only (left side of Fig. 1.5) and (b) when the initial energy

density and/or temperature is very high, quarks and gluons might liberate and produce a

deconfined QGP. In this scenario, hard particles, i.e., particles with very high momentum,

such as hadronic jets, dileptons pairs, heavy quarks, direct photons, etc. are produced via

hard processes, where the interactions involve large momentum (Q ≥ 10 GeV) transfer. The

semi-hard processes corresponding to the momentum transfer of Q ∼ 1 GeV, start to develop

at a time τ ∼ 0.2 fm/c, where the bulk of the partonic constituents are liberated by collisions.

At this stage, most of the multiplicity in the final stage is generated via various processes,

such as fragmentation of the initial state gluons which undergo a complex evolution. If the

produced partons do not interact with each other or the interactions are negligible, they

would evolve independently and separate rapidly without an equilibrium state, which is

analogous to the situation of low multiplicity pp events at LHC. However, data for the Pb-

Pb collisions and high multiplicity pp collisions exhibit collective phenomena which indicate

that the partons liberated in the collisions interact strongly. Due to these interactions,

the partonic matter rapidly approaches towards thermal equilibrium with relatively short

thermalisation time of the order of 1 fm/c. This equilibrated state is known as Quark Gluon

Plasma (QGP) state, which is well established by the theoretical lattice QCD calculations.

The partonic matter, thus produced, gradually expands and cools down, and eventually at

the critical temperature, Tc = (150 − 170) MeV, the colored partons get confined again

within colorless hadrons [27]. This hadronization occurs in Pb-Pb collision at the LHC at

time, τ ∼ 10 fm/c.

If the phase transition from partonic to hadronic state is of the first order, a mixed phase

is expected comprising of quarks and gluons together with the hadrons. Eventually, the
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hadronic system continues to expand and reach the chemical freeze-out temperature, Tch,

where the inelastic collisions among hadrons cease and the relative abundances do not change

any more for the hadron species. As the system continues to expand, at time τ ∼ 20 fm/c,

thermal freeze-out occurs at temperature, Tfo, where the system size becomes smaller as

compared to the mean free path of hadrons. At this stage, the elastic scattering between

hadrons cease and the particles stream out of the system freely.

1.6 Hadronization Model and its Freeze-out Parame-

ters

Statistical hadronization models are useful in predicting hadron production in ultra-relativistic

nucleus-nucleus collisions. The first successful use of a statistical hadronization model was

achieved in 1994 using data from Si+Au collisions obtained at Brookhaven AGS facility [28].

Nucleus-nucleus collisions are highly dynamical events. Five distinct stages can be identified

through the evolution of the collision, namely: (i) initial collision, (ii) thermalization, (iii)

expansion and cooling, (iv) chemical freeze-out, and (v) kinetic freeze-out. A schematic of

these stages is shown in Fig. 1.6, where the vertical lines show a demarcation of the different

stages.
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Figure 1.6: State of matter during the evolution of the collision process.

At the initial stage, the fireball is formed. At thermalization, equilibrium is established,

while at chemical freeze-out (possible hadronization), inelastic collisions cease, which implies

the hadron yields and distribution over species are frozen. At kinetic freeze-out, elastic

collisions cease, implying spectra and correlations are frozen. The statistical or thermal

hadronization model describes the chemical freeze-out of the collision, which is assumed to

be driven by rapid changes in energy and entropy density near the phase boundary [29].

The fireball created in the collision is assumed to be in chemical equilibrium when rapid

changes in density near the phase boundary lead to an almost simultaneous freeze-out of all

hadrons at the chemical freeze-out temperature, T , and chemical freeze-out baryon chemical

potential, µB. T and µB are the so called freeze-out parameters. The extracted parameters

(T and µB) as functions of centre of mass energy in the thermal model show that µB drops

monotonically with increasing collision energy, and T initially increases but levels off at

centre of mass energies per collision nucleon pair of 20 GeV and at a temperature of around

160 MeV (as shown in Fig. 1.7 [30]).
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Figure 1.7: Energy dependence of the thermal parameters: T and µB. The red square boxes
are based on yield measurements. The data are from the mid-rapidity, y = 0 (where all the
particles are emitted in the transverse direction) [30].

The freeze-out points of Fig. 1.7 can be put together for a phenomenological version of

the QCD phase diagram (as shown in Fig. 1.8 [31] [32] [33]).
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Figure 1.8: Phase diagram of strongly interacting matter assuming chemical freeze-out and
hadronization coincide. The points represents the thermal fits of hadron yields at various
collision energies [31] [32] [33].

The thermal model fit results show an increase in T with increasing collision energy

or equivalently, decreasing µB from about 50 MeV to about 160 MeV, where it exhibits a

saturation for µB at approximately less then 300 MeV. Each thermal model point corre-

sponds to a fit of hadron yields in central Pb-Pb or Au-Au collisions at a given collision

energy. The points are from several independent analyses. The success of the thermal model

prediction in providing a freeze-out surface supported by QCD theory calculations makes

this phenomenological model a very reliable tool in mapping the phase structure of strongly

interacting matter.
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1.7 Susceptibilities of Conserved Charges

In heavy-ion collisions, conservation laws play an important role in the evolution of the

system. The number of baryons, the electric charge and the strangeness quantum numbers

are fixed during the entire collision, expansion of plasma and freeze-out. Hence, net-charge

(∆Q), net-baryon number (∆B), and net-strangeness (∆S) are regarded as conserved quan-

tum numbers. However, in finite acceptance, these quantities can fluctuate. Fluctuations

of conserved quantum numbers are important because they carry information about the

freeze-out parameters at the QCD phase transition.

Quantum number fluctuation cannot be measured directly. Therefore, proxies of these

quantum number such as, net-charged particles for the net-charge quantum numbers, net

protons for the net-baryon quantum number and net-kaons for the net-strangeness quan-

tum number are used. These net-multiplicity distributions can be directly and accurately

measured with the help of particle identification techniques used in modern day particle

detectors and as a result, fluctuations of conserved quantum numbers can be monitored.

The fluctuations of net-particle multiplicity distributions can be related to the theoretically

calculated susceptibilities. The susceptibilities in thermodynamics are the derivatives of the

pressure with respect to variation in chemical potential and are expressed as,

χBSQlmn =
∂l+m+np/T 4

∂(µB/T )l∂(µS/T )m∂(µQ/T )n
(1.2)

where, Q, B, and S are charge, baryon number, and strangeness, respectively. l, m,

and n are orders of susceptibility. T stands for temperature and µ for chemical potential.

Susceptibilities can further be expressed in terms of the partition function as

χBSQlmn =
1

V T 3

∂l+m+n(lnZ)

∂(µB/T )l∂(µS/T )m∂(µQ/T )n
(1.3)
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Once the susceptibilities are constructed in theory as a function of temperature and

chemical potential, then the extraction of freeze-out parameters can be achieved on the

basis of fluctuation measurements. Lattice QCD (LQCD) calculations provide theoretical

interpretations of the nature of strong interactions. LQCD puts quarks and gluons on the

discrete space-time grid and numerically simulates their interactions. Here susceptibilities

can be calculated based on this lattice where gluons live on the lattice links and quarks on

the sites. For instance, as explained in [34], at vanishing µB, the nth order susceptibility of

net-baryon number fluctuations can be calculated as

χBn =
1

V T 3

∂n lnZ

∂(µB/T )n
|µB=0 (1.4)

For small, non-zero values of µB, χBn can be approximately calculated by expanding it in

a Taylor series as

χBn,µ =
∞∑
k=0

1

k!
χBk+n(T )(

µB
T

)k (1.5)

Ratios of susceptibilities with appropriate orders are related to the ratios of moments of

the measured net-particle multiplicity distributions as

σ2
B

MB

=
χB2,µ
χB1,µ

, SBσB =
χB3,µ
χB2,µ

, κBσ
2
B =

χB4,µ
χB2,µ

(1.6)

Here, MB, σB, and κB stands for mean, standard deviation, skewness and kurtosis of net

baryon probability distributions, respectively. Consider the Taylor’s series expansion of the
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simplest even-odd ratio,
χB2,µ
χB1,µ

σ2
B

MB

=
χB2,µ
χB1,µ

=
T

µB

1 + 1
2

χB4
χB2

(µB/T )2 + ...

1 + 1
6

χB4
χB2

(µB/T )2 + ...

 (1.7)

A similar relationship holds for the next even-odd ratio,
χB3,µ
χB2,µ

. Therefore, to leading order,

the above approach can be used to extract the T
µB

ratio at the chemical freeze-out at small

to vanishing µB. The extraction of the freeze-out temperature can be addressed by the even-

even ratios of cumulants. For instance, the Taylor’s series expansion of
χB4,µ
χB2,µ

at vanishing µB

gives

κBσ
2
B =

χB4,µ
χB2,µ

=
χB4 (T )

χB2 (T )

1 + 1
2

χB6
χB4

(µB/T )2 + ...

1 + 1
6

χB4
χB2

(µB/T )2 + ...

 (1.8)

Here, the temperature can be extracted from the explicit temperature dependence of

even-even susceptibility ratios to leading order as seen in the above expansion at µB = 0.

1.8 Sequential Chemical Freeze-out Temperature

The evolution of heavy-ion collisions is characterized by several steps involving the phase

transition from quark gluon plasma to hadron gas. The chemical freeze-out is the moment

at which inelastic collisions between particles cease.

Theoretical calculations on the chemical freeze-out conditions (T, µB) in the context of

different quark masses have been done using the Hadron Resonance Gas(HRG) models [35]

[36]. While lattice QCD results study the flavor-dependence of the hadronization parameters.

Fig. 1.9 (left) shows a lattice QCD calculations of χu2 and χS2 where u and s stands for

up quarks and strange quarks, respectively. Both quantities show a rapid rise in a certain
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Figure 1.9: (left): Continuum extrapolated lattice QCD results for χu2 and χS2 , (right): Con-
tinuum extrapolated lattice QCD results for χ4/χ2 for light and strange quarks in comparison
to HRG model calculations [35] [36].

temperature range, and reach approximately 90% of the ideal gas value at large temperature.

The temperature around which the susceptibilities rise is approximately 15 - 20 MeV larger

for strange quarks than for the light quarks. In addition, the light quark susceptibility shows

the steeper rise with temperature, compared to the strange quark one. Fig. 1.9 (right),

shows a comparison of χ4/χ2 calculated for light and strange quarks using lattice QCD

results and HRG results. The main difference between these two calculations is that only

lattice calculations include the quark gluon plasma phase. Therefore, the temperature at

which the lattice curves deviates from HRG possibly points to the deconfinement temperature

and this temperature for light quarks is less than it is for strange quarks.

The prediction of sequential hadronization is also addressed by employing the grand

canonical ensemble (GCE) approach within the framework of The FIST HRG model package

[37]. Fig. 1.10 presents the calculations of the chemical freeze-out temperature, Tch, based on

particle yields from STAR and ALICE measured at collision energies ranging from
√
SNN =

11.5 GeV to 5.02 TeV. Based on a splined fit to the thermal fit parameters at all energies,

the authors of Ref. [37] calculated a light flavor freeze-out temperature TL = 150.2 ± 2.6

MeV and a strange flavor freeze-out temperature TS = 165 ± 2.7 MeV at vanishing µB. The
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Figure 1.10: Strange (blue) and light (red) GCE fits to STAR and ALICE data measured at
collision energies ranging from

√
SNN = 11.5 GeV to 5.02 TeV (0-10%) via The FIST using

the PDG2016+ hadronic spectrum [37].

paper shows evidence for flavor-dependent chemical freeze-out temperatures in the crossover

region of the QCD phase diagram.

1.9 Strangeness Enhancement

Being a second generation quark, strange (s) quarks are only present in the original nuclei

(before the collision) as sea quarks and in negligible numbers, in comparison to the number

of s and s̄ inside hadrons after the freeze-out. Therefore, most of the strangeness is produced

in the collision. Furthermore, the small mass of these quarks - close to the temperature of the

QGP transition - allows for the thermal production of s and s̄ pairs through the annihilation

of gluon pairs during the QGP phase. The abundant presence of gluonic excitation is also

responsible for the fast rate of thermalization. Thus, compared with a Hadron Gas scenario

(HG), the QGP formation would lead to an enhancement of multi-strange hadrons with
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respect to non-strange particle production. Historically, this strangeness enhancement was

the first proposed signature for the QGP, by Rafelski and Muller in the late 80’s [38] [39].

Figure 1.11: Enhancement of multi-strange particles in the mid-rapidity range (|y| < 0.5)
as a function of the number of nucleon participants in the collision, < Npart >, observed at
the LHC (ALICE with full markers), RHIC and SPS (light hollow markers). Boxes on the
dashed lines represent the statistical and systematic uncertainties of the pp/p-Be reference
[40].

The enhancement was observed in heavy ion collisions from
√
sNN=17.3 GeV (SPS) to

√
sNN= 200 GeV (RHIC) all the way to

√
sNN=2.76 TeV (LHC). Fig. 1.11 [40] shows

the total production rate (yield) of Ξ and Ω at mid-rapidity (|y| < 0.5) normalized by the

average number of nucleons that interacted in the collision, < Npart >, relative to pp/p-Be

as a function of < Npart >. The increase of the production rate of strange particles with

respect to pp collisions (where no QGP was expected) is clear, with up to 20 more Ω per

event for the most central event class analysed by the NA57 experiment.

The increase in relative hyperon production with multiplicity can also be understood

as the removal of the canonical suppression. For small systems, exact quantum number
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Figure 1.12: Strangeness enhancement calculated in canonical ensemble, with the particle
yields/participant for strange baryons and anti baryons as a function of number of participant
nucleons, < Apart >, together with data of Pb-Pb relative to p-Be from WA97 [41].

conservation is required, unlike AA where the larger volume allows for the treatment within

the grand-canonical formalism. In this context, the exact conservation of the quantum

number is enforced by working in the canonical ensemble for the statistical model. This

conservation leads to the reduction of the phase space available for particle production, which

reduces the relative strangeness production for smaller systems. The effect of the removal of

this suppression as the system size increases can be seen in Fig. 1.12 [41], where predictions

of hyperon production in the canonical ensemble are shown. Moreover, we observe the quark

content hierarchy, with state of quark configurations of Λ, Ξ, and Ω first being the most

affected by the model. The prediction also shows the saturation around < Apart >, 100,

where the enhancement becomes almost constant. Saturation in this context means that

the system has become big enough to be treated grand canonically and strange particle

production relative to non-strange particle production is constant. For comparison, data

from WA97 is also shown (Fig. 1.12).
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One of the differences between the predictions of the canonical and grand-canonical ap-

proach is related to the φ meson production. Being composed of a strange quark and

anti-quark pair, this particle has zero net strangeness and charge, therefore should not be

subjected to the canonical suppression mechanism. On the other hand, the φ meson produc-

tion should increase with multiplicity in the context of the classic strangeness enhancement

mechanism which is due to strange quark/antiquark production through gluon pair annihi-

lation. Besides, being composed of two strange quarks, its enhancement should be similar

to the one observed for Ξ. Fig. 1.13 [42] shows the ratios of p, K0
s , Λ, φ, Ξ, and Ω to pions

as a function of charge particle multiplicity in various systems at different energies.
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Figure 1.13: pT -integrated yield ratios to pions (π++π−) as a function of (dNch/dη) measured
in |y| < 0.5 [42].

A significant enhancement of strange to non-strange hadron production is observed with

increasing charge particle multiplicity in pp and p-Pb collisions. The larger the strangeness

content of the particle, the stronger the observed enhancement. This effect is due to en-

hancement and not due to baryon number or mass of hadrons. The net strangeness content

of the φ meson is 0, while the net strangeness of the Ξ is 2 and Λ is 1. The φ meson behaves

like a strange baryon and the enhancement is somewhere between the Λ and Ξ enhancement.

On the experimental side, recent ALICE results [43] show that the hyperon to pion ratio

as a function of the charged particles at mid-rapidity in the final state has universal behavior
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across different collision systems and energies, showing a continuous increase from low mul-

tiplicity pp collisions, through the intermediate system of p-Pb and reaching a saturation

value for central Pb-Pb collisions, as can be seen in Fig. 1.14. Furthermore, we see that the

usual string fragmentation model (shown here as the PYTHIA8 curve) alone cannot describe

the data well, only after the inclusion of the rope mechanism, present in the DIPSY model,

we achieve a good agreement between data and model.

Figure 1.14: pT -integrated strange particle yield ratios to pions (π+ + π−) as a function
of (dNch/dη) measured in |y| < 0.5. The empty and dark shaded boxes show the total
systematic uncertainty and the contribution uncorrelated across the multiplicity intervals,
respectively [43].
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1.10 Aim of this Dissertation

My analysis aims to research a probable implication of the two phenomena observed while

analyzing the phase transition from QGP to hadron gas.

The first phenomenon, i.e., the sequential freeze-out temperature [37], suggests a fla-

vor dependence in the chemical freeze-out temperature. This likely indicates that strange

quarks experience confinement, resulting in the production of strange particles, at slightly

higher temperatures. A higher temperature has two consequences, (a) a higher yield and (b)

clustering because the baryons carrying light quarks cannot be produced yet.

The second phenomenon, i.e., the strangeness enhancement, revealed an enhanced pro-

duction of strange hadrons [43]. However, if we observe the visible universe, we know today,

most of the matter is made up of light (u, d) quarks. There are assumptions that strange

quark matter could exist in the core of neutron stars [44], which could explain the high

density of such stars.

Hence, if there is an enhanced production of strange-carrying hadrons at the time of

hadronization or at the beginning of the universe, where are they now? They could be inside

the core of heavy stars like neutron stars or they could be in a cluster form in some parts of

the universe. This motivates us to assume that during hadronization, there is a possibility of

the formation of strange quark clusters at some location in phase space. In this analysis, we

are searching for clusters of strange-carrying hadrons in azimuthal space. Kaons (K++K−),

which are the lightest mesons carrying strange quarks, represent around 80% of the total

strangeness in the system. They will therefore serve as a good proxy for the strangeness

measurement. We perform an event-by-event analysis of identified kaons in order to search

for the cluster of strange quarks in azimuthal space.
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Chapter 2

A Large Ion Collider Experiment

In this chapter, the description of the experimental setup is presented. The chapter starts

with a brief introduction to the Large Hadron Collider (LHC) in section 2.1. It is followed by

the description of the ALICE detector coordinate system in section 2.2. Section 2.3 describes

one of the main experiments at CERN: A Large Ion Collider Experiment. It is followed by

the detailed description of the two main tracking and particle identification detectors used in

this analysis: the Inner Tracking System (ITS) in section 2.4 and Time Projection Chamber

(TPC) detector in section 2.5. The chapter is concluded with the description of the VZERO

detector (section 2.6) and centrality determination (section 2.7), both being integral parts

of the analysis.

2.1 Large Hadron Collider (LHC)

The Large Hadron Collider (LHC) [45] is the world’s largest and most powerful accelerator,

situated near Geneva, Switzerland, built within the European Organisation for Nuclear Re-

search (CERN) during 1998 to 2008. The LHC consists of a 27 km ring of superconducting

magnets with a number of accelerating electric field structures to boost the energy of the

25



particles along the way.

Figure 2.1: CERN’s accelerator complex.

As depicted in Fig. 2.1, two beams which travel with relativistic speeds through the ac-

celerators in opposite directions collide at four main interaction points. The four interaction

points comprise of four main experiments namely, ATLAS (A Toroidal LHC Apparatus),

CMS (Compact Muon Solenoid experiment), LHCb (LHC beauty) and ALICE (A Large Ion

Collider Experiment).

CMS and ATLAS are general purpose experiments, built with the same goal and designed

mainly for pp collisions to detect the Higgs boson and study physics beyond the standard

model. The experimental set-ups of each of these experiments are different. The LHCb

experiment specializes in investigating the slight difference between matter and antimatter
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by studying particles containing the b quark.

ALICE is a collider experiment built to study strongly interacting matter, i.e., Quark

Gluon Plasma (QGP), formed at very high temperature/energy density by colliding two

heavy-ions at relativistic energies. ALICE presently has collected data for different collision

systems, namely, p-p, p-Pb, Pb-Pb, and Xe-Xe collisions at various colliding energies.

2.2 ALICE Coordinate System

Figure 2.2: The ALICE coordinate system [46].

For a better assessment of the ALICE detectors and data analysis, it is important to

understand the ALICE coordinate system. Fig. 2.2 describes the ALICE coordinate system

[46]. Taking the beam interaction point as the origin (x,y,z) = (0,0,0), the ALICE coordinate

system is described in terms of the right-handed cartesian coordinate system. The coordinate

system can be described as follows:
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1. z-axis: The z-axis is taken along the beam direction known as longitudinal direction.

The positive direction of the z-axis is taken from the origin towards the side A (ATLAS

side), whereas the negative z-axis is towards the side C (CMS side).

2. x-axis: The x-axis is transverse to the z-axis, which is aligned to the local horizontal

and pointing towards the accelerator centre. From the origin (x,y,z) = (0,0,0) to the accel-

erator centre is designed as positive x, whereas the negative x is from the point of origin to

the outward direction.

3. y-axis: It is pointing upward and perpendicular to the x-axis. From the point of origin

to the upward direction is designated as positive y, whereas the negative y is from the point

of origin to the downward direction.

4. Azimuthal angle (φ): It is measured with respect to the x-axis in counter clockwise

direction. The azimuthal angle bears a special place in this dissertation. We are searching

for clusters of strange-carrying hadrons along the azimuthal bins.

5. Polar angle (θ): It is measured from the z-axis to the x-y plane. The polar angle is

associated with the pseudorapidity, η, defined as,

η = − ln[tan(
θ

2
)] (2.1)

2.3 A Large Ion Collider Experiment (ALICE)

ALICE (A Large Ion Collider Experiment) [47] is a detector dedicated to heavy-ion physics

at the Large Hadron Collider (LHC). It is designed to study the physics of strongly interact-

ing matter at extreme energy densities and extreme temperature. It allows a comprehensive

study of hadrons, muons, electrons and photons produced in heavy-ion collisions. The col-

laboration counts more than 1000 scientists from over 100 physics institutes in 30 countries.

The current set-up of the ALICE detector [47], containing 18 sub-detectors, is shown
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Figure 2.3: ALICE detectors at CERN LHC [47].

in Fig. 2.3. The whole ALICE detector is mainly categorized into two components- (a)

the central barrel, contained inside the large L3 magnet and made up of detectors that are

devoted mainly to hadron detection. This component covers the pseudorapidity range of

−0.9 < η < 0.9 over the full azimuth, (b) the forward muon spectrometer, dedicated to

studying the muon pairs produced in the interactions. It covers the angular acceptance of

2◦ < Θ < 9◦, i.e., a pseudorapidity range of 2.5 < η < 4.0. It makes use of the usual

techniques for muon identification at small angles [48].

In the central barrel, the Time Projection Chamber (TPC) detector surrounds the Inner

Tracking System (ITS) as shown in Fig. 2.3. The TPC and ITS detectors are mainly dedi-

cated to the determination of primary and secondary vertices and tracking of low-momentum

particles. Outside the TPC, the Transition Radiation Detector (TRD) is used to identify

various particles like pion, kaon, proton, etc. Further, there are two single armed detectors-
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the Photon Spectrometer (PHOS) and High Momentum Particle Identification (HMPID).

At very forward angles, the Zero Degree Calorimeter (ZDC) measures the energy flow. Two

additional detectors VZERO-A and VZERO-C are mainly used for event classification and

trigger purposes, which are located on both sides of the ALICE central barrel. The de-

tectors used in this analysis are Inner Tracking System (ITS), Time Projection Chamber

(TPC), which is used for particle identification, and VZERO detector, which is used for

event classification. The following sections are dedicated to these detectors.

2.4 Inner Tracking System (ITS)

ITS is the innermost detector of ALICE, placed closest to the interaction point (IP) [49].

It is mainly used for improvement of impact parameter, and primary vertex determination

with a momentum resolution better than 100 µm. The ITS also provides secondary vertex

reconstruction of hyperon decays, particle identification and track reconstruction of low-

momentum particles. The ITS is composed as a six-layer cylindrical vertex detector with

two layers of Silicon Pixel Detector (SPD), Silicon Drift Detector (SDD), and Silicon Strip

Detectors (SSD) each as shown in Fig. 2.4. The innermost layer (SPD) is located at radial

distance of 3.9 cm and outermost layer (SSD) at 43 cm in the pseudorapidity interval, η < 0.9.
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Figure 2.4: A schematic of the ITS detector.

2.4.1 Silicon Pixel Detector (SPD)

The SPD consists of two innermost layers of the ITS, located at a distance of 3.9 cm and

7.6 cm from the beam axis. Its main aim is to determine the primary and secondary vertex

as well as the measurement of impact parameter of secondary tracks. SPD operates in a

high track density environment of around 50 cm−2. SPD has hybrid silicon pixels of size

50 µm(rφ)×425 µm(rφ) and contains 9.8×106 cells. The extended pseudorapidity coverage

of |η| < 1.98 provides uniform track matching with the Forward Multiplicity Detector (FMD).

2.4.2 Silicon Drift Detector (SDD)

These are two intermediate layers of the ITS positioned at 15 cm and 23.9 cm from the beam

axis. In this region, the particle density reaches up to 7 cm−2. SDD’s have multi-particle

tracking capability and provide energy loss measurements for particle identification.
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2.4.3 Silicon Strip Detector (SSD)

SSD’s are the outermost layers of the ITS at a distance of 38.0 cm and 43.0 cm from the

beam axis. Both layers are equipped with the double-sided Silicon Strip Detectors and cover

the pseudorapidity range |η| < 0.9 with the full azimuthal coverage. The SSD connects the

ITS tracks to the tracks in the TPC and also provides dE/dx information.

2.5 ALICE Time Projection Chamber (TPC)

The Time Projection Chamber (TPC) [50] is the main tracking central barrel detector in AL-

ICE. It serves as a primary detector, used for reconstruction of charged particle trajectories

providing up to 160 space-points for each individual track. Also, it is capable of determining

particle transverse momentum in a wide range of 0.1 < pT < 100 GeV/c from the curvature

of the corresponding track in the magnetic field.

In addition, it provides particle identification (PID) information based on measurement

of the characteristic ionisation energy loss dE/dx. The PID capability in terms of separation

between various particle species is illustrated in the measurement of the distribution of energy

loss as a function of particle momentum in Pb-Pb collisions at
√
sNN = 5.02 TeV shown

in Fig. 2.5. The solid lines represent the expected detector response to the corresponding

particle species.
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Figure 2.5: Specific energy loss (dE/dx) in the TPC vs. particle momentum in Pb-Pb
collisions at

√
sNN=5.02 TeV.

Particle identification (PID) is done using the information based on the theoretical ex-

pectation obtained by the famous Bethe-Bloch energy loss formula [51],

<
dE

dx
>=

4πNe4

mec2
Z2

β2
(ln

2mec
2β2γ2

I
− β2 − δ(β)

2
(2.2)

where me is the rest mass of the electron, Z is the charge of the particle, N is the number

density of electrons in the gas medium, I is the mean excitation energy of the atom and β is

the velocity of the charge particle (ALICE uses a parametrized form of Bethe-Bloch formula

proposed by the ALEPH experiment [51]). The momentum resolution is ∼ 6% below 10

GeV/c and the dE/dx resolution is better than 5% for isolated tracks. The TPC can give

a 3-dimensional information of charged particle tracks, which is done by Kalman filtering

[52]. Kalman filtering is a statistical estimation and prediction technique, used to estimate

the state of a dynamic system. It is used both for track finding and fitting. The Kalman
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filter algorithm splits the volume of the TPC in 36 trapezoidal sectors. The first phase finds

track segments inside the sectors. It starts with the cellular automation that identifies links

between hit triplets arranged close to the straight line, followed by the evolution step that

concatenates links. This yields short track segments of usually 4 to 10 hits, which are fit with

a simplified Kalman filter. The fitted particle trajectory is extrapolated through the TPC

volume, adjacent hits are collected without following multiple track hypotheses, and the fit

is refined. The second phase merges the track segments found in the individual sectors and

performs the final track fit with the full Kalman filter. The TPC only tracking efficiency

saturates around 90%. The azimuthal resolution and longitudinal resolution are within

1110 to 1250 µm. The TPC, in conjunction with other detectors, is also used for vertex

determination and generation of fast online High-Level Trigger (HLT) for the selection of

rare events.

The TPC is a large cylindrical chamber surrounding ITS consisting of a large field cage,

and two read-out endplates, each divided into 18 trapezoidal segments as illustrated by its

cross-section in Fig. 2.6 [50].
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Figure 2.6: 3D view of the TPC field cage. The end plates with 18 sectors and 36 readout
chambers on each end are shown [50].

In the middle, i.e., z = 0, the field cage is divided by a central electrode to provide the

drift field. Given the overall length of 5 m and the inner and outer radius of 85 cm and 250

cm, respectively, its total active volume is approximately 90 m3. It is filled with a mixture

of Ne, CO2, and N2 gas while varying its composition for performance optimization. It

covers full azimuth (0 − 2π) and pseudorapidity, |η| < 0.9 (and |η| < 1.5 for tracks with

reduced length). The end-plates contain 36 Multi-Wire Proportional Chambers (MWPC)

with almost 560,000 readout pads.

When a charged particle passes through the sensitive volume of the TPC, it ionises the

gas molecules present in the chamber, creating free electrons and ions. These products of

ionization then drift towards the electrodes, which generate an electrostatic drift field of

400 V/cm. The central electrode collects the ions while the electrons drift towards the

end-plates as illustrated in Fig. 2.7 [53]. When arriving close to the anode plane, a high
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Figure 2.7: An illustration of track reconstruction of charged particle passing through the
TPC [53].

electric field gradient creates an avalanche of electrons, resulting in additional production of

secondary electrons and ions. Working in the proportional mode, the number of secondary

produced electrons carries information about the number of primary-produced electrons and

thus the energy loss of the passing particle. On the other hand, the secondary ions induce a

signal in the pad rows, giving the information about the position within the transverse xy

plane. Moreover, a gating plane is located in front of MWPCs. By alternating its voltage

between ±100 V, it can be either opened or closed. The gate is open for approximately 90 µs

intervals, which is a maximal drift time of electrons from the centre towards the endplate.
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When closed, primary electrons are collected by the gate wires and do not reach the anodes,

while most of the secondary ions are prevented from entering the main body of the TPC,

which would result in distortions of the electrostatic field.

Outside of the LHC operation, the TPC is aligned and calibrated by using information

about incoming cosmic radiation. Additional calibration is possible with a laser-emitting

system [54], even when hadron beams are present. It is capable of shooting coherent laser

rays into the TPC volume, providing a set of straight tracks used for precise online monitoring

of position reconstruction and potential space-charge distortion.

2.6 VZERO Detector

The VZERO [55] detector consists of two scintillator arrays known as VZERO-A and VZERO-

C, one positioned towards ATLAS and the other towards CMS. VZERO-A and VZERO-C

are situated at 90 cm and 340 cm on either side of the collision vertex (z = 0) with pseudo-

rapidity coverage of −3.7 < η < −1.7 and 2.8 < η < 5.1 respectively.

Figure 2.8: Sketches of VZERO-A and VZERO-C arrays showing their segmentation

As shown in Fig. 2.8, each of the VZERO arrays is segmented into four rings in the
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radial direction and is divided into eight sections in the azimuthal direction. The VZERO

detector provides multiple roles such as - a minimum bias trigger for central barrel detectors, a

centrality indicator, two centrality triggers for Pb-Pb collisions with control of the luminosity

and a validation signal for the muon trigger [55]. The VZERO detector works on the basic

principle that all charged particles give the same average response because they travel at

the same velocity, β = v
c
≈ 1, which gives a total signal that is correlated with the number

of particles in the detector. The VZERO response amplitude is fitted with a Monte-Carlo

simulation of the Gaubler model, in order to extract centrality for each Pb-Pb event.

2.7 Centrality Determination

The dynamics of a heavy-ion collision is driven by the initial geometry, given by the over-

lapping region (and thus interaction volume) of the two colliding nuclei. It seems natural to

quantify the level of overlap by an impact parameter b, the distance in transverse xy-plane

between the geometrical centers of the two nuclei.

Besides the impact parameter, there are additional quantities related to the geometry of

the collision: the number of binary collisions Ncol between the nucleons of the two projectiles,

and the number of participants Npart. Participants are those nucleons which undergo at least

one nucleon-nucleon collision, while those that avoid other nucleons and endure the collision

untouched are call spectators, as shown in Fig. 2.9 [56].
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Figure 2.9: A schematic of the two Lorentz contracted ions before and after the collision (b
is the impact parameter) [56].

Customarily, collisions are characterised by the centrality (or centrality class) expressed

in terms of percentile [56]. For example, a perfectly aligned collision when the two nuclei

are fully overlapped, i.e, b ≈ 0, is referred to as a most central, denoted as 0%. As the

overlapping region gets smaller, the impact parameter, b, increases and reach the stage of

semi-central collisions. In case the impact parameter approaches the distance between the

two nuclei, the collision is referred to as peripheral, and its percentage gets close to 100%.

However, neither the impact parameter itself nor the above mentioned geometrical quantities

are directly accessible experimentally.

One way to quantify the centrality of a given collision is by looking at the overall signal

registered in the forward region. For that purpose, the VZERO detector serves as a suitable

centrality estimator due to the proportionality between the magnitude of the measured signal

and the number of interacting particles. The distribution of the measured total VZERO

amplitude is given by the sum of two VZERO’s arrays, VZERO-A and VZERO-C. The

distribution can be fitted with a Glauber model [57], as shown in Fig. 2.10 for Pb-Pb

collisions at
√
sNN = 5.02 TeV. Measuring the centrality in the forward direction and the

anticipated physics signal in the central barrel eliminates the possibility of a bias by avoiding
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Figure 2.10: Distribution of amplitude measured by the VZERO detector in Pb-Pb collisions
at
√
sNN = 5.02 TeV [57]

auto-correlations between two independent measurements.
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Chapter 3

Clustering Phenomenon and its

Observables

As briefly introduced in Chapter 1, we assume that the formation of strange quark clusters

could be initiated by the simultaneous occurrence of strangeness enhancement [43] and se-

quential freeze-out [37]. In order to probe for clusters of strange quarks (taking Kaons as

a proxy for strange quarks) in azimuthal space, we propose to perform an event-by-event

analysis of the following parameters which we believe to be good observables for clustering.

3.1 Probability of Event Clustering

We define the probability of event clustering, P (E), as the ratio of the multiplicity of particles

produced in a particular azimuthal region to the ratio of the total number of particles

produced in the event.

P (E) =
Ni∑6
i=1Ni

(3.1)
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Figure 3.1: Event-by-event distribution of probability of event clustering P (E).

where Ni is the number of Kaons (K+ +K−) in the azimuthal region i. Fig. 3.1 shows the

distribution of P (E). In this analysis, we divide the azimuthal region into six different bins.

The shape of the distribution of P(E) is expected to be Gaussian, hence the higher moments

of the distribution of P (E) should carry the possible clustering information. Therefore, the

central moments of the event by event distribution of P (E) are defined as our observable.

3.2 Difference and Pull Distributions

The Difference distribution is defined as,

Differencei = Ni −
∑6

i=1Ni

d
(3.2)

where Ni is the number of Kaons (K+ +K−) in the azimuthal region i and d is the number

of azimuthal divisions.
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Figure 3.2: (Left): Event-by-event distribution of Differencei distribution, (Right): Event-
by-event distribution of Pulli distribution.

We get the Pull distribution from the Difference distribution, by dividing by the standard

deviation of the difference distributions for corresponding mixed data.

Pulli =
Differencei

σmixed
(3.3)

We also expect to get the information about clustering from the shape of these distri-

butions. Hence, the central moments of the Pull distribution are considered an additional

observable. Fig. 3.2 (left) shows us the Difference distribution and when that distribution

is normalized by the standard deviation from mixed event distribution, we get the Pull dis-

tribution, as shown in Fig. 3.2 (right). The advantage of the Pull distribution over the

distribution of probability of event clustering is that, in the case of the Pull distribution,

we normalize the parameter with the mixed event data in order to filter out the clustering

information, if there is any.
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3.3 Statistical Distributions of the Observables

We assume the multiplicity distribution of positive and negative charged kaons to be Pois-

sonian. The Poisson distribution is a discrete probability distribution that expresses the

probability of a given number of occurrences in a fixed interval of time, given that the mean

rate of occurrence is known and that the likelihood of occurrence is not dependent on the

time since the last occurrence. In particular, the average number of one kind of particle

in one event to the next is known, and its occurrence in one event is not affected by the

occurrence in the next event.

Within Poisson statistics, if the average number of one kind of particle from one event

to the next is λ, then for the number of occurrences: k = 0, 1, 2, ..., its probability function

is given by

PPDk =
λk

k!
exp (−λ) (3.4)

A Poisson distribution can be completely described by its mean (µ). Hence, knowing the

mean, one can estimate the standard deviation σ of the distribution from Equation (3.5),

σ2 = µ (3.5)

This is not the case for our observables, the moments of P (E) and Pull distributions.

Here, the mean for the observables is constant with respect to the change in number of par-

ticles generated per event. Hence, the mean is a constant. If we change the number of par-

ticles generated per event, other moment values like standard deviation (σ), Skewness (S),

Kurtosis (κ) are subject to change. Therefore, the distribution of the observable is assumed
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to be a Gaussian distribution. The Gaussian probability is defined as

PG =
1

σ
√

2π
exp

[
−1

2

(
x− µ
σ

)2
]

(3.6)

where, the parameters µ and σ in Equation (3.6) correspond to the mean and standard

deviation of the function, respectively.

3.4 Baseline Studies

After the central moment values and uncertainties for the observables are calculated, their

values must be compared to appropriate baseline in order to look for possible signatures of

clustering. The baselines used in the analysis are described below.

3.4.1 Central Limit Theorem

According to the theory of probability, the Central Limit theorem (CLT) states that, after

a sufficiently large number of iterations of independent random variables, each with the well

defined mean value and well defined variance, a normal distributions will emerge regardless

of underlying distributions. Here two points have to be emphasized. The random variables

must be identically distributed and they are independent. CLT is used to understand the

evolution of various order moments with respect to events belonging to a certain centrality

class as long as N can be considered as a source of independent emission of particles. With

this description, the first four moments of net particle multiplicity distributions can be

expressed in terms of N (as described in Ref [58]),

Mean(M) α < N > (3.7)
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StandardDeviation(σ) α
√
< N > (3.8)

Skewness(S) α
1√

< N >
(3.9)

Kurtosis(κ) α
1

< N >
(3.10)

3.4.2 Mixed Events

Another baseline can be obtained by generating so called mixed event distributions, by

randomly selecting the number of particles in different azimuthal bins from the set of events.

In this analysis, Mixed events are created by randomly selecting the number of particles

in different azimuthal bins. We have the information about the number of particles in six

different azimuthal bins in each event. Consider N1, N2, N3, N4, N5, N6 as the number of

particles in six different azimuthal bins in event 1, respectively. To create a mixed event

dataset, N1 is replaced by the number of particles in the same azimuthal bin from five

different events. Therefore for each event set containing six different azimuthal bins, six

different mixed event datasets are created. Each mixed event dataset has six times the

number of events than the original dataset, but all intra-event correlations between different

azimuthal bins are removed. The goal of creating mixed events is to eliminate event-by-event

effects (clustering) while capturing the global effects (detector efficiency).
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3.5 Central Moments

The analysis is based on the event-by-event measurement of the number of Kaons followed

by the event-by-event calculations of the observables for clustering described in the last

section. Our main interest lies in the calculation of central moments of the distributions of

probability of event clustering and pull distributions. In this section, we describe the central

moments calculations.

In mathematical statistics, a random variable x is characterised by certain probability

density functions (pdf), f(x). All characteristic properties of these pdf are conveyed in terms

of the expectation values, E[g(x)], as follows

E[g(x)] =

∫
g(x)f(x)dx (3.11)

where g(x) represents any function of the random variable x and integration is over all values

of x, provided the function is integrable under certain limits. The nth order moment of the

pdf is defined as

µn = E[xn] =

∫
xnf(x)dx (3.12)

The first order moment is commonly known as mean, µ1 or only µ. The nth order central

moment is defined as,

νn = E[(x− µ)n] =

∫
(x− µ)nf(x)dx (3.13)

Here the term central is due to the integration of the function g(x) around its mean value

µ. Central moment is a moment of a probability distribution of a random variable about

the random variable’s mean. This implies that the 1st order central moment is simply zero
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as
∫

(x−µ)f(x)dx =
∫
xf(x)dx−µ

∫
f(x)dx = µ− (µ× 1) = 0. The 2nd, 3rd, and 4th order

central moments are defined as,

ν2 =

∫
(x− µ)2f(x)dx, (3.14)

ν3 =

∫
(x− µ)3f(x)dx, (3.15)

ν4 =

∫
(x− µ)4f(x)dx (3.16)

Fig. 3.3 shows the mean and variance of the distribution.

Figure 3.3: Mean and variance of a distribution.
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The 2nd order central moment is known as variance, σ2. It is expressed as follows

σ2 = ν2 = µ2 − µ2 (3.17)

Similarly, the 3rd central moment can be derived in terms of nth order moments as follows,

ν3 = E(x− µ)3,

= E[x3 − 3µx2 + 3µ2x− µ3],

= µ3 − 3µµ2 + 3µ3 − µ3,

= µ3 − 3µµ2 + 2µ3

(3.18)

These central moments play a significant role in understanding the shape of a pdf . The

skewness, S, of a pdf is defined as,

S =
ν3

ν
3/2
2

=
ν3
σ3/2

(3.19)

The positive and negative values of the skewness qualitatively show the distribution of

the random variable x skewed towards right and left of the mean of the distribution as shown

in Fig. 3.4. More generally, skewness represents the asymmetry of the distribution.
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Figure 3.4: Skewness of a distribution.

Similarly, the kurtosis, κ, is associated with the 4th and 2nd order central moments of a

pdf as follows,

κ =
ν4
ν22

=
ν4
σ4

(3.20)

The kurtosis of the normal distribution is equal to 3. So, to normalize the kurtosis with

respect to a normal or Gaussian distribution, 3 is subtracted and the final expression for the

kurtosis is,

κ =
ν4
σ4
− 3 (3.21)

The kurtosis represents the peakedness and the tailedness of the distribution as shown

in Fig. 3.5. In this figure, each distribution represents different kurtosis values.
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Figure 3.5: Kurtosis of a distribution.

Using the above definition for variance, skewness and kurtosis, in this analysis, the central

moments for our observables are calculated. The results are presented as a function of mean

numbers of particles generated per event.

3.6 Importance of Event-by-Event Fluctuation Studies

Our analysis is based on the event-by-event measurement of the particle number in different

azimuthal bins. We arrive at physics conclusions based on the distributions of the data

collected and by comparing how those distributions are deviating from the baseline results.

The importance of event-by-event physics is evident from the following simple analogy

[59]. Suppose, we stick a sheet of paper outside on a rainy day. Keeping it outside for a long

time, the paper will become uniformly wet and one would conclude that rain is a uniform

mist. If, however, one keeps a paper outside for a few seconds only, one will be able to
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observe the striking droplet structure of rain. The statistics about droplet sizes will be able

to give us information about phenomena like fragmentation, surface tension, etc. Analysing

many events gives good statistics and may also reveal rare events like snow or hail. If we

can vary the initial conditions like timing and orientation of paper, we can also calculate the

speed and direction of the rain drops.

We are using a similar analogy for this analysis. Our analysis is based on calculating

the number of particles on an event-by-event basis. Now, a phenomenon like clustering

may happen in some events but not all. To identify the clustering event, we calculate the

central moments for our observables. We then look for the fluctuation in the value of central

moments with respect to the baseline.

3.7 Sensitivity of the Observables

To check our observables sensitivity, we make use of the generated sets of particles we get

from the MC HIJING events (described in Chapter 4). Here we analyse 2 × 105 events

per centrality bin, assuming that the generated MC HIJING event does not contain any

clustering information. Clustering is implemented by assigning a certain percentage of total

particles in one azimuthal bin keeping the rest of the bin unchanged. If N1 is the number

of particles in one azimuthal bin in an event, then we increase the particle number by 5%,

10%, 20%, 30%, 40%, and 50% of N1, respectively, keeping the number of particles in all

other bins unchanged. We have calculated the central moment values for our observable for

different percentages of clustering.

The effect of different percentages of clustering on the central moments of the distribution

of P (E) is shown in Fig. 3.6, Fig. 3.8, and Fig. 3.10.

We observe that we do not see much effect when the clustering percentage is low. How-

ever, we do see some effect, in particular on higher moments, as the percentage of cluster
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Figure 3.6: Effect of clustering on σP (E).

increases. Further, we also calculated the relative increase in the value of central moments

with clustering percentages for the most central bin, in order to gauge which analysis hold

the most promise if the clustering probability exceeds a certain value. The relative increase

is given by

Relative increase =
N −O
O

(3.22)

where N and O are neighboring clustering probability values according to Fig. 3.6, 3.8, and

3.10. Fig. 3.7, 3.9, and 3.11 show the relative increase for different percentages of clustering

for the most central collisions. Comparing the relative increase in the most central collision

for σP (E), SP (E), and κP (E), we observe that the peak relative increase in the sensitivity of

the observable increases roughly by an order of magnitude when we move from σP (E) to the

higher moments, SP (E) and κP (E). For the higher moments, the 20% clustering mark seems
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Figure 3.7: Relative increase in the value of σP (E) due to the effect of clustering for the most
central bin.

to be a sweet spot, which indicates that the low statistics per azimuthal bin is overcome when

one reaches at least 20% clustering. The additional gain beyond that level is moderate.

The effect of different percentages of clustering on the central moments of the Pull dis-

tribution is calculated and shown in Fig. 3.12, 3.14, and 3.16. The relative increase plots for

respective moments are shown in Fig. 3.13, 3.15, and 3.17 respectively. The σPull show the

biggest effect for central collisions i.e. the highest mean number of particles per event. The

observable sensitivity increases with the higher moment values of the distributions. This is

also evident from the relative increase plots as we can see that the relative increase value for

SPull, and κPull is an order of magnitude larger than that of σPull. The relative increase plots

for Pull distribution shows similar behavior as that for P (E) distribution. These sensitivity

plots are used to compare results from our corrected data in Chapter 5.

54



Mean Number of particles/event
0 50 100 150 200 250 300 350

P
(E

)
S

0

0.2

0.4

0.6

0.8

1

1.2 Generated Baseline

Induced cluster 5%

Induced cluster 10%

Induced cluster 20%

Induced cluster 30%

Induced cluster 40%

Induced cluster 50%

Figure 3.8: Effect of clustering on SP (E).
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Figure 3.9: Relative increase in the value of SP (E) due to the effect of clustering for the most
central bin.
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Figure 3.10: Effect of clustering on κP (E).
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Figure 3.11: Relative increase in the value of κP (E) due to the effect of clustering for the
most central bin.
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Figure 3.12: Effect of clustering on σPull.
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Figure 3.13: Relative increase in the value of σPull due to the effect of clustering for the most
central bin.
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Figure 3.14: Effect of clustering on SPull.
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Figure 3.15: Relative increase in the value of SPull due to the effect of clustering for the most
central bin.
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Figure 3.16: Effect of clustering on κPull.
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Figure 3.17: Relative increase in the value of κPull due to the effect of clustering for the most
central bin.
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Chapter 4

Analysis Method

In this chapter, we describe the different analysis techniques employed before arriving at

the results. They include correcting the data sample for mis-identification, efficiency losses,

closure test, and error estimations (both statistical and systematic).

4.1 Data and Event Selection

The analysis is based on the Pb-Pb collision data collected in 2015 at
√
sNN = 5.02 TeV

using the ALICE detector at the LHC. To select an event, the minimum bias trigger selection

cut is used, which requires minimal event activity in the VZERO detectors. Then to avoid

background events and secondary interactions, a primary vertex, Vz, cut of less than 10 cm

in z-direction of the centre of the ITS/TPC (centre of the detector) is imposed. This is to

make sure that the collision did occur in the centre of the detector, and not outside the

expected region of collision. When multiple events occur in the TPC during the drift time of

the electrons released by the tracks emitted from a single Pb-Pb collision, so-called pileup is

recorded,which leads to an over abundance of false tracks event-by-event. The pileup events

are removed using ALICE’s default framework, which is based on enhanced primary vertex
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cuts in space and time for the event in question. For centrality determination, VZERO

multiplicity selection is used. VZERO estimator is based on the sum of amplitudes from the

VZERO-A and VZERO-C. The centrality classes used for this analysis are: [0-10], [10-20],

[20-30], [30-40]. We analyse 8 × 106 events for four centrality classes. Fig. 4.1 depicts the

effect of pile-up cuts on Vz.

Figure 4.1: Vz position before (left) and after (right) the pile-up cut.

4.2 Track Selections

After the event selection, the next step is to select the good tracks by rejecting the fake

tracks. So-called hybrid tracks, containing combined information from trajectories in the

ITS and TPC detectors, are used in order to ensure a uniform distribution in the (η, φ) plane.

Hybrid tracks have some predefined cuts for applying ITS refit for track reconstruction. The

pT cuts used for track selection are 0.4 < pT < 1.5 GeV/c in the pseudorapidity range of

−0.8 < η < 0.8. An explanations of the various selections in Table 4.1, is as follows:

• TPC dE/dx: The energy loss measurement from the TPC, with nσ < 2, is used to

identify charged tracks. It is discussed further in the next section.

• DCAz: DCAz is the distance of closest approach to the primary vertex. In our analysis,
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tracks with DCAz cuts of 2.0 cm are applied in the z direction to ensure that the tracks

are from primary vertex.

• TPC Ncrossedrows: The tracks were required to have at least 80 reconstructed points

out of the maximum 160 in the TPC. Tracks with smaller number of space points may

result from split tracks i.e. one charge particle was reconstructed as two tracks.

Table 4.1: A summary of track selection for K+ and K−.

Default Track Selection K+ and K−

Vertex |Vz| < 10cm
Centrality Estimator V0M
TPC dE/dx Selection |nσ| < 2
Pseudorapidity (η) |η| < 0.8
TPC Ncrossedrows > 80
DCAz < 2.cm

4.3 Particle Identification

The main objective of this analysis is to obtain the number of charged kaons (K±) for each

centrality, for each azimuthal bin. The K± are selected on the basis of TPC information.

The particle identification in TPC is based on the measurement of specific energy loss of the

particle in the TPC volume.

From Fig. 4.2, it can be observed that the kaons are contaminated by other mis-identified

tracks (i.e. protons and pions). The increase in the track momentum increases the contam-

ination of kaon tracks by pions. A high efficiency kaon sample can be obtained by applying

|nσ| cuts. This is defined as the deviation of measured energy loss to the expected energy

loss of a particle species given by

nσTPC =

∣∣ dE
dX

∣∣
measured

−
∣∣ dE
dX

∣∣
expected

σ
(
dE
dX

) (4.1)
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Figure 4.2: The specific energy loss (dE/dX) of tracks as a function of track momentum in
Pb-Pb collisions at

√
sNN = 5.02 TeV, as measured by ALICE TPC.

where, σ
(
dE
dX

)
is the dE/dX resolution of the TPC detector.

∣∣ dE
dX

∣∣
measured

is the energy loss

measured in the TPC and
∣∣ dE
dX

∣∣
expected

is the energy loss calculated from the Bethe-Bloch

equation for a particular particle species [51]. The Bethe-Bloch equation is described in

detail in section 2.5 of Chapter 2. The specific energy loss of tracks are obtained as a

function of track momentum after applying |nσ| cuts.

4.4 Error Estimation

Each experimental measurement is associated with two types of uncertainties: statistical

and systematic.
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4.4.1 Determination of Statistical Uncertainty

The measurement uncertainties need to be well understood in order to obtain the significance

of any results potentially showing the clustering. Some of the known methods of statistical

error estimations are discussed below.

Subgroup Method

In the Subgroup method, the whole data sample is divided into a number of sub-samples,

k. For each sub-sample, the moments are estimated. Let M i
n be the nth moment of ith sub-

sample. The final value of nth moment (Mn) and its statistical error (δMn) are estimated as

follows,

Mn =

∑k
i=1M

i
n

k
(4.2)

σMn =

√∑k
i=1(M

i
n −Mn)2

k − 1
(4.3)

δMn =
σMn√
k

(4.4)

For higher moment analysis, generally, 30 sub-samples are taken for statistical error estima-

tion.

Bootstrap Method

In the bootstrap method, unlike the subgroup method, instead of dividing the parent sample,

there will be k number of clone samples created by random selection from the parent sample
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with same statistics [60]. Moments for each sample were calculated and k values of particular

moments will be obtained. The errors of the corresponding moments are obtained by taking

the root mean square of those values. This method is computationally expensive.

Delta Theorem Method

The delta theorem approach [61] was chosen as the estimator of the uncertainty of the

statistical moments for this analysis. It is based on the delta theorem in statistics that

allows the approximation of the distribution of a transformation. It is described below.

Considering a deviation as an event-by-event quantity defined using the value, N , and

the average value, < N >, over the whole sample,

δN = N− < N >, (4.5)

the central moment, νn, of order n is defined using the deviation as

νn =< (δN)n >=< (N− < N >)n > (4.6)

The normalized central moment of the order n, xn, is the central moment, νn, divided by

the standard deviation, σ, to the power of n,

xn = νn/σ
n (4.7)

The uncertainty expressions for the individual moments from the Delta Theorem are then

given by,

V ar(σ) = (x4 − 1)σ2/(4n) (4.8)
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V ar(S) = [9− 6x4 + x33(35 + 9x4)/4− 3x3x5 + x6]/n (4.9)

V ar(κ) = [4x34 − x24 + 16x23(1 + x4)− 8x3x5 − 4x4x6 + x8]/n (4.10)

The analysis is based on the distribution of the number of particles in different azimuthal

bins for different events. Hence, we will be calculating two distinct statistical errors. One

arises due to the variation in the number of particles in different azimuthal bins. Another

one arises due to the variation of the mean number of particles event-by-event, the former

being particle based, whereas the latter being the event based contribution to the statistical

error. Let σazimuthal be the uncertainty arising due to the variation in the azimuthal bin and

σevents, the uncertainty due to the variation of the mean number of particles event-by-event.

The total statistical uncertainty is calculated as

σtotal =
√
σ2
azimuthal + σ2

events (4.11)

4.4.2 Determination of Systematic Uncertainties

There can be systematic uncertainty due to variation in event selection, track selection and

experimental procedures. The analysis procedure is performed with the identified systematic

sources and the uncertainty is evaluated after comparing to the default measurement. The

default values are the set of the selection parameters used for the baseline measurement. A

set of systematic sources are identified and the observable values are obtained by varying

those sources. The different contributions to the systematic uncertainties that were studied

are described below. The deviation from the default value represents the RMS caused by
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the selection variable. The RMS is calculated as

RMS =

√√√√ 1

N

N∑
i=1

(Xi − Y )2 (4.12)

where, N is the total number of variations, Y is the default value, and Xi are the different

cut variations. For the total systematic uncertainty, all maximum deviations are combined

in quadrature . It is calculated as

SY Serr =

√∑
j

RMS2
j (4.13)

where, j is the number of systematic uncertainty sources.

Various sources of systematic uncertainties, namely, the contribution from PID, and

Track and event selection are studied, which are listed in Table 4.2.

Table 4.2: Default cuts variation.

Track cut Default
value

Lower
value

Higher
value

Min Number of TPC Ncrossedrows 80 60 100
Minimum ratio crossed rows over findable TPC clusters 0.8 0.7 0.9
Max. 2 per cluster in TPC 4 3 5
DCAxy 7σ 4σ 10σ
DCAz 2 1 5
nσTPC 2 1 3

A summary of different systematic uncertainties for Kaons in shown in Fig. 4.3. It can

be seen that the maximum contribution to the systematic error comes from PID. Hence, in

this analysis, for systematic check, the nσ cuts are varied up (tight) as |nσ| < 1 and down

(loose) as |nσ| < 3, with respect to the default cuts, |nσ| < 2.
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Figure 4.3: Summary of systematic uncertainties for Kaons as a function of transverse mo-
mentum.

Table 4.3 shows the relative uncertainties on the moments of the observables due to

different nσ cuts.
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Table 4.3: Relative uncertainties on the moments of the observables due to different nσ cuts.
Results are for 0− 10% centrality class.

Observable Loose cut
(nσ < 3)

Tight cut
(nσ < 1)

σP (E) 0.10 0.21
SP (E) 0.28 0.31
κP (E) 0.36 0.64
σPull 0.012 0.022
SPull 0.27 0.33
κPull 0.36 0.29

To get the sense of magnitude of the derived uncertainties, the respective plots can be

seen in Fig. 4.4.
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Figure 4.4: Plots of σP (E), SP (E), κP (E), σPull, SPull, κPull based on nσ cut variation and
their comparison to the default value in the lower panel.
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These calculated systematic uncertainties, together with the aforementioned statistical

error from the delta theorem method, allow us to present our final corrected result in the

following chapter.

4.5 Simulation Studies

In heavy ion collision experiments, the collected dataset has limited statistics. In addition,

the detectors involved in the data collecting have limited efficiency. That is why we need to

have a complete idea of detector efficiencies and how to do the correction for the detector

effects. This is addressed through the GEANT MC study.

GEANT is a detector response program developed by our community, which allows the

computational definition of the geometry of each detector component and its respective

basic detector responses e.g. scattering, energy loss, and extra particle emission. In ALICE,

depending on the physics demand, various event generators are used for Monte Carlo (MC)

study. For this analysis, HIJING [62] events are used for MC study.

HIJING is a realistic event generator, which generates a complete set of produced particles

at the primary vertex including their dynamic properties, such as energy and momentum.

HIJING is based on a superposition of elementary parton-parton scattering processes and

subsequent fragmentation for particle production. The resulting set of elementary particles

can then be propagated through the simulated detector layout via the GEANT packages. The

number of HIJING events we analyse is 8×105 for the Pb-Pb collision data at
√
sNN = 5.02

TeV.
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4.5.1 Detector Efficiency and Contamination

MC HIJING events are used to estimate the efficiency and contamination. The efficiency of

the detector is calculated by taking the ratio of the total number of reconstructed primary

tracks to the total number of generated primary tracks of Kaons.

Efficiency(ε) =
Nrec,primary

Ngenerated

(4.14)

We are using TPC detector for particle identification. Therefore, the contamination while de-

tecting kaons may come from the secondary kaons (Nsecondary) and from the mis-identification

(Nmis−identification) of pions and electrons. Secondary kaons are actual kaons but are mis-

identified as primary kaons although they come from the decay of weak decay particles. For

example, Ω− → K− + Λ0, φ → K+ + K− are some decay channels producing secondary

kaons.

Ncont = Nsecondary +Nmis−identification (4.15)

The total contamination fraction is defined as,

Contamination(δ) =
Ncont

Nrec

(4.16)

Fig. 4.5 shows the efficiency and contamination plots for Kaons for the most central

event. The plots correspond to one typical azimuthal bin.
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Figure 4.5: Efficiency (left) and Contamination (right) of K+ and K− shown as a function of
pT for (0−10)% centrality obtained using HIJING MC events at 5.02 TeV for one azimuthal
bin.

An estimate of Nsecondary and Nmis−identification is shown in Fig. 4.6. We can see there is

around 90% contamination for the identification of Kaons. The main source of this contam-

ination are mis-identification. While correcting for the number of particles we treat these

mis-identification as a background and subtract it to get the correct number of particles.

The correcting rule is described in the next section.
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Figure 4.6: An estimate of the secondary (left) and mis-identified (right) kaons on the total
contamination for K+ and K− shown as a function of pT for (0− 10)% centrality obtained
using HIJING MC events at 5.02 TeV for one azimuthal bin.

4.5.2 MC Closure Tests

To validate the analysis method and particularly the effect of obtained efficiency, and con-

tamination factors, so-called MC closure tests are performed based on the HIJING input.

The numbers of generated primary tracks/particles can be estimated from the recon-

structed tracks as follows.

We know, Nrec = Nrec,primary +Ncont

Conversely,

Nrec,primary = Nrec −Ncont (4.17)

As previously defined, efficiency (ε) =
Nrec,primary
Ngenerated

. That implies, εNgenerated = Nrec,primary.

And δ = Ncont
Nrec,primary

. Now using the relations in equation (4.17), we have,

εNgenerated = Nrec(1− Ncont
Nrec

)

Ngenerated = Nrec
(1−δ)
ε

Ngenerated =
Nrec

ω
(4.18)
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where, the correction factor, ω = ε/(1 − δ). Hence, the generated primary tracks can be

obtained by dividing the number of reconstructed tracks with the correction factor. These

correction factors are obtained for each pT bin for each 10% centrality bin-widths.

The MC closure test, the total mean number of particles per event, (K+ + K−), is

estimated at the generated level and the reconstructed level from HIJING events. Using the

correction factor, ω, obtained previously for different pT bins and for different centrality bins,

the local efficiency correction method is applied to the reconstructed values on an event-by-

event basis and corrected number of particles are obtained. With these numbers, we can

then calculate the central moments of our observables, i.e, σP (E), SP (E), κP (E), σPull, SPull,

and κPull. For comparison, the generated, reconstructed and efficiency corrected values of

< K++K− >, σP (E), SP (E), κP (E), σPull, SPull, and κPull are shown as a function of centrality

in Fig. 4.7, Fig. 4.8, and Fig. 4.9. For closure test, the ratios of the values at the generated

to the efficiency corrected level are shown on the lower panel of each figures. Closure is

achieved if the ratio is consistent with unity within uncertainties.

Fig. 4.7 depicts the closure test for the total number of particles. The error bars shown are

statistical only. The ratios of the generated value to the efficiency corrected value is consistent

with 1. That means that our correction factor is working properly for the number of particles.

Lets take the case of first central bin (0−10)%. The reconstructed number of particles, shown

by the green points, is around 425. The generated number of particles, shown by square

points, is around 175. Our reconstructed number is greater than the generated one because

of the mis-identification of Kaons with pions and electrons during particle identification.

Hence, while correcting, we do the background subtraction on reconstructed number and

produce the efficiency corrected value, which in our case, shown by the red points, is the

same as the generated one. This completes the closure test.
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Figure 4.7: < K++K− >measured at generated level, reconstructed level and after efficiency
correction, shown as a function of centrality for Pb-Pb 5.02 TeV MC events.

Fig. 4.8 shows the closure test for the central moments of the distribution of probability

of event clustering. The main difference with the closure test done for the total number

of particles, shown in Fig. 4.7, is that the correction factor is not applied directly on the

observables. We apply the correction factor only to the total number of particles and get

the corrected number of particles. Once we produce the corrected number of particles,

we then calculate the central moment of the observables. Hence, the observables for the

generated HIJING are calculated from the generated number of particles, observables for

the reconstructed HIJING are calculated from the reconstructed number of particles and

similarly the corrected observable is calculated from the corrected number of particles. The

statistical uncertainties are shown on the plots. Statistical uncertainties are highly dependent

on the number of particles per azimuthal bin and the total number of events (see section 4.4).

A higher number of particles in a large event sample results in low statistical uncertainty.
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Figure 4.8: σP (E) (left), SP (E) (right), and κP (E) (center) measured at generated level, re-
constructed level and after efficiency correction, shown as a function of centrality for Pb-Pb
5.02 TeV MC events.

We do observe that our corrected point closes with the generated one within the error bars

for all clustering parameters.

Fig. 4.9 shows the closure test for the Pull distributions. The method of calculating the

central moments for this observable is similar to that of the distribution of probability of

event clustering. The uncertainties shown on the plots are statistical only. In this case, we

again observe that the values for the σPull, SPull, and κPull closes within the uncertainties.
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Figure 4.9: σPull (left), SPull (right), and κPull (center) measured at generated level, recon-
structed level and after efficiency correction, shown as a function of centrality for Pb-Pb 5.02
TeV MC events.
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Chapter 5

Results and discussions

The motivation to investigate the central moments of probability of event clustering and

Pull distributions is to search for clusters of strange quarks in azimuthal space. For this

purpose, taking Kaons (K+ + K−) as a proxy for the strange quarks, we first divide the

azimuthal phase space into six different bins. For each azimuthal bin, we did the particle

identification (PID) event by event. After the PID, we will have the information about the

number of particles produced per event in a particular centrality and particular azimuthal

bin. A simulation study is done in order to check the sensitivity of the observables and also

to correct for the detector efficiency and particle contamination. After correcting for the

number of particles, we calculated the central moments of our observable. In this chapter,

we present the final results and compared them with the sensitivity plots we generated

from simulation. Generally speaking a deviation form the Gaussian baseline distribution

should scale with the moment of the distribution, i.e, small clustering effects would be only

visible in the higher moments whereas large cluster formation could already be noticeable in

the variance of the distribution. On the other hand, the statistical uncertainty grows with

the power of the moment, and therefore reliable measurements of kurtosis are exceedingly

difficult and require very large datasets.
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5.1 Second Central Moment of Probability of Event

Clustering (σP (E))

Mean Number of particles/event
0 50 100 150 200 250 300 350

P
(E

)
σ

0.04−

0.02−

0

0.02

0.04

0.06

0.08

0.1

0.12

0.14
Generated Baseline

Induced cluster 5%

Induced cluster 10%

Induced cluster 20%

Induced cluster 30%

Induced cluster 40%

Induced cluster 50%

Data Results

Figure 5.1: Final results for, variance of P (E), σP (E), at Pb-Pb 5.02 TeV. The most central
point corresponds to the point on the right (close to 200 on the horizontal axis).

Fig. 5.1 shows the plot of σP (E) with respect to the mean number of particles generated

per event. The second central moment is generally related to the width of the distribution.

If there exists a clustering phenomenon, then that could result in the increase in width of

the distribution. This kind of deviation then needs to be compared with the sensitivity plots

from Chapter 3. In Fig. 5.1, the most central event corresponds to the rightmost point and

peripheral events correspond to the leftmost points. The statistical error is shown by the dark

lines. The systematic uncertainty is shown by the bracket. This labelling is followed in all

the subsequent plots. When we compare our data corrected values with the sensitivity plots,

the corrected data points are in agreement with the generated baseline given by HIJING.
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The result does not show any signs of clustering.

5.2 Third Central Moment of Probability of Event Clus-

tering (SP (E))

Mean Number of particles/event
0 50 100 150 200 250 300 350

P
(E

)
S

0

0.2

0.4

0.6

0.8

1

1.2
Generated Baseline

Induced cluster 5%

Induced cluster 10%

Induced cluster 20%

Induced cluster 30%

Induced cluster 40%

Induced cluster 50%

Data Results

Figure 5.2: Final results for skewness, SP (E), at Pb-Pb 5.02 TeV. The most central point
corresponds to the point on the right (close to 200 on the horizontal axis).

The third moment of probability of event clustering, also know as skewness, is more

sensitive than the second moment. Skewness generally represents the asymmetry in the

distributions. If we consider the distribution of probability of event clustering, the percent-

age of cluster should increase the skewness or, in other words, clustering should make the

distribution more asymmetric. Fig. 5.2 shows the corrected data results with respect to

mean number of particles per event. When we compare our corrected data results with our

sensitivity plots, corrected data values lie within the sensitivity plots. We do not see any
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deviation from the generated baseline. Based on anticipated sensitivity and our measured

uncertainty, we can exclude a clustering probability of more than 20% in central Pb-Pb

events.

5.3 Fourth Central Moment of Probability of Event

Clustering (κP (E))
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Figure 5.3: Final results for kurtosis, κP (E), at Pb-Pb 5.02 TeV. The most central point
corresponds to the point on the right (close to 200 on the horizontal axis).

The fourth moment, i.e, kurtosis, represents the peakedness and the tailedness of the

distribution. This moment is more sensitive than Skewness. However, the data corrected

results lie along the points given by the generated baselines. The result is consistent with

the clustering estimate obtained from the skewness measurement in Fig. 5.2.
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In summary, the central moment values for the distribution of probability of event clus-

tering, when being compared with the sensitivity plots, show no sign of clustering in any of

the four centrality bins above the 20% level.

5.4 Second Central Moment of Probability of Event

Clustering (σPull)
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Figure 5.4: Final results for second moment, σPull, at Pb-Pb 5.02 TeV. The most central
point corresponds to the point on the right (close to 200 on the horizontal axis).

The idea behind considering Pull distributions for calculating the clustering phenomenon

is that we normalize the distribution by the mixed event baseline and therefore potentially

achieve a higher sensitivity, since the baseline is now data-driven. When the Difference

distribution is divided by the standard deviation of the mixed event, we get the Pull distri-

bution. In Fig. 5.4, we plot the second moment of Pull distribution with respect to mean
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number of particles generated per event. We see that the corrected data values match the

trendline given by the generated baseline, confirming no clustering. We also note that the

second moment of pull distribution show zero sensitivity to the level of clustering.

5.5 Third Central Moment of Probability of Event Clus-

tering (SPull)
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Figure 5.5: Final results for skewness, SPull, at Pb-Pb 5.02 TeV. The most central point
corresponds to the point on the right (close to 200 on the horizontal axis).

The skewness of the Pull distributions is shown in Fig. 5.5. Owing to the large error

bars, the corrected data values are on top of the generated baseline, given by MC HIJING.

The less than 20% clustering probability level is also confirmed through the measurement.

84



5.6 Fourth Central Moment of Probability of Event

Clustering (κPull)
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Figure 5.6: Final results for kurtosis, κPull, at Pb-Pb 5.02 TeV. The most central point
corresponds to the point on the right (close to 200 on the horizontal axis).

Finally, the kurtosis of the Pull distributions is shown in Fig. 5.6. It also falls along the

baseline given by the generated HIJING events. Overall the Pull distributions do not show

additional sensitivity to clustering when compared to the initial probability distributions.

This indicates that the Gaussian assumptions of azimuthal distribution is well justified and

confirmed by mixed event data.
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Chapter 6

Conclusions

Any discovery experiment in the environment created by relativistic heavy ion collisions

requires a dedicated discussion of the anticipated and achievable results. Most of these

measurements end up with a null result, which nevertheless carries significance based on

setting a production threshold for the effect in question. In our case, we tried to investigate

whether flavor hierarchy in the QCD transition crossover region could lead to clustering

of strangeness and thus preferred strange particle emission. The hadronization of particles

is then motivated not by energy conversion to the lowest mass mesons, but by the desire

to form states with preferred flavor. Putting these two conditions together will ultimately

lead to over-production of Kaons in a certain region of phase space, as soon as the pure

strange state is prohibitively heavy or the state is formed and then decays into a number of

the lowest mass strange mesons, i.e., the Kaons. So either direct strange quark clustering or

subsequent strange meson clustering could be captured by this analysis. Clustering is defined

gemoetrically in this context, i.e., no requirements on the dynamics of the particles are

required. This effect can be viewed as similar to jet production in hard elementary collisions,

except here we expect the emitted jet of particles to be high momentum, whereas in the case

of bulk clustering the particles will exhibit a typical momentum distribution, but a very
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focussed spatial distribution. Generally heavy ion collisions have a distinct distribution in

polar angle, i.e., pseudorapidity, which is very energy dependent. In the azimuthal direction,

though, the distribution is flat over the full 2π coverage. Thus our signatures were based

on variations or fluctuations in azimuthal direction. One should note that the underlying

physics does not necessarily lead to clustering in every event. A centrality dependence is

certainly expected, i.e., the probability of clustering should go up in more violent collisions.

On the other hand the multiplicity of produced particles as a whole will go up too, and

thus the central limit theorem has to be taken into account when interpreting the data.

In addition, not every central collision will cluster with the same strength. Therefore this

analysis is based on statistically averaged parameter distributions.

The baseline, i.e., expectation of no clustering, can be achieved either through simple

statistical considerations of Poissonian particle production, leading to Gaussian distributed

signatures, or through analysis of realistic MC event generators, such as HIJING, that do

not carry any mechanism to generate particle clusters or even flavor hierarchy in the particle

freeze-out. In this dissertation we have employed both methods to normalize our results.

The signature parameters were deduced based on typical clustering analyses that used

geometrical multiplictiy distributions rather than distributions in momentum space. The

two parameters, introduced in Chapter 3, namely the probability of event clustering and

the Pull distribution, were both analyzed in order to determine whether for this specific

application one of them would exhibit a higher sensitivity level. The expectation was that

the Pull distribution, which is normalized to a data based mixed event sample, might be

more precise.

The sensitivity levels calculated based on a detailed MC simulation shown in Section

3.6 of Chapter 3, reveal that the lowest moments of the clustering parameter distributions,

i.e., the variance, show very little promise to detect even a significant amount of clustering.
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The higher moments, skewness and kurtosis, though, seemed promising. This has to be

balanced with a significant increase in required statistics to achieve errors of the same order

of magnitude for the higher moments.

The analysis was significantly impacted by the rather high contamination level that one

experiences when reconstructing Kaons, using energy loss in the main tracking detector, the

TPC. The problem is that both pions and protons are produced with higher or comparable

yields to the kaons, and cross the Bethe-Bloch curve of the kaons in momentum ranges where

the kaon yields peak. Therefore, contamination levels up to 90% had to be subtracted,

and although the background yield is well determined, the systematic uncertainty on the

subtracted signal yield is considerable and dominates, together with the low event-by-event

statistics of reconstructed kaons in the chosen azimuthal binning, the error of the clustering

parameters. In order to improve the event-by-event statistics in our analysis, we use the

sum of charged Kaons as our initial observable for the number of particles produced per

event. This is different from most moment analyses which use the difference, i.e., net-kaons

as their basis. Overall the statistical uncertainty in this analysis is a complex convolution of

the number of collisions recorded (event statistics) and the number of kaons reconstructed

in any given event (particle statistics). The details are broken down in Chapter 4.

The results we obtained were surprising in several aspects. First, the probability and pull

distributions showed almost the same sensitivity level to the signal. Second the centrality

dependence was less pronounced than expected. Overall the analysis suffered from large un-

certainties due to the high particle contamination level and the small event by event statistics

of reconstructed charged kaons, even at the highest collision energy. Nevertheless, although

no evidence for clustering was found, the threshold level of less than 20% clustering, which

was consistent over all skewness and kurtosis measurements, significantly limits the idea of

preferential emission of strange particles at these energies in central heavy ion collisions.
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There is definitely room for improvement in this analysis as soon as larger datasets from

LHC Run-2 and 3, using an upgraded TPC, become available. The reconstruction efficiency

for Kaons can be improved with tighter dE/dx cuts in a better resolution TPC, which will

also reduce the contamination level considerably. Improvements in the Kalman filter based

reconstruction approach are anticipated, based on machine learning algorithms. And finally

the event statistics, i.e., the number of recorded collisions, is expected to improve by an

order of magnitude in the next three years. With these advances we can expect to find

either a positive signal or a threshold that definitively excludes strangeness clustering during

the QCD crossover.
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