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Nuclear matter, such as the proton, neutron, pion and other composite hadrons, are made

up of quarks and gluons. Quarks and gluons form the fundamental building blocks of mat-

ter and, under normal nuclear density and temperature they cannot be isolated, as quarks

remain confined inside hadrons via gluons. This phenomena of confinement of color-charged

particles into composite hadrons is governed by the two main properties of QCD, the theory

of strong interactions, known as color confinement and asymptotic freedom of quarks [1].

The concept of asymptotic freedom states that at very short distance, . size of the nucleon,

quarks and gluons appear to be quasi-free as the effective coupling strength between quarks

decreases and becomes very small. However, at sufficiently high energy density and/or net

baryo-chemical potential, a phase transition is expected to occur from a state of nucleons to

a state of deconfined quarks and gluons (from their individual nucleons) covering the entire

volume of nuclear matter or a volume with many units of the characteristics length scale.

This state is expected to be in local thermal and chemical equilibrium and is known as Quark-

Gluon Plasma (QGP) [2].

The universe is believed to have started from an infinitely hot and dense singularity, in-
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flating and cooling over the billion years to form the cosmos as we know it today. The early

universe, a few microseconds after the Big Bang, is believed to have been in a state of such

deconfined quark and gluon at high temperatures and zero baryo-chemical potential [3]. The

study of the formation of the quark-gluon plasma can provide an in-depth understanding

and knowledge about nuclear matter under extreme conditions. Nuclear matter under ex-

treme conditions is studied by colliding ions of heavy nuclei (e.g AuAu, PbPb) at relativistic

energies in laboratories such as the Large Hadron Collider Experiment (LHC) at CERN. Such

relativistic heavy ion collisions recreates droplets of the quark-gluon plasma [4], similar to

those of the early universe [5]. As the lifetime of the QGP state is of the orders of few fm/c,

and cannot be detected directly, several experimental observables involving the produced

particles are used to characterize the formation the QGP in such heavy ion collisions. Some

of the key signatures include nuclear modification factor of high pT particles [6] and/or jet

quenching [7] (hard signatures) and anisotropic flow [8], strangeness enhancement [9] (soft

signatures) etc.

In addition to heavy-ion collisions, the LHC experiments also take data using proton

beams. These proton-proton (pp) collisions act as no-QGP reference for studying the QGP

related signals in heavy-ion collisions. Due to the very small dimensions of proton compared

to Au or Pb ions, the formation of a QGP medium was not expected in such small collisional

systems. Contradicting our traditional wisdom, results at LHC over the last decade, have

revealed certain soft signatures of QGP medium in high multiplicity small system collisions

(pp and p–Pb), such as the collective flow [10] and strange baryon enhancement [11]. Hence,

multiplicity dependent studies of particle production in high energy pp collisions has become

of particular relevance in understanding the particle production mechanism in such systems.

In this thesis, using the ALICE experimental data at the LHC energies, the pT-differential

cross section of electrons decayed from open heavy flavour hadrons in pp collisions at
√
s =

13 TeV and its multiplicity dependent yield has been measured. Heavy quarks (charm and

beauty) are produced at the very early stages of collision through the hard scatterings and

their production cross sections can be calculated through the framework of perturbative QCD

down to very low pT. Hence, heavy flavour particles act as efficient probes for the QGP

medium formed in heavy ion collisions, as the heavy quarks being produced well before the
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formation of QGP, traverse through the medium during its entire evolution. Measurements

of heavy flavour hadron production in proton-proton collision act as baseline for the study of

heavy flavour particles in heavy-ion collisions and could also provide new insights into the

production and hadronization mechanisms in pp collisions through their multiplicity depen-

dent studies.

Heavy flavour particles are studied through the decayed final state particles as they have

a very short life time. The decays of heavy flavour particles can be classified into the hadronic

decay channel and semi-leptonic decay channel. In the hadronic channel, the heavy flavour

particle decays into two or more hadrons, and full reconstruction of the decayed particles

via the invariant mass analysis is performed to identify the parent heavy flavour particle. In

the semi-leptonic decay channel, the heavy flavour hadron decays into a lepton (electron or

muon), a corresponding neutrino and hadron(s) (B,D → e + νe + X). Unlike the hadronic

channel, full reconstruction of the parent hadron is not possible due to the missing neutrinos.

The yield of electrons decayed from the heavy flavour hadrons are obtained by subtracting the

background non-heavy-flavour electrons from the inclusive electrons yield. Since, electrons

primarily interact electromagnetically, they provide cleaner signals. This thesis pertains to the

semi-electronic channel.

The analysis was performed combining two different strategies with different detector

combinations to identify the electrons decayed in a wide range of pT (0.5 GeV/c < pT < 35

GeV/c). The electron identification at low and intermediate pT (0.5 GeV/c < pT < 4 GeV/c)

is ensured by the Time Projection Chamber (TPC) and Time-Of-Flight (TOF) detectors and

at high transverse momentum (3 GeV/c < pT < 35 GeV/c) by the TPC and Electromagnetic

Calorimeter system (EMCal). The Inner Tracking System (ITS) is used for vertex determina-

tion and together with the TPC for tracking in the mid rapidity region. Events used in this

analysis are obtained using the minimum bias (MB) trigger and with two different energy

thresholds (Eth) of the EMCal trigger, namely the EG2 (Eth ∼ 4.5 GeV) and EG1 (Eth ∼ 10

GeV) triggers. The EG2 and EG1 triggers help to provide adequate statistics which allows the

analysis to extent to such high pT ranges. Additional event selection criteria are applied to

reject pile up events. Reconstructed tracks are selected based on the several criteria to select

high purity electron samples by rejecting fake and uncorrelated tracks which produce signals
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in the detector. The charged particle identification (PID) in the TPC is based on the specific en-

ergy loss measurement (dE/dx) of a particle in the gas detector. At low pT, in addition to the

TPC, particle identification from TOF is required to reduce the background from kaons and

protons. TOF detector uses the time of flight of the charged particle for particle identification.

For the low and intermediate pT range, the electron sample is selected within the optimized

TOF PID selection interval |nσTOF
e | < 3 where nσ is the difference of the measured signal in

the detector from the expected value for electrons in terms of the detector resolution. To re-

move the hadron contamination from the sample, the TPC nσe (dE/dx - 〈dE/dx〉 in terms of

dE/dx resolution) is evaluated in several momentum slices and the resulting plots are fitted

with Gaussian functions for electrons and protons, kaons and a convolution of Landau and

exponential function for pions. The electron sample is selected within the TPC PID selection

interval -1 < nσTPC
e < 3. The hadron contamination is obtained by measuring the fraction

of pions, protons and kaons in the interval -1 < nσTPC
e < 3 and is found to be negligible at

0.5 GeV/c and increases to ∼ 5% at 4 GeV/c. For the intermediate and high pT range, the

electron identification capabilities of the electromagnetic calorimeter is employed. Electrons

(and photons) tend to deposit all of their energy in the EMCal in the form of clusters through

electromagnetic showers. Hence, the total energy deposited by the electrons in the EMCal

(E) should be equal to its momentum (p), which is obtained from the TPC, i.e., E/p ≈ 1. The

hadrons, however, do not deposit their entire energy in the EMCal as they interact mainly via

the strong nuclear force. For hadrons the E/p should be less than 1. Electrons are separated

from photons by matching EMCal clusters to the tracks from TPC as photons do not give sig-

nal in the TPC. Electron candidates are selected using the optimized values of -1 < nσTPC
e < 3.

A pT dependent shower shape selection criteria was applied to reduce hadron contamination

at higher pT while not affecting the electron selection efficiency significantly. A lower thresh-

old of the shower shape was chosen to remove contamination caused by neutrons hitting the

electronics. To remove the residual contribution from hadrons, the E/p distribution of hadrons

(obtained using nσTPC
e < - 3.5) was scaled to match the electron candidates within E/p < 0.7

and subtracted from the electron candidate E/p spectrum. The electron yield was obtained by

integrating the scaled hadron subtracted electron distribution within 0.85 < E/p < 1.2. This

procedure was iterated for each pT interval. The hadron contamination was measured to be
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negligible at 3 GeV/c, increasing to ∼ 23% at 35 GeV/c. To obtain the yield of electrons from

the heavy-flavour decays, the non-heavy flavour background sources are subtracted from the

inclusive electron spectra. The dominant source of background electrons come from the Dalitz

decay of light neutral mesons (π0 and η) and γ conversions in the detector material. These are

known as the photonic electrons. To identify electrons from photonic sources, opposite signed

partners (e− e+) are paired in an invariant mass spectrum. While the unlike sign (ULS, e− e+)

pairs give both the correlated signals from the actual decay (π0 and η), γ conversions and

uncorrelated combinatorial background, the like sign (LS, e− e− and e+ e+) pairs are used to

estimate and subtract the random combinatorial background. An invariant mass cut of 0.14

GeV/c2 is used to select the photonic electrons. The raw photonic spectra from data is cor-

rected for the loss of signal due to detector acceptances and selection criteria by the tagging

efficiency (εtag). The tagging efficiency, defined as the efficiency of finding the partner electron,

is estimated using the Monte-Carlo (MC) simulations. The non-heavy flavour contribution is

subtracted from inclusive electron sample and is corrected by the reconstruction efficiency,

using the Monte-Carlo (MC) simulations for signal losses due to detector the inefficiencies,

limited acceptance, track & particle selection criteria. Electrons from W and Z boson decays

form a significant background for pT > 20 GeV/c. Their contribution is calculated using the

PYTHIA+POWHEG event generator and is subtracted from the reconstruction efficiency cor-

rected cross section. The contribution is negligible for pT < 5 GeV/c and increases to ∼ 25%

at 35 GeV/c with respect to the heavy flavour decay electron spectra before the subtraction of

the W, Z decay electron contribution. Systematic uncertainties on the invariant yield are mea-

sured by identifying the different sources and varying the various selection criteria applied on

the measurement. Contributions from different sources are summed in quadrature as they are

considered to be uncorrelated. Uncertainty from the correlated sources are summed linearly.

Figure 1 (left) presents the cross section of electrons from heavy-flavour hadron decays in pp

collisions at
√
s = 13 TeV, from different measurements. A cross check with the cross section

obtained from another analysis with low B (B = 0.2 T) data has been done. Comparison of

the measured cross sections is performed in the overlapping pT intervals. The different mea-

surements are is very good agreement within the statistical and systematic uncertainty. The

final spectra of the cross section of electrons from heavy flavour decays is shown in the right
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Figure 1: The pT-differential cross section of electrons from heavy-flavour hadron decays in pp
collisions at

√
s= 13 TeV. Left: From different measurements, Right: Compared with FONLL

and GM-VFNS predictions

panel of figure 1. For the total cross section, the following pT intervals from this analysis are

chosen such that the statistical and systematic uncertainty are minimized: 0.5 GeV/c < pT <4

GeV/c from the TPC–TOF analysis (nominal B); 4 GeV/c < pT < 6 GeV/c, 6 GeV/c < pT < 12,

12 GeV/c < pT < 35 GeV/c from the MB, EG2, EG1 triggers from the TPC–EMCal analysis re-

spectively. The spectra from 0.2 GeV/c < pT < 0.5 GeV/c is taken from the TPC–TOF analysis

low-B analysis. In figure 1 (right) the pT-differential cross section of heavy lavour decay elec-

trons has been compared with the Fixed-Order-Next-to-Leading-Log (FONLL) and General-

Mass-Variable-Flavour-Number-Scheme (GM-VFNS) pQCD calculations. The FONLL calcu-

lation describes the measurements within the statistical and systematic uncertainties and the

data points are found be close to the upper edge of the theoretical predictions. The GM-VFNS

model largely underpredicts the data in low and mid pT, while data the lies within the uncer-

tainty in the high pT range (pT > 5 GeV/c).

The multiplicity dependent analysis of the electron yield from the heavy flavour decays

has also been presented in terms of the self-normalized yield of electrons (yield of heavy

flavour decayed electrons in multplicity classes normalised by the yield at minimum bias

collision) as a function of the self normalised charged-particle pseudorapidity density. The

charged-particle pseudorapidity density (dNch/dη) is measured using the number of tracklets

from the Silicon Pixel Detector (SPD). The raw number tracklets (Ntr) as a function of zvtx is

corrected for the detector inefficiencies and dead modules along the Z vertex and over time, to

xx



obtained the corrected number of tracklets (Ncorr
tr ), following the procedure discussed in [12].

However, this correction does not account for the global loss of the particles. The true number

of charged particles produced in an event (Nch) is obtained from Ncorr
tr using MC simulations.

Events are sliced in Ncorr
tr intervals, and the corresponding dNch/dη is obtained using MC and

is corrected by trigger and vertex finding efficiencies, which are close to unity for all multi-

plicity classes expect for the lowest multiplicity interval. The 〈dNch/dη〉 from this analysis is

found to be 6.77 ± 0.34 which is within a good agreement (within 4%) with previous pub-

lished ALICE measurements [13]. Figure 2 (left) shows the self-normalized yield of electrons
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Figure 2: Self-normalised yield of electrons decayed from heavy flavour hadrons as a func-
tion of normalised charged-particle pseudorapidity density at mid rapidity. Left: In different
pT intervals, Right: Comparison with PYTHIA CR mode 2 tune

decayed from heavy flavour hadrons (d2N/dpTdη/ 〈d2N/dpTdη〉) as a function of the nor-

malised charged-particle pseudorapidity density (dNch/dη/ 〈dNch/dη〉) at mid rapidity (|η| <

1.0) in five pT intervals from 0.5 GeV/c < pT < 30 GeV/c. The normalised yield shows a faster

than linear increasing trend with respect to the normalised charged-particle density and the

results at higher pT intervals show a tendency of steeper increase. The increase in the electron

yield is approximately a factor of∼ 9 for the lowest measured pT (0.5 GeV/c < pT < 3 GeV/c)

and a factor of ∼ 28 for the highest measured pT (15 GeV/c < pT < 30 GeV/c) for increase in

multiplicities of 6 times the average multiplicity. A comparison of the yield with predictions

from PYTHIA 8.2 Monash tune (default) and an improved color reconnection (CR) Mode-2
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tune has been done. The right panel of figure 2 shows the comparison with the predictions

for the PYTHIA CR mode-2 tune. Although, PYTHIA 8.2 Monash tune describes the trend

in data, slope is overestimated at higher pT. PYTHIA 8.2 with CR Mode-2 however tends to

reproduce the slope at all pT intervals fairly well and describes the normalised yield better

than that by the Monash tune. This study forms the largest part of the publication in prepa-

ration with the ALICE collaboration [14] and is currently in the internal review committee

(IRC) rounds of ALICE. A comparison of the self normalised yields of heavy flavour decay

electrons have been done with the normalised yields of other heavy and light flavour hadrons

(all charged particles, J/ψ, D-mesons, kaon, π, proton, K0
s, Λ, Ξ). To perform an in-depth

pT dependent comparison, the double ratio of the self-normalized yields (bottom panel figure

2, left) in different pT intervals have been fitted with a linear function. The 〈pT〉 vs. slope

of linear fit of the various particles have been compared (not shown here). Comparison has

been done in two multiplicity selection scenarios, i.e., where events are divided using SPD

tracklet multiplicity estimator at mid rapidity and using V0 estimator in forward rapidity. A

baryon vs. meson trend is observed for both the multiplicity selction scenarios. For measure-

ments where multiplicity estimator is SPD tracklet, no saturation with increasing 〈pT〉 is seen.

Mesons (heavy flavour decay electrons, D-mesons, J/ψ, K0
s and all charged particles which

is mostly π) tend to follow a similar trend. Baryons (Ξ and Λ) follows a different trend. For

measurements using V0 multiplicity estimator, the baryon trend saturates at pT & 4 GeV/c.

This trend could indicate common physical origin independent of particle species.

In this thesis, a study on the structures in the initial collision zone and how they effect

the final state particles using PbPb collisions from AMPT event generator at
√
sNN = 200 GeV

using the principal component analysis (PCA) method has also been presented. The parti-

cle production mechanisms and initial state and geometry of the system are highly entangled

and structures in the initial collision zone is a matter of intense investigation, both from theory

and experimental points of views, in high-energy heavy-ion collisions. The main scope of the

study in this thesis is to probe the initial conditions by using the method of Principal Compo-

nent Analysis, a simple method of unsupervised learning algorithm often used for reducing

dimensions and for de-correlating multivariate data. A formalism to implement clusters at the

partonic level in the string melting version of the AMPT model for PbPb collisions at
√
sNN
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= 200 GeV has been presented which are then propagated through the AMPT hadronization

scheme. The clusters are formed in two steps, first by bringing partons closer in positions to

an extent defined by two parameters i.e., the radius of the partonic zone (R) and the scaling

factor on the inter-partonic distance (df). In this study, the following values have been used as

R = 2 fm, 5 fm and df = 0.05 and 0.1. Figure 3 shows the X-Y distribution of the partons before

(left) and after (right) clustering. A thermal distribution to the cluster partons by tuning the
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Figure 3: X-Y distribution of the partons before (left) and after (right) clustering

temperature parameters has been introduced, using two temperature values i.e., T = 200 MeV

and T = 400 MeV. PCA method has been used on η, φ and pT distributions of the produced

charged particles before and after clustering. It is has been found that the first few prominent

eigenvalues are sensitive to the inclusion of clustering for all the three distributions, however

different sensitivity of the the eigenvalues to position and temperature clustering has been

found. The centrality dependence of the first two eigenvalues has also been reported. This

study has been recently published in [15].
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Chapter 1

Introduction

1.1 Motivation

High-energy physics deals with the physics of basic constituents of matter and the inter-

actions between them, and is studied experimentally through collisions of highly energetic

particles (leptons, hadrons, nuclei). While on one hand, higher collision energy explores the

formation of particles and aims to study their properties, including the structure, on the

other hand, nuclear collisions at higher energies helps to explore the nuclear matter under

extreme conditions of temperature and density. Nuclear matter under extreme conditions

is studied by colliding ions of heavy nuclei (e.g Au–Au, Pb–Pb) at relativistic energies. The

mathematical construct that explains so far the particle physics is known as the Standard

Model1, which consists of the following elementary particles: 6 leptons (e, µ, τ , νe, νµ, ντ ),

6 quarks (u, d, c, s, b, t), 4 gauge bosons (g, γ, Z, W±) and one scalar boson (Higgs). They

interact among themselves through three interactions (strong, weak and electromagnetic

forces). The mathematical formulation of the Standard Model is a combination of the elec-

troweak theory and the quantum chromodynamics (QCD). While the electroweak theory

is a generalization of the quantum electrodynamics (QED), the theory of electromagnetic

1A recent landmark measurement confirming a difference with the standard model has been announced
by Fermilab’s Muon g-2 experiment [1].
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Chapter 1 – Introduction

interactions, unifying it with the weak nuclear force, the Quantum chromodynamics is used

to describe the strong nuclear forces between quarks and gluons. These quarks and gluons

are fundamental strongly interacting particles that make up composite hadrons such as the

proton, neutron, pion and other hadrons. QCD exhibits two main properties through which

quarks are gluons are confined together to make the hadrons, which are as follows [2].

• Color Confinement : Color-charged particles, such as quarks cannot be detected indi-

vidually and are confined with other quarks via gluons, the strong force mediator, to

form composite particles known as hadrons.

• Asymptotic Freedom : The potential between a quark and an anti-quark incorporates

both the Coulomb force and a linear force [3]. It has the following form:

V ≈ −αs(r)
r

+ kr

where k is the colour string tension and αs is the strong interaction coupling constant.

The value of αs is however not a constant and it is considered an effective or running

QCD coupling constant. As the distance between the quark and anti-quark pair

increases, the interaction strength between them increases. If the energy imparted

to separate the quarks increases sufficiently to form a new “quarks anti-quark” pair,

a new colourless hadron is formed. At very short distance (less than the size of the

nucleon), the effective coupling strength between quarks decreases logarithmically and

becomes very small. Under such conditions, quarks and gluons appear to be quasi-free.

This phenomenon is known as the asymptotic freedom.

However, it is predicted that, in nuclear matter, this phenomenon of colour confinement is

valid only up to a certain nuclear density and temperature [2]. At sufficiently high energy

density and/or baryo-chemical potential, a transition is expected from a confined state of

nucleons containing valence quarks and gluons to a state of deconfined quarks and gluons

(from their individual nucleons) covering the entire volume of nuclear matter or a volume
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Chapter 1 – Introduction

with many units of the characteristics length scale (λQCD). This state, known as the Quark-

Gluon Plasma (QGP) [4], is expected to be in local thermal and chemical equilibrium. The

basic properties of QGP are (i) local equilibrium of matter and (ii) deconfinement of color

over the nuclear volume, making quarks and gluons as the effective degrees of freedom in

place of nucleons.

In nature, the QCD matter is presumed to be deconfined into the state of QGP under

two scenarios of extreme conditions i.e. high temperature (via heating) or high net-baryon

density (via compression). The early universe, a few microseconds after the Big Bang, is

believed to have been in a state of such deconfined quark and gluon at high temperatures

and zero baryo-chemical potential [5,6]. The QGP matter at high net-baryon density formed

due to compression of nuclear matter might be present inside the cores of neutron stars [7].

Such systems of extreme temperatures resembling that of the early universe have been

created in the laboratories such as the Large Hadron Collider Experiment (LHC) at CERN,

Relativistic Heavy Ion Collider (RHIC) at BNL by colliding beams of heavy-nuclei e.g, gold

(Au), lead (Pb) at ultra-relativistic velocities. These collisions generate an extremely high

temperature (∼ 1012 K) and energy density (∼ 3 GeV/fm3) [8] required for the deconfine-

ment of the QCD matter and subsequent equilibration to form the quark-gluon plasma. An

indication of the new phase of matter has first been reported by the fixed target heavy-ion

experiment at the Super Proton Synchrotron (SPS) at CERN in lead-lead collisions (Pb–

Pb) at energy per nucleon-nucleon pair (
√
sNN) up to 17.3 GeV in the center of momentum

frame [9]. The first confirmation of the formation of QGP in gold-gold (Au–Au) collisions

at
√
sNN = 200 GeV has been provided by experiments at RHIC in 2005 [10–13].

The experimental studies of the formation of quark-gluon plasma in these heavy-ion col-

lisions also provide an in-depth understanding and knowledge about the mechanism of the

production of particles and their properties. Since, the heavy-ion collisions recreate droplets

of the Big-Bang matter, they are commonly known as “little bangs” or “mini-bangs”. The

macroscopic properties of such systems, such as the temperature, pressure, volume, entropy

3
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are studied using the properties of the produced particles for a thermodynamically equili-

brated system. For attaining equilibrium, the volume has to be reasonably large (& λQCD).

From this thermodynamical point of view, the general condition suggests that only heavy-

ion collisions can provide the large volume and long scattering time, prerequisite for the

formation of a QGP medium. Although there is no clear demarcation separating heavy-

ions from light-ions, the term “heavy” implies nuclei or ions with large number of protons

(nucleons), in ∼ order of 100, which have extended dimensions required for equilibration

to happen. Owing to the significantly smaller dimension of a proton, the formation of any

QGP-like medium is not expected in a proton-proton (pp) collision. Typically, pp collisions

were used as a no-QGP reference for studying QGP related signals in heavy-ion collisions.

However, recent results at LHC [14–19] have revealed certain unexpected characteristic sig-

natures of a QGP-like medium in pp collisions, which are usually observed in relativistic

heavy nucleus-nucleus collisions. These unusual results in pp collisions compel us to rethink

about the scenarios of particle formation at such high energies. Details on these unexpected

signatures are discussed in section 1.4 of this chapter.

1.2 Relativistic heavy-ion collisions

The first picture of the space-time evolution of the relativistic heavy-ion collisions was

proposed by J. D. Bjorken in 1983 [8], using the concept of hydrodynamic at the central

rapidity. For simplicity, the central collisions (i.e., zero impact parameter) of identical nuclei

in their center-of-momentum frames have been considered. In a nucleon, the valence quarks,

e.g., up and down quarks in a proton, are distributed such that the probability distribution

of finding a parton peaks around x ∼ 0.2 and vanishes at x→ 0 or 1, in which x is known

as the Bjorken scaling variable determining the fraction of proton momentum carried by the

quarks. The sea quarks and gluon distributions shoot up at x→ 0. As the nuclei travel at

a momentum � their rest mass, they are Lorentz contracted in the longitudinal direction
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(parallel to the beam axis) by a factor of ∼ 2R/γ, where R is the nuclear radius and γ is

the Lorentz factor. As the nuclei collide and start moving in opposite directions, the high-x

partons move along leaving the low-x partons behind. A large number of virtual quanta

are created at the mid-rapidity region from the cloud of the low-x partons of the nuclei.

These virtual quanta need a finite time to decohere and turn into real quarks and gluons.

Hence, it is assumed that the nuclei interpenetrates each other, as if they are transparent,

forming the central plateau region through de-confinement of color strings. As the nuclei

move away from each other after the interaction, central plateau region starts expanding

longitudinally. This implies a symmetry in rapidity allowing for a simpler solution to the

hydrodynamical equation. It is also hypothesized that the crossing time (τcross) is smaller

than the time scale of the strong interaction(τstrong ∼ 1/ΛQCD ∼ 1 fm/c) to ensure that

the partons generated from the interactions are created after the parent nuclei have crossed

each other. The crossing time is defined as τcross = 2 R/γ. This condition of τcross � τstrong

requires
√
sNN > 25 GeV and are satisfied at the RHIC and LHC energies in Au-Au and Pb-

Pb collisions [20]. The Lorentz factor (γ =
√
sNN/2m

2
0) reaches values of ∼ 100 for 200 GeV

collisions and ∼ 1380 for 2.76 TeV collisions at the RHIC and LHC energies respectively.

Figure 1.1 illustrates the space-time evolution (1+1 dimensions) of a heavy-ion collision

described by the Bjorken picture. The abscissa and ordinate are the beam direction (z-

direction) and the time axis respectively. The coordinates are chosen such that the two

nuclei travel towards each other along the z-direction and collide at the origin at time t = 0.

The curves are hyperbolas of constant proper time (τ =
√
t2 − z2). The different stages of

the space time evolution of the system after collision are given by the different hyperbolas

and are enumerated below:

1. Pre-equilibrium (0 < τ < 1-2 fm/c) i.e., Semi-hard particle production and Non-

equilibrium QGP :

After the collision at τ = 0, the virtual quanta formed decohere and turn into real

partons. These partons start interacting amongst each other. This stage is dominated
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Figure 1.1: The Bjorken scenario for ultra-relativistic heavy-ion collisions, leading to the
creation of strongly-interacting dense and hot deconfined matter, the so-called Quark-Gluon
Plasma (QGP). Figure from [21]

by hard particle production. The earliest times after the impact are described by

various models, prominent ones include the Color Glass Condensate (CGC) [22, 23]

and the Glasma [24], where the nuclei before collisions are characterized as color glass

condensates and the initial state formed after these condensates collide as the Glasma.

2. Quark-Gluon plasma formation and hydrodynamic expansion (1-2 fm/c

< τ < 6 fm/c):

When the energy density of the system is high enough, the partons formed interact

amongst themselves a multiple number of times and the system approaches local ther-

mal equilibrium. The thermalization time is of the order of 1 fm. The system starts

expanding due to the pressure gradient and consequently cools down. The system can

be studied by applying viscous hydrodynamics with partonic degrees of freedom.

3. Hadron Gas (6 fm/c < τ < 10 fm/c):

The expanding system begins to cool with time. When the temperature falls below

a certain critical temperature, hadronization begins. Once all the quarks and gluons

6
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are confined to hadrons, the expanding system of hadrons is known as the hadron gas.

4. Freeze-out (τ > 10 fm/c):

The expanding system of hadrons finally “freezes out”, implying that the hadrons

stop interacting. Freeze-out occurs in two stages, chemical and kinetic freeze-out.

At chemical freeze-out, inelastic interactions between hadrons ceases and the relative

abundances of the hadrons gets fixed. After further expansion, the elastic collisions

among hadrons stop and the hadrons freely stream towards the detectors.

It is evident here that, as the lifetime of the QGP state is of the orders of few fm/c

(∼ 10−23 sec), what are accessible by the detectors are information from the final state

particles produced from these collisions and not directly of the deconfined quarks and gluons

state. Experimentalists deduce the formation of the QGP and the initial properties of the

collisions by studying these produced particles. Some of the key experimental observables

used to characterize the QGP are presented in Section 1.3 of this chapter.

1.3 Experimental observables as signals of QGP in heavy-

ion collisions

The evidence collected from the detector, although indirect, since it stems from the mea-

surement of particles which have undergone significant re-interactions between the early

collision stages, is currently the only way of studying the QGP formed, if any. To affirm the

formation of quark-gluon plasma in such collisions, one needs to substantiate among others,

that a local thermal equilibrium has been obtained. The probes of the QGP formation can

be split based on the properties of the produced particles into two main groups, “hard”

and “soft”, depending on the stage of the collision when the particles are produced. The

“hard” probes are related to the effect of the medium on the probes which are created at

the initial hard parton scattering, such as heavy-flavour particles, jets, direct photons etc.

Two interesting signatures based on the hard probes, among others, the nuclear modifica-
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tion factor of high pT particles and jet quenching are discussed below in this thesis. The

observables of QGP formation based on soft probes explore the bulk properties of the system

before and during hadronization, such as the energy density or the collective behaviour of

the system. The soft signatures discussed in this thesis are anisotropic flow and strangeness

enhancement.

1.3.1 Anisotropic Flow

The invariant cross section of the final state particles produced in relativistic collisions can

be Fourier decomposed as:

E
d3N

d3p
=

1

pT

d3N

dpTdydφ
=

d2N

pTdpTdy

[
1 +

∞∑
1

2vncos(nφ)
]

(1.1)

vn = 〈cos(nφ)〉 (1.2)

where, pT =
√
p2

x + p2
y is the transverse momentum, y =

1

2
ln
(E + pz

E − pz

)
is the rapidity and φ

= tan−1(py/px) is the azimuthal angle (with respect to the reaction plane). The x-z plane

during an ion-ion collision is known as the reaction plane. The leading term in the brackets

in equation 1.1 represents the azimuthally symmetric radial flow. The term vn characterizes

the azimuthal anisotropy and can be studied as a function of pT and y. v1 is known as the

coefficient for directed flow, v2 for elliptic flow, v3 for triangular flow and so on. When a

non-central collision (non-zero impact parameter) between two nuclei of finite size occurs,

the resulting overlapping region forms an almond-shaped area. As a consequence, a spatial

anisotropy is formed in the azimuthal plane at the initial stage of the collision. The spatial

anisotropy contributes to a pressure gradient along the transverse plane. The transverse

momentum of the newly formed particles is distributed isotropically, implying vinitial
n = 0. If

these particles do not interact amongst themselves, the final azimuthal distribution should

be isotropic as well (vfinal
n = 0). If the particles interact with each other multiple times,
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ALI-PUB-352028

Figure 1.2: Elliptic flow coefficient (v2) as a function of pT for charged pions, non-strange D
mesons, inclusive J/ψ, electrons from beauty-hadron decays, and Υ(1S) in 30-50% central
Pb–Pb collisions at

√
sNN = 5.02 TeV [25]

the anisotropy in the pressure gradient of the non-uniform shaped initial state leads to a

momentum anisotropy in the final state particles. More matter is pushed outwards in the

direction of the steeper pressure gradient thus leading to a non-zero v2. Ample number of re-

scattering at the early stages which produces a positive v2 also most likely ensures that a local

equilibrium in the medium has been attained. This strong collective behaviour, comparable

to that of fluids, is known as collectivity or collective effect. Thus, anisotropic flow is

one of the signatures of collectivity in the strongly interacting thermalized medium formed

during collisions.

Figure 1.2 shows the elliptic flow coefficient v2 as a function of pT for charged pions,

non-strange D mesons, inclusive J/ψ, electrons from beauty-hadron decays, and Υ(1S) in

30–50% central Pb–Pb collisions at
√
sNN = 5.02 TeV [25]. Mass ordering (vlight−hadron

2 (pT) >

vheavy−hadron
2 (pT)), due to radial flow, is visible for pT . 4 GeV/c. Radial flow provides an

outward kick to the emerging hadrons, thus depleting the low pT region by shifting the low

pT hadrons to higher pT. The heavier the hadron, the more momentum kick it receives.
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Elliptic flow (positive values of v2) provides the measure of degree of thermalization at low

pT whereas at high pT it provides information of the path length dependence of the parton

energy loss in the medium. v2 builds up early in the collision when the spatial anisotropy is

significant. With the expansion of the system, v2 tends to saturate as the spatial anisotropy

continues to decrease. This is unlike radial flow, which is sensitive to the evolution of the

system at the early as well as the late stages after the collision and continues to grow until

freeze-out. Thus, v2 provides a signature of pressure and the measure of the degree of

thermalization of the matter produced early in the collision. Higher order flow harmonics

are theorized to originate due to event-by-event fluctuations in the initial distribution.

1.3.2 Nuclear Modification Factor

Figure 1.3: Transverse momentum dependence of nuclear modification factor of charged
particles (h±), γ, W± and Z0 for Pb–Pb central collisions at

√
sNN = 2.76 TeV and charged

particles for p-Pb at
√
sNN = 5.02 TeV [26].

The nuclear modification factor (RAA) is the ratio of the pT-spectra for nucleus-nucleus

(AA) collisions with respect to the pT-spectra for proton-proton (pp) collisions scaled with
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the number of binary nucleon-nucleon collision in AA (Ncoll). It is defined as

RAA(pT) =
d2N/dpTdy|AA

Ncoll d2N/dpTdy|pp

(1.3)

In a strongly interacting medium, particles which interact with the medium loose their

energy through multiple elastic and inelastic collisions [27–29]. Hence, a suppression in the

yield is expected, i.e., RAA <1, assuming no medium is formed in pp collisions. In the

absence of a QCD medium, nuclear modification factor is expected to be close to unity.

Figure 1.3 shows the the nuclear modification factor (RPbPb, RpPb) as a function of pT of

charged particles (h±), isolated photons and electro-weak bosons W± and Z0 for Pb–Pb

central collisions at
√
sNN = 2.76 TeV and charged particles for p–Pb at

√
sNN = 5.02

TeV [26]. While a suppression in the charged hadrons is seen in central Pb-Pb collisions,

photons and W, Z bosons (which stem from very early phases of collision) are not suppressed

as they do not carry color charges and interact via electromagnetic forces. This further

Figure 1.4: Transverse momentum dependence of nuclear modification factor of electrons
decayed from heavy-flavour hadrons for Pb–Pb central collisions at

√
sNN = 5.02 TeV in

three different centrality classes [30].

solidifies the argument that a strongly interacting medium is formed in the collisions. The

RpPb measurement also shows no indication of nuclear matter modification and at high

pT is comparable with unity. Figure 1.4 shows the nuclear modification factor of electrons
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from decays of heavy-flavour hadron measured in central (1-10%), semi-central (30-50%),

and peripheral (60-80%) Pb–Pb collisions at
√
sNN = 5.02 TeV [30]. The study of nuclear

modification factor of electrons from decays of heavy-flavour hadron provides a direct access

to the in-medium energy loss of the charm and beauty quarks. The clear dependence of

RAA on centrality implies that partons lose more energy in central collisions than that in

peripheral. The partonic energy loss depends on medium density, being higher for denser

and bigger systems. Hence, this observation is highly in agreement with the conjecture that

a larger and denser medium is formed in the most central collisions compared to that in the

peripheral ones.

1.3.3 Di-hadron Azimuthal Correlation and Jet Quenching

Figure 1.5: Dihadron azimuthal correlations with trigger hadron pT > 4 GeV/c and asso-
ciated hadron pT > 2 GeV/c in pp, Au–Au and d–Au collisions at

√
sNN = 200 GeV with

the STAR experiment [13]

Jets are the collimated sprays of particles created from the fragmentation of partons. Jets

of high transverse momenta are produced at the early stages and they traverse through the

entire medium through its evolution. Jets lose energy through gluon radiations and multiple

collisions with the medium, and hence the process is dubbed a jet quenching. The di-
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hadron azimuthal correlation study is used to study back-to-back high momenta jets formed

near the edge of the fireball of the QCD medium. One of the jets is emitted away from the

fire ball (leading jet), while the other jet emanates in the opposite direction in the transverse

plane through the fireball medium. The jets measured in ∆φ = φtrigger−φassociated ∼ 0, known

as the near side jets, travel the shorter path in the medium. Trigger particles (used as proxy

for leading particle) and associated particles are chosen within specific pT ranges depending

on the analysis. The away-side jet at ∆φ ∼ π spans through the entire medium, losing

most of its energy. Figure 1.5 shows the di-hadron azimuthal correlations in pp, Au–Au

and d–Au collisions at
√
sNN = 200 GeV with the STAR experiment. Particles with pT > 4

GeV/c have been selected as trigger and associated particles were chosen with pT > 2 GeV/c.

In Au–Au collisions, the away side jet is almost quenched while no such suppression of high

pT jets is observed for d–Au and pp collisions, which again corroborates the statement on

medium formation and its size as discussed in the previous subsection 1.3.2. Figure 1.6

Figure 1.6: Two-particle correlations function for central Pb-Pb collisions at low to inter-
mediate transverse momentum with the ALICE experiment[31]

shows the two-particle correlation function C(∆φ,∆η) for the central Pb–Pb collisions at

√
sNN = 2.76 TeV at low to intermediate transverse momentum with the ALICE experiment

[31]. The short range correlation region is characterized by ∆η = ηtrigger − ηassociated ∼ 0,

while distributions at large ∆η are referred to as the long-range correlations. The anisotropy
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flow coefficients (vn) of various orders can also be calculated from the azimuthal correlation

function.

1.3.4 Strangeness Enhancement

The idea of strangeness enhancement as a signature for Quark Gluon Plasma formation

was first mentioned in [32] and subsequently discussed in [33, 34]. It was found that the

ss̄ is dominantly produced in QGP by the gluonic (gg → ss̄) channel. The strangeness

enhancement in QGP is expected due to its high gluon density at RHIC and LHC energies.

The mass of the strange quark (∼ 150 MeV) being similar to the critical temperature (T ∼

170 MeV) for the QCD phase transition, it reaches equilibrium before the change of phase

of the QGP matter. Additionally, the process of Pauli blocking of the light quarks (u, d)

plays a role in the enhanced formation of the strange quark pairs. All quarks being fermions

follow Pauli Exclusion Principle. As more and more up and down quarks are formed in

the collision, they fill up the lower Fermi energy levels, thus making the production of ss̄

pair more favourable. Thus, the quark gluon plasma should be made of gluons, u, d as

well as s quarks and an enhancement of strange hadrons compared to other light hadrons is

excepted in collisions where a QGP medium is predicted to form. Experimental observation

on strangeness enhancement from the ALICE experiment in Pb-Pb collisions at
√
sNN =

2.76 TeV can be found in [35].

1.4 Novelty in pp collisions: Multiplicity dependent

experimental observables

Proton-proton (pp) collision is the simplest hadronic system for investigating nuclear matter

effects. Conventionally, proton-proton collisions have been used to study a diverse scope

of particle physics and the Standard Model, including the landmark discovery of the Higgs

boson in 2012 [36,37], for which the Noble prize for physics was awarded to physicists Peter
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Higgs and François Englert for their theoretical predictions. Traditional wisdom holds that

a typical proton-proton collision is too dilute to produce a fluid-like state. Formation of

such a state needs a larger volume and longer thermalization time than what a pp collision

can offer. However, measurements in the last decade at LHC have revealed certain signals

of a QGP-like medium in high multiplicity pp collisions, few of which mentioned in this

section, have prompted to a better understanding of the medium formation and particle

production mechanisms in such collisions. Figure 1.7 shows a comparison of the two-

Figure 1.7: 2-D two-particle correlation functions in minimum bias (left) and high multi-
plicity (right) pp collisions at

√
s = 7 TeV with the CMS experiment [14]

particle correlation functions in minimum bias and high multiplicity pp collisions at
√
s =

7 TeV with the CMS experiment [14]. An enhanced structure on the near side of the ∆φ-

∆η correlation functions which extended over a large ∆η (≈ 4) was first observed in the

high multiplicity pp collisions (right) while it was not present in the minimum bias sample

(left). Such long range, near side structures are known as ridges. The ridge structure has

previously been observed in heavy-ion collisions from RHIC to LHC and is also seen in figure

1.6. These long range correlation are conjectured to arise from hydrodynamic collective flow

of a strongly interacting medium.

Further evidences of collectivity has been reported in pp collisions at
√
s = 5, 7, 13 TeV

using multiplicity dependent measurements of angular correlations [15]. The second-(v2),
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Figure 1.8: pT-integrated ratio of strange hadrons to pions as a function of average charge
particle multiplicity density in pp collisions at

√
s = 13 TeV with the ALICE experiment [16]

third-(v3) and higher order azimuthal anisotropy harmonics of unidentified and few identified

charged particles have been extracted from long-range two-particle correlations [15, 38]. A

mass ordering for v2 values has also been observed in high-multiplicity pp events.

Another important discovery is the observation of strangeness enhancement in high-

multiplicity pp collisions at
√
s = 13 TeV [16] as shown in figure 1.8. The measurements

are in wonderful agreement with p–Pb collision results and even reaches values similar to

those observed in Pb–Pb collisions, thus indicating that the phenomenon is related to the

final system created in the collision where a QGP is formed.

It is evident from these novel observations in pp collisions that the general understanding

of the system formed after the collision and the particle production mechanism in such small

system is still far from complete and multiplicity dependent studies of particle production in
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high energy pp collisions is an important research topic required to further the understanding

on these issues.

1.5 Heavy-flavour hadron production

A significant part of this thesis deals with the study on electrons decayed from the heavy-

flavour hadrons. The spectra of electrons decayed from the heavy-flavour hadrons and its

dependence on charged particle multiplicity, has been presented in this thesis. Hence, in this

section, a brief motivation and introduction of heavy-flavour particles has been presented.

Open heavy-flavour hadrons, consisting of a single charm or beauty quark (and other

light quarks), are one of the the key diagnostic tools available to study the dense, hot

strongly interacting matter formed in relativistic collisions. The charm (c) and beauty (b)

quarks known as heavy quarks, in contrast to the lighter u, d, s quarks, are produced at the

early stages of the collision via hard scattering due to their large bare masses, mc = 1.27+0.05
−0.11

GeV/c2 and mb = 4.29+0.18
−0.06 GeVc2 [39] respectively, which exceed the QCD scale parameter

λQCD ∼ 200 MeV significantly. Hence, the production of a heavy quark-antiquark pair

can be calculated under the perturbative QCD (pQCD) framework at all momenta, unlike

the jets from light quark and gluons, which can only be treated perturbatively at high pT.

The primary perturbative processes for heavy quark (Q) production are quark-anti-quark

annihilation q+q̄ → Q+Q̄ and gluon-gluon fusion g+g → Q+Q̄ at the leading order, along

with other higher order contributions [40]. Here, Q, Q̄ represents c, b and c̄, b̄ quarks

respectively.

The word “perturbative” refers to a mathematical method of finding approximate so-

lutions to a problem. If A is the full solution, A0 is the leading term, A1, A2, A3 the

higher order terms, then the approximation to the full solution can be written as A =

A0 + βA1 + β2A2 + β3A3 + ..... where β is a small number and for small β the higher-order

terms in the series become successively smaller. The series converges iff β is sufficiently small
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so that the higher order terms can be neglected. An approximate “perturbation solution”

is obtained by truncating the series e.g., A = A0 + βA1.

In QCD, the running coupling constant αs (which represents the constant β) is given by

αs(Q
2) =

12π

(11nc − 2nf) ln(Q2/λ2
QCD)

where, Q2 is the square of the momentum transferred in a hard scattering,

nc is the number of colours,

nf is the number of flavours,

λQCD ∼ 200 MeV ∼ 1 fm−1

The masses of charm and beauty (and hence Q2) being � λ2
QCD ensures that αs is

small enough for pQCD to be applicable at all momenta. Consequently in pp collisions,

measurement of heavy-flavour production provides a crucial testing ground for pQCD. More

details on the estimation of yield utilizing pQCD framework, of such particles produced via

hard scatterings, in pp collisions are discussed in section 1.5.1.

Additionally, measurements of open heavy-flavour in pp collisions provide a necessary

reference for heavy-flavour studies in heavy-ion collisions, where the heavy quarks serve

as effective probes for the produced hot and dense medium formed after collision. The

production time of the heavy quarks2(τc ∼ 0.08 fm/c, τb ∼ 0.02 fm/c) are much smaller

than the QGP formation time (∼ 1 fm/c). Because of their large masses, the charm and

beauty quarks are mostly expected to be produced from the hard scatterings in the initial

stages and their thermal production at a later stage is not significant at LHC energies.

Hence, they act as cleaner probes of QGP through energy loss than light quarks, which

can be generated at later during the evolution of the QGP system. After the heavy-ion

collisions, as the system evolves, these heavy quarks propagate through and interact with

the medium formed and a modification of the heavy-flavour yield is expected. This is the

2From the energy-time uncertainty principle we have ∆E∆T ≥ ~/2. Heavy quarks are produced in
through hard scatterings in pairs of QQ̄. Hence, minimum energy for creation of QQ̄, ∆E ≈ 2MQ and
τ = ∆T = 1/2MQ

18



Chapter 1 – Introduction

nuclear modification factor (RAA) and is discussed in section 1.3.2. Due to the energy loss

of the heavy quarks, a softening of the pT spectra with respect to pp collisions for heavy-

flavour hadrons or their decay products is expected. The dominant sources of energy loss

of heavy-flavour particles are radiative energy loss via medium induced gluon radiation and

collisional energy loss via elastic scattering. In QCD, the energy loss through radiative

process is not same for all partons. Quarks are expected to loss lesser energy than that by

gluons, due to the dependence of energy loss on the colour coupling factor. Additionally,

heavy quarks are expected to radiate less energy compared to that by the light quarks. The

large mass of heavy quarks leads to the suppression of gluon radiation at forward angles.

This is known as the dead cone effect [41] and points to the inference: Ru,d
AA < Rc

AA < Rb
AA.

Experimental observation of the nuclear modification of D mesons and charged particles in

Pb–Pb collisions at
√
sNN = 5.02 TeV in ALICE [42] shows Rcharged−particles

AA < RD−mesons
AA

for all centrality classes. Measurement by the ATLAS collaboration shows that muons

decayed from the charm hadrons are significantly more suppressed than those from the

beauty hadrons for pT . 8 GeV/c [43]. Although, a strong conclusion at higher pT has not

been drawn due to large uncertainties of the measurement, model predictions have showed

that RAA for beauty is higher than for the charm.

1.5.1 Cross section calculation for heavy-flavour particles using

the factorization theorem and pQCD

One of the primary results of this thesis is the measurement of the pT-differential production

cross section of electrons decayed from the heavy-flavour hadrons. Hence, a brief overview

of the steps of measurement of cross-section using perturbative QCD is presented in this

section.
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Proton-Proton Collision

An illustration of typically proton-proton collision is shown in figure 1.9 and the processes

are listed below.

Figure 1.9: Illustration of a pp collision [44]

• Incoming beam: Two incoming proton-proton beams are characterized by the Par-

ton Distribution Functions (PDFs).

• Initial State Radiation: The partons can emit showers e.g., q→gq or q→gg before

interaction.

• Interaction: Hard, semi-hard or soft scattering processes occur.

• Final State Radiation: Branching of the outgoing partons.

• Hadronization: Hadronization is the process of the formation of the hadrons out

of the quarks and gluons. After the collision, the outgoing quarks and gluons form

colourless hadrons since they cannot exist individually due to colour confinement.

Fragmentation: Fragmentation is a process of hadronization where high momentum

quarks fragment into lower momentum partons. The fragmentation and the frag-
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mentation functions are discussed in more details in this section below. Figure 1.10

illustrates a simple example where the quarks separate as the energy increases and

becomes more than twice the mass of a quarks formed (Estring > 2mq). The string

(denoted by the line) breaks up into qq̄ pairs and forms mesons.

Figure 1.10: Illustration of hadronization process: String breaking up into qq̄ pairs-
fragmentation

Coalescence/Recombination: The coalescence process was introduced in [45–47] as a

hadron production mechanism at intermediate pT from the QGP formed at heavy-ion

collisions. In the coalescence model, partons that are close to each other in phase

space (position and momentum) are allowed to recombine into hadrons. There is no

need to create a qq̄ pairs via splitting/string breaking, unlike in the usual independent

fragmentation processes.

The fragmentation and the recombination models are competing mechanisms and

recombination naturally enhances baryon/meson ratios at intermediate pT [48, 49].

Coalescence is dominant at low pT while fragmentation seems to be dominant at high

pT. In pp collisions, the baryon over meson ratios [50] are found to be much higher

than the predictions from models using the fragmentation fractions measured in e+e−

collisions [51]. In recent predictions [52] coalescence plus fragmentation model, is

found to provide a good description of the meson and baryon spectra and their ratio.
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Factorization Theorem

In high-energy hadron-hadron collisions the production of hard scattered particles can be

computed from the underlying parton-parton processes using the factorization theorem.

The factorization theorem essentially states that the cross section of a hard collision is a

factorisable quantity (σhard−coll) and can be written as factors of parton density function

(PDF), interaction cross section of the partons (σint) and fragmentation function (FF) i.e.,

σhard−coll = PDF ⊗ σint ⊗ FF (1.4)

The PDF and the FF represent the intrinsic constituents of the proton and the hadronization

mechanism respectively. Since a proton has a very simple structure, protons have been used

to study the PDF in experiments and has been used interchangeably with “nucleons” for

the discussions in the section.

Considering a collision between two hadrons A and B which leads to the production of

particle C : A + B → C + X, where X denotes all others particles formed. If ‘a’ is a

constituent parton of A and ‘b’ a constituent parton of B, the reaction can be a result of

scattering between the partons ‘a’ and ‘b’. The parton-parton collision is denoted by a +

b → c + X, where c is a high-pT parton. This parton c subsequently fragments to give the

final state hadron C (c → C + ...). Following the factorization theorem the cross section is

given by:

dσhardAB→C =
∑
a,b

fa/A(xa, Q
2)⊗ fb/B(xb, Q

2)⊗ dσhardab→c(xa, xb, Q
2)⊗Dc→C(z,Q2)

The parton distribution function (also known as the structure function) fa/A(xa, Q
2), is

the probability of finding a constituent parton ‘a’ in particle ‘A’ with momentum fraction

xa of parton ‘a’ and a transverse momentum Q2. Here, x = Pparton / Pnucleon is also called

Bjorken-x. PDF is essentially the momentum distribution of quarks and gluons within their
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proton bound state. Figure 1.11 shows the parton distribution functions for ‘u’ and ‘d’

quarks (denoted by xuv and xdv respectively), gluons (xg) and sea quarks (xS) [53]. The

distributions of sea quarks and gluons were scaled down by a factor of 20. The peak of the
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Figure 1.11: The parton distribution functions from HERAPDF1.5 NNLO [53]

valence quark distribution is approximately about x ≈ 0.2 while the probability increases

of finding gluons with low fraction of momentum of the proton momentum. The fraction

of the momentum carried by all quarks (valence + sea) was experimentally found by the

CDHS experiment at CERN [54] to be ∼ 50 % of the proton momentum and the rest is due

to the low energy gluons.

dσhardab→c is the interaction cross-section for the basic partonic process a + b → c + X. It

is a perturbative matrix element and computable up to a given order in αs. Few examples

of QCD hard scattering subprocess are qq → qq , qq̄ → gg, gg → gg , gg → γγ etc. The

only leading order (LO) processes which contribute to heavy-flavour production are gluon

fusion and quark anti-quark annihilation. For more precise calculation of the cross-section,
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the next-to-leading order terms such as gluon splitting and flavour excitation are taken into

consideration. Theoretical predictions for heavy-flavour cross-sections at fixed order with a

next-to-leading-log re-summation (FONLL) of higher orders are available [55] and has been

used for comparison with data results in chapter 3.

Figure 1.12: Fragmentation functions Dc(z) and Db(z) using εc = 0.15 and εb = 0.16 [56]

Dc→C(z,Q2) is the fragmentation function which indicates the probability density for

finding a hadron C with the fraction of momentum z (Phadron / Pparton) where c is the

scattered parton. The Peterson fragmentation function [56] as shown in equation 1.5 is used

for fragmentation of heavy quarks into hadrons containing heavy quarks by attaching a light

antiquark q̄ to a heavy quark Q for heavy meson (Qq̄) or a di-quark qq for heavy baryon

production (Qqq).

DQ(z) =
N

z
[
1− 1

z
− εQ

1− z
]2 (1.5)

εQ (∼m2
q/m

2
Q) is the ratio of the effective light and heavy-quark masses. N is a normalization

factor and the fragmentation function follows the sum rule:

∑
h

∫
zDc→C(z, q2)dz = 1

Figure 1.12 shows the fragmentation functions Dc(z) and Db(z) using the equation 1.5 and
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εc = 0.15 and εb = 0.016. The fragmentation functions of the c-quarks and gluons into D?

mesons at the different Q2 can be found at [57].

It may be noted here that typically only 1-2% of the produced heavy quark anti-quark

pairs, instead of a pairing with other light quarks to form open heavy-flavour, form a bound

quarkonium state e.g. J/ψ(cc̄), Υ(bb̄) etc. The Dadfar fragmentation function is used for

charm to J/ψ formation [58].

1.5.2 Open heavy-flavour measurements in experiments

Heavy-flavour particles have a very short life time (of the order of ∼ 10−12 s) and can

not be detected directly. The only way is to study the heavy-flavour particles through the

decayed final state particles. The decays of heavy-flavour particles can be classified into

two main categories i.e., hadronic decay channel and semi-leptonic decay channel. In both

the cases considered, the heavy-flavour hadrons decay via weak interaction into more stable

non-heavy-flavour particle. In the hadronic channel, the parent hadron decays into two or

more hadrons. Following are few examples of decays in the hadronic channel along with

their branching ratios (BR) and decay lengths (cτ) [39].

D0 → K−π+ BR ∼ 3.89% cτ = 123 ± 1 µm

D+ → K−π+π+ BR ∼ 8.98% cτ = 312 ± 2 µm

D+
s → K−K+π+ BR ∼ 5.45% cτ = 150 ± 2 µm

D∗+ → D0π+ BR ∼ 67.7% cτ = (2.1 ± 0.5 ) × 10−5 µm

Λc → pK−π+ BR ∼ 5% cτ = 60 ± 2 µm

B0 → J/ψK0
s BR ∼ 0.04% cτ = 455 ± 2 µm

B+ → J/ψK+ BR ∼ 0.1% cτ = 492 ± 2 µm

In this approach, the heavy-flavour hadrons are studied through full reconstruct of the

decayed particles via invariant mass analysis. In ALICE experiment, the D-mesons and

charmed baryons are studied through this channel in the mid-rapidity range. However, it

is more difficult for beauty mesons due to low branching ratio. An alternate approach to
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access the heavy-flavour hadron information is through the semi-leptonic decay channel,

where the parent hadron decays into a lepton (electron or muon), a corresponding neutrino

and hadron(s).

B,D→ e + νe + X BR ∼ 10%

For both the electron and muon channel, the branching ratio is ∼ 10%. In ALICE, the

semi-electronic channel is studied in the mid-rapidity range, while the semi-muonic channel

is studied in the forward-rapidity range. Since, this thesis pertains to the semi-electronic

channel, further discussions on the semi-leptonic channel are done in terms of electrons. Un-

like the hadronic channel, full reconstruction of the parent hadron is not possible due to the

missing neutrino. The yield of electrons decayed from heavy-flavour hadrons are obtained

by subtracting the background non-heavy-flavour electrons (e.g. e−e+ from γ decays) from

the inclusive electron yield. Details of the methodology are discussed in chapter 3. Since,

electrons primarily interact electromagnetically, they provide cleaner signals. Another ad-

vantage of this channel is the potentiality for beauty measurement due to the high branching

ratios and ALICE’s excellent capability for electron identification for a wide pT range.

1.6 Goal of this thesis

This thesis, titled “Multiparticle production in pp collisions at LHC energies”, aims to shed a

light on the cracks that have appeared in the picture of the particle production mechanisms

in high energy pp collisions as discussed in the previous section 1.4 of the chapter. Keeping

those motivations in consideration, in this thesis, using the ALICE experimental data, the

pT-differential cross section of electrons decayed from open heavy-flavour hadrons and its

dependence on charged particle multiplicity in pp collisions at
√
s = 13 TeV has been

presented. Heavy quarks (charm and beauty) are produced through hard scatterings, in

high-energy hadronic collisions. Due to their large masses their production cross-sections can

be calculated through the framework of perturbative QCD down to very low pT. Moreover,

26



Chapter 1 – Introduction

since the heavy quarks are produced at the early stages of the collision, well before the

formation of QGP, heavy-flavour hadrons act as efficient probes for the QGP medium formed

in heavy nucleus-nucleus collisions. Measurements of heavy-flavour hadron production in

proton-proton collision acts as baseline for the study of heavy-flavour particles in heavy-ion

collisions. These objectives for using heavy-flavour hadrons has been discussed at length

in section 1.5 of this chapter. In this thesis, along with the pT-differential spectra, the

multiplicity dependent self-normalized yield of heavy-flavour hadron decayed electrons as

a function of self-normalized charged particle multiplicity density has been presented in

chapter. A brief review and motivation for studying the self-normalized yields have been

discussed in subsection 1.6.1.

The particle production mechanisms and the initial state geometry of the system are

highly entangled. In high-energy heavy-ion collisions, structures in the initial collision zone is

a matter of intense investigation, both from the theory and the experimental points of views.

Research in the prior decade and more so in the last quinquennial, few of which are discussed

in section 1.4, put a highlight towards the similarities in sizes and properties of medium in

heavy-ion collisions and high multiplicity pp collisions. This encourages us to think in the

direction of commonalities between these large and small systems. Hence, we also present,

in this thesis, a study on the structures in the initial collision zone and how they affect the

final state particles using Pb–Pb collisions from the AMPT event generator at
√
sNN = 200

GeV using the principal component analysis (PCA), in chapter 5. A brief introduction to

the principal component analysis and this study has been discussed in subsection 1.6.2.

1.6.1 Multiplicity dependent self-normalized yields in ALICE

The multiplicity dependent self-normalized yield measurements have been performed with

an aim to understand the particle production mechanism in pp collisions, where the term

’self-normalized’ implies that the yield in multiplicity intervals are normalized by the aver-

age multiplicity integrated yield. The first measurement of the charged-particle multiplicity
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dependent self-normalized yield study in ALICE with J/ψ production in pp collisions at

√
s = 7 TeV was published in 2012 [59]. An approximately linearly increasing trend of J/ψ

yield with charged particle multiplicity has been reported in data. However, the PYTHIA

predictions do not reciprocate the trend in data. The result indicates that multi-parton in-

teractions (MPI) affects the hard momentum scales relevant for J/ψ production or that the

J/ψ production in pp is always connected to strong hadronic activity. Multiple parton inter-

actions have substantial contribution to particle production and the total event multiplicity

in pp collisions [60–63]. Hence, it was argued that if MPI mainly affects the production of

light quarks and gluons, then the open heavy-flavour and J/ψ productions should be inde-

pendent of the overall event multiplicity. It was also argued elsewhere [64] that MPI starts

having a substantial contributions on harder scales at LHC energies, which could induce

a correlation between the yield of open heavy-flavour and J/ψ production on the charged

particle multiplicity of the event. More recent studies on the pT-dependent self-normalized

yield on the hard and soft probes has been done in ALICE with D-mesons [65] in pp colli-

sions at
√
s = 7 TeV, J/ψ [66] and charged particles [67] in pp collisions at

√
s = 13 TeV.

The charged particle multiplicity has been measured using SPD tracklets in mid rapidity

(|η| < 1.0). A significant increase of particle yield with the charged-particle multiplicity,

with a stronger rise for higher pT ranges, is seen. To avoid biases due to auto-correlation,

the D-meson measurements have been performed with multiplicity been calculated using the

V0 detector. This introduces a rapidity gap in the region of the D-meson and multiplicity

measurements. An increasing trend of D-meson yield with multiplicity, although smaller

than that observed in the SPD selection case, has been observed. The self-normalised yield

data of D-meson, J/ψ, charged particle have been compared with various model predictions,

such as PYTHIA, EPOS. The J/ψ data has been additionally compared with CGC model

and percolation model predictions. Although no one model predictions can describe all data

quantitatively, they qualitatively reproduce the trend of the self-normalised yield. However,

for conclusive and complete assessment of physics mechanisms at play, more stringent tests
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on models and comparison between data are required. The behaviour of the self-normalized

yield vs. the self-normalized multiplicity is an interesting topic of research as it could provide

an insight to the mechanisms at the play in the microscopic levels and production processes

of hard and soft particles in such high energy collisions.

1.6.2 Principal Component Analysis

The Principal Component Analysis (PCA) is a simple method of unsupervised learning

algorithm used for de-correlating multivariate data. The PCA method works by reducing

dimensions from a given problem by finding the most optimal basis for the problem and

thus making an analysis simpler. The principle components are computed from singular

value decomposition of the data matrix. They form the new basis and are ordered such that

the first component contains the most informative features, the second component contains

the second most informative features in data and so on.

In heavy-ion collisions, PCA has been used primarily to study various orders of flow vari-

ables and their fluctuations [68]. A particular interest is the decomposition of the azimuthal

distribution in PCA in which the eigenvalues are related to the elliptic flow coefficients, as

has been explained in details in [69]. It has been shown here that the flow coefficient ob-

tained by the PCA method and conventional Fourier analysis method are nicely correlated

up to v6. The event-by-event flow coefficient has also been extracted using this method.

The main scope in this thesis is to probe the initial conditions by using the method

of Principal Component Analysis. The distributions for η, pT, φ in heavy-ion collisions

at
√
sNN = 200 GeV using this method has been analysed. As a part of the result, the

sensitivity of the PCA eigenvalues to the introduction of clustering at the partonic level in

AMPT has been reported.
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Chapter 2

The Experimental Setup

In this chapter, a brief description of the detectors and experimental setup that were used for

obtaining the spectra of electrons decayed from heavy-flavour hadrons and its dependence

on charged particle multiplicity, is presented. The measurements were performed using the

ALICE detector system at the Large Hadron Collider (LHC) at CERN.

2.1 The Large Hadron Collider(LHC)

With new and exciting results/data emerging in the field of high energy physics since the

1970s and a need for data at higher centre-of-mass energies for collisions, the particle accel-

erator technology has seen tremendous progress in the last 5 decades. The Large Hadron

Collider (LHC) [70] at the European Organization for Nuclear Research (CERN), which

started its operation in 2009, is presently the largest and highest-energy hadron collider in

the world. The LHC was installed in a 26.7 km tunnel constructed between 1984 and 1989,

at a depth of 45-170 m from the surface of the earth at Swiss-French border near Geneva,

Switzerland. It is designed to collide two beams of particles rotating in opposite directions.

The LHC has recorded data for lead ions (Pb–Pb) at
√
sNN = 2.76 TeV and 5.02 TeV. It has

also collided opposite beams of proton-proton (pp) collisions at centre-of-mass energies 0.9,

2.36, 2.76, 5, 7, 8, 13 TeV; proton-lead (p–Pb) at 5 TeV and 8.16 TeV and Xenon-Xenon
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(Xe–Xe) collisions at 5.44 TeV (per nucleon). The collider has been in shutdown since

December 2018 for upgrades and data taking in its Run-3 is set to commence from 2022.

There are seven experimental setups at the four interaction points of the collider, namely,

ALICE [71], ATLAS [72], CMS [73], LHCb [74], LHCf [75], TOTEM [76] and MoEDAL

each built with an aim to explore a varied ranges of physics interests. The TOTEM (Total,

elastic and diffractive cross-section measurement) and LHCf (LHC forward) are the smallest

experiments on the LHC which focus on the specialized research in the forward region.

The LHCb (Large Hadron Collider beauty) is located at one of the four interaction points

and specializes in b-physics experiment. MoEDAL is a small detector system which uses

detectors near LHCb in the cavern. The ATLAS (A Torroidal LHC Apparatus) and the

CMS (Compact Muon Solenoid) are the bigger experimental setups at two interaction points

of the LHC. They are general-purpose experiments to investigate a large range of physics

mainly focusing on the realm of particle physics. They look for new and heavier elementary

particles and aim to study the properties, including the structure, if any, of particles with

increasing energy of the colliding particles. The ALICE (A Large Ion Collider Experiment)

detector system, conversely, mainly aims to study the physics of strongly interacting matter

at extreme energy densities and temperatures through heavy as well as light ion (Pb–Pb,

Xe–Xe, p–Pb, pp) collisions.

2.2 A Large Ion Collider Experiment (ALICE)

A Large Ion Collider Experiment (ALICE) [71], one of the four main detector systems

at the Large Hadron Collider, is located at Point-2 of the LHC accelerator tunnel in St.

Genis-Pouilly commune, near the Swiss-France border. It aims to address the physics of the

nuclear matter under extreme conditions of high temperature and energy density. ALICE

has participated in the data-taking program from heavy and light ion collisions in the LHC

since its commencement. Data collected from these collisions at various energies allows an
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Figure 2.1: Schematic view of the ALICE detector system

Figure 2.2: Cross sectional view of the ALICE detector system

extensive study of the electrons, hadrons, photons and muons produced in such collisions up

to the highest multiplicities anticipated in the collisions. The ALICE is designed to handle
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extreme charged particle multiplicity densities (dNch/dη) at mid-rapidity in central Pb-Pb

collisions. It is optimized for dNch/dη = 4000, and is tested up to dNch/dη = 8000. One

of the key abilities of ALICE is its capability of tracking and identifying charged particles

over four magnitudes in particle transverse momentum (10−2 - 102 GeV/c) which allows for

extensive studies of topics from soft physics to jets and high-pT particle production.

The overall dimensions of the ALICE detector are 16×16×26 m3 with a total weight of

≈ 10000 tons. ALICE consists of a central barrel detector system, which measures electrons,

hadrons, and photons, and a forward muon spectrometer. The central part is installed in

a large solenoid magnet reused from the L3 experiment at LEP and covers a maximum

pseudorapidity region of |η| < 1 over the full azimuth. A schematic diagram of the ALICE

detector is shown in figure 2.1. A cross sectional view of the detector system in the xy plane,

where z is the beam direction [77], is shown in figure 2.2 for visualization of the azimuthal

coverage of the detectors of the central barrel detector system. The following detectors are

a part of the central barrel detector system, enumerated in the order from inside to out.

Their dimensions, η, φ coverage and main working purpose have been summarized in table

2.1.

1. Inner Tracking System (ITS)

2. Time-Projection Chamber (TPC)

3. Transition Radiation Detector (TRD)

4. Time-Of-Flight (TOF)

5. High-Momentum Particle Identification Detector (HMPID)

6. Electro-Magnetic calorimeters: Electromagnetic + Dijet Calorimeter (EMCAL +

DCAL) and Photon Spectrometer (PHOS)

7. ALICE COsmic Ray DEtector (ACORDE)

34



Chapter 2 – The Experimental Setup

Table 2.1: Summary of the central barrel detector acceptances in η, φ and their main
working principles. The azimuthal angle φ increases counter-clockwise from x (φ = 0) to y
(φ = π/2) with the observer standing at positive z direction [77]. ’r’ is the radial distance
of the detectors from the beam line.

Central Barrel
η φ r (cm) Main Purpose

Detectors

ITS

Layer 1,2 SPD ± 2, ± 1.4

360◦
3.9 , 7.6 tracking, vertexing, triggering

Layer 3,4 SDD ± 0.9, ± 0.9 15 , 23.9 tracking using dE/dx

Layer 5,6 SSD ± 0.97, ± 0.97 38 , 43 tracking using dE/dx

TPC ± 0.9 360◦
85 (inner)

250 (outer)
tracking, PID, momentum
measurement

TRD ± 0.84 360◦
290 (inner)
368 (outer)

electron identification using
their specific energy loss and
transition radiation

TOF ± 0.9 360◦ 378 PID in intermediate momen-
tum

HMPID ± 0.6 1.2◦ – 58.8◦ 500 high momentum PID through
detection of Cherenkov radia-
tion

EM
Calorimeters

EMCal ± 0.7 80◦ – 187◦

460

triggering, electron and photon
identificationDCal ±0.22 to ± 0.7 260◦ – 327◦

PHOS ± 0.12 220◦ – 320◦ low and high momentum pho-
ton and π0 measurement

ACORDE ± 1.3 - 60◦ – 60◦ 850 trigger on cosmic rays

Tracking in the central barrel is performed using the ITS and TPC. The TRD can also

be used for tracking thereby improving the pT resolution at high momentum. The ITS

also provides for high-multiplicity triggering and secondary vertex reconstruction. Particle

IDentification (PID) is achieved with TPC, TOF, TRD, HMPID, EMCal (DCal) detectors.

The TPC along with tracking and PID also allows for the determination of the momentum

of charged particles. An array of scintillators (ACORDE), positioned on top of the L3

magnet, is used to trigger on cosmic rays. Since the ITS, TPC, TOF, EMCal (DCal)

detectors have mainly been used for obtaining the results in this thesis, detailed information
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on these detectors have been discussed in sections 2.2.1, 2.2.2, 2.2.3, 2.2.4 respectively, of

this chapter.

The forward muon arm (2◦ - 9◦) was primarily designed to measure the production of

heavy-quark resonances (J/ψ, ψ′ etc.) with a mass resolution sufficient to separate all states.

It consists of several detectors, located at small angles for global event characterization

and triggering. The forward muon arm is also equipped with a complex arrangement of

absorbers, a large dipole magnet along with the detectors. The forward detectors including

the Muon spectrometer have been listed below.

1. Muon Spectrometer (MUON) : Several tracking planes and triggering chambers

2. Zero Degree Calorimeter (ZDC)

3. Photon Multiplicity Detector (PMD)

4. Forward Multiplicity Detector (FMD)

5. Time Zero Detector (T0)

6. VZERO Detector (V0)

Details on the V0 detector are presented in section 2.2.5.

The η coverage, distance from the vertex, main purpose and detection techniques of the

detectors of the forward arm are summarized in table 2.2.

2.2.1 Inner Tracking System (ITS)

The Inner Tracking System (ITS) [78,79] is one of the main detectors of the ALICE central

barrel detector system. The ITS is used to determine the primary vertex with a resolution

better than 100 µm and to reconstruct the secondary vertices from decays of D and B

mesons, and hyperons. It is used as a stand-alone detector for tracking and identification

of very low momentum particles (pT < 200 MeV). The ITS also helps to reconstruct the
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Table 2.2: Summary of the forward arm and their main working principles

Forward
Detectors

η Position
from vertex
(m)

Detection
principal

Main Purpose

ZDC

ZN 3.62< η < 5.03 ± 116 neutron calorimeter measure and trigger
on the impact
parameter of
the collision

ZP 1.7< η < 3.68 ± 116 proton calorimeter

ZEM -3.4< η <-1.7 7.27 EM calorimeter

PMD 2.3< η <3.7 3.64 calorimeter
multiplicity and

spatial distribution
of photons

FMD

disc 1 3.62< η < 5.03 3.2 silicon
semiconductor

detectors

provides
multiplicity
information

disc 2 1.7< η < 3.68
0.83 (inner)
0.75 (outer)

disc 3 -3.4< η <-1.7
-0.63 (inner)
-0.75 (outer)

V0
V0A 2.8< η <5.1 3.4 scintillator

counters

min. bias trigger,
multiplicity and

luminosityV0C -1.7< η <-3.7 -0.9

T0
T0A 4.61< η <4.92 3.75 cherenkov

counters

provide signal for
start time (t0) for

TOF detectorT0C -3.28< η <-2.97 -0.7

MUON Spectrometer

Tracking Station 1

- 2.5 < η < - 4.0

-5.36

cathode pad
chambers with gas
mixture 80% Ar

/20% C02

µ detection for

quarkonia,
c,b → µ,

low mass vector
meson studies

Tracking Station 2 -6.86

Tracking Station 3 -9.83

Tracking Station 4 -12.92

Tracking Station 5 -14.22

Trigger Chamber 1
- 2.5 < η < - 4.0

-16.12 Resistive Plate
ChamberTrigger Chamber 2 -17.12

particles that traverse through the dead channels of the TPC and to improve the momentum

and angle resolution of the particles which are reconstructed through the TPC.

The ITS is the inner-most layer of the central barrel with radius between 3.9 to 43 cm. It

surrounds the beam pipe coaxially. It consists of two layers of the following cylindrical silicon
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Figure 2.3: Layout of the Inner Tracking System (ITS) detector [78]

detectors (six layers in total): silicon pixel (SPD), silicon drift (SDD) and silicon strip (SSD)

detectors [80]. A layout of the ITS detector is shown in figure 2.3. The four outer layers

(drift and strip) have analogue read-out and hence can be used for particle identification

(PID) in the non-relativistic regime. Silicon detectors generally work through detection of

energy lost by particles while traversing through the detector. The two first layers of the

ITS (SPD) consist of two dimensional sensor matrices of silicon diodes of thickness ∼ 200

µm. The sensor matrices include 256 × 160 pixels/cells with each pixel measuring 50 µm

(rφ) × 425 µm (z). The spatial resolution of the SPD along the rφ plane and z direction

is 12 µm and 100 µm, respectively. When a charged particle traverses through a pixel, a

digital signal is read out of that pixel. Energy deposition information is not retained like the

drift and strip detectors. Due to the extreme fine segmentation of the SPD, the SPD can

operate in a region with track density as high as 50 tracks/cm2 making it suitable for high

multiplicity measurements. The SPD can be used for triggering high multiplicity events.

2.2.2 Time Projection Chamber (TPC)

The Time Projection Chamber (TPC) [81] is the main tracking detector in ALICE. In

conjunction with other detectors, the TPC is used for identification of charged particles,

charged particle momentum measurement with a good two-track separation and vertex
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determination.

The ALICE TPC is a cylindrical chamber of volume ∼ 90 m3 placed coaxially with the

beam axis and next to the ITS radially. Its length is ≈ 5 m and, its inner and outer radii

are ≈ 0.85 m and ≈ 2.5 m respectively. It covers a pseudorapidity range of |η| < 0.9 over

the full azimuth. A schematic diagram of the TPC is shown in figure 2.4.

Figure 2.4: Schematic diagram of the Time Projection Chamber (TPC) detector

TPC is a gaseous detector which operates in the proportional region. The large cylin-

drical field cage of the TPC is divided into two parts using a high voltage electrode (∼

30 µm thick), which acts as a cathode. It generates drift field in the two volumes. At

both ends of the TPC, multiwire proportional chamber (MWPC) based readout chambers

are mounted in 18 trapezoidal sectors. The MWPCs have been replaced by Gas Electron

Multiplier (GEM) system to match the TPC readout rate for the increased luminosity of

the Run-3 data taking compared to that of Run-2 and Run-1. The TPC is filled with a

gas mixture of ∼ 90% noble and ∼ 10% quencher gas, e.g. Ne-CO2-N2 (85.7%-9.5%-4.8%),

which allows for low diffusion, high ion mobility, low multiple scattering and small space-

charge effects. Charged particles from collisions passing through the gas, ionizes it. The

electrons freed along the ionization tracks drift along the field lines to the end plates. The

TPC readout chambers detect the electrons to reconstruct the trajectory of the particles.
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The x-y position of the ionization along the track is obtained from the projection of the

track on the MWPC pads at the end plates. The z coordinate is determined from the drift

velocity of the electrons (∼ 2.58 cm/µs) and the time of arrival of the electrons on the end

plate with respect to the collision time of the beams as obtained from the LHC-clock. A

uniform magnetic (0.5 T (nominal) or 0.2 T (low)) field is applied due to which particles

follow a helical path and this curvature is used to determine the momentum of the particles

(p). The position resolution of the TPC is 1100 - 800 µm in the rφ plane and 1100 - 1250

µm in the z direction. Low momentum tracks (100 MeV/c - 1 GeV/c) are reconstructed

using the TPC with a momentum resolution better than 2%. The momentum resolution for

electrons of momentum ∼ 4 GeV/c is ∼ 2%. The TPC, along with other tracking detectors

(ITS and TRD), can perform track reconstruction with a momentum resolution reaching ∼

10% for tracks with momentum up to 100 GeV/c.

For identification of charged particles, TPC relies on the measurement of specific energy

loss (dE/dx) in a detector gas as a function of the momentum (p). The Bethe-Bloch equation

describes the average energy loss of charged particles when travelling through matter. It is

given for heavy charged particles in the following equation 2.1.

−dE

dx
=

4πe4

m0

z2

v2
NZ

{
ln
(2m0v

2γ2

I

)
− β2 − δ2 − 2C

Z

}
(2.1)

where,

z = Charge of primary particle

v = Velocity of charged particle

N = Number density of absorber material

Z = Atomic Number of absorber material

I = Mean excitation potential

m0 = Rest mass of electron

β = v/c, c = Velocity of light
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γ = 1√
1−β2

δ = Density Correction factor

C = Shell Correction factor

Electrons and positrons, due to their small masses, follow a modified Bethe-Bloch equation,

where the energy loss is mostly dominated by bremsstrahlung [82]. The resolution of the

dE/dx measurement in pp collisions is around 5.5%. The energy deposited per unit length

(dE/dx) as function for momentum (p) for identified charged particles as measured by the

ALICE TPC is shown in figure 2.5. The dE/dx bands for different charged hadrons are

mostly distinguishable. However, for p < 1 GeV/c the kaon, proton and pion/muon bands

cross the electron band. At these regions the hadrons can be misidentified as electrons,

which increases the contamination in the electron sample. In addition, the merging of the

dE/dx lines of electrons, muons, pions, and other hadrons limits the particle identification

at high momentum (p & 10 GeV/c). Hence, the TPC alone cannot be used for particle

identification with high purity. Detectors with particle identification capabilities, EMCal

and TOF, have been used along with the TPC for identification of electrons in this analysis,

as it extends over a large momentum region.
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Figure 2.5: Energy deposited per unit length versus momentum measured with the ALICE
TPC
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2.2.3 Time-Of-Flight (TOF)

The Time-Of-Flight (TOF) detector [83, 84] is extensively used for particle identification

(PID) in the low and intermediate momentum range. The TOF, coupled with the ITS and

TPC, can distinguish light and heavy particles of same momentum with the help of the

difference in their time of flight. The ALICE TOF detector is a gas detector which uses

Mutligap Resistive Plate Chamber (MRPC) as its basic detecting element. It is placed at

a radial distance of 3.7 m from the beam axis and has a pseudorapidity coverage of |η| < 1

in full azimuth.

Figure 2.6: TOF β vs momentum performance plot measured in ALICE

The time of flight (t) is defined as the time taken by a particle to travel a certain distance,

in this case, from the interaction point to the TOF detector (L). The start time reference

(t0) is provided by the T0 detector, which sits on the opposite sides of the interaction point.

The global time resolution of the ALICE TOF is ∼ 80 ps. The particle is identified from

its mass, which is calculated from the information of the time of flight and the momentum

of particle obtained from the TPC (p), using the following equation.

m = p

√
t2

L2
− 1 (2.2)
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Figure 2.7: TPC signal vs. momentum for tracks passing the TOF PID selection. An
example of a selection criteria for electrons is shown as solid black line
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The TOF β is defined as the ratio of the velocity of a particle (v = L/t) with respect

to that of light. Figure 2.6 shows the separation of the electrons and various hadrons in

the TOF β vs momentum performance plot, measured by ALICE. TOF provides excellent

particle identification for electrons at very low momenta (pT < 700 GeV/c) where the

electron/pion (e/π) separation is better than 3σ [83]. Pion & kaon (π/K) separation better

than 3σ is achieved below ∼ 2.5 GeV/c and and kaon & proton (K/p) separation better

than 3σ is achieved up to 4 GeV/c. Figure 2.7 shows the energy deposited per unit length

(dE/dx) of charged particles in the TPC as function for momentum (p) after the TOF

particle identification selection criteria for electrons were applied. This figure clearly shows a

distinct band of electron dE/dx with very little contamination from other hadrons compared

to that of TPC-alone as shown in figure 2.5 in section 2.2.2. At a relatively high momentum,

however, the TOF is not used for particle identification. As seen from the second (δm/mL)

43



Chapter 2 – The Experimental Setup

and the third (δm/mt) components of the equation 2.3, the mass resolution and hence the

particle identification capability of the TOF tends to worsen with the square of the particle

momentum. At sufficiently high momentum, the mass resolution is driven much more by

the errors on the track length measurements and the time of flight than by the error on

the momentum determination. Hence, the Electromagnetic Calorimeter (EMCal) is used in

the high momentum region for electron identification along with the TPC. The quantitative

values of purity and efficiency, along with the selection criteria used in this thesis and the

momentum ranges in which the different detector combinations are utilised, are mentioned

in chapter 3.

2.2.4 Electromagnetic Calorimeter (EMCal) and Dijet Calorime-

ter (DCal)

The Electromagnetic Calorimeter (EMCal) [85] and Dijet Calorimeter (DCal) [86] are Pb-

scintillator sampling calorimeters with cylindrical geometry stationed adjacent to the ALICE

magnet coil at a radial distance of r ≈ 4.6 m from the beam line. A sampling calorimeter has

alternate layers of absorber material which degrades the particle energy for producing the

particle shower and an active material to measure the detectable signal/energy deposited.

The EMCal (and DCal) enhances ALICE’s capabilities for jet measurements in combination

with excellent capabilities to track and identify particles by ALICE. These detectors also

allow for an enhanced measurement of high momentum electrons and photons, and triggering

on high energy jets.

The EMCal covers |η| < 0.7 and ∆φ = 107◦ (80◦ < φ <187◦). The size of EMCal

was constraint by the maximum weight which can be supported by the L3 magnet. The

DCal was added to the system to extend the φ range and is in every way an extension of

the EMCal acceptance. The DCal covers 0.22 < |η| < 0.7 and subtends an angle ∆φ =

67◦ (80◦ < φ <187◦). The η coverage of DCal is not uniform as the space is occupied by

the existing PHOS detector. The extension of the scope of the ALICE EMCal system was
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specifically designed to expand the acceptance of the EMCal and allow the measurement

of hadron-jet and di-jet correlations. A schematic diagram of the EMCal and the DCal

arrays are shown in figure 2.8. As the EMCal and DCal are essentially the same detectors

and they form the two arms of the electromagnetic calorimeter system, from here on the

term ’EMCal’ would imply both the EMCal and DCal detectors unless explicitly mentioned

otherwise.

Figure 2.8: Electromagnetic Calorimeter (EMCal) array of super-modules [85] (left) and
Dijet Calorimeter (DCAL) super-modules in gray with the PHOS super-modules in orange
in the middle (right) [87]

The basic building block of the EMCal (and DCal) is known as a super module and

consists of a 2 × 2 towers/cells of 76 alternating layers of 1.44 mm Pb and 77 layers of 1.76

mm polystyrene, injection molded scintillator. The transverse dimension of each tower is ∼

6.0 ×6.0 cm2 with acceptance range ∆η×∆φ ≈ 0.014 × 0.014. The EMCal detector system

is designed to be a compact detector with sampling fraction 1:22 Pb to scintillator ratio by

volume and a detector thickness of 20.1 radiation lengths (20.1X0, where X0 = 12.3 mm)

and an effective Moliere radius (RM) of 3.20 cm. Radiation length (X0) is defined as the

mean path traversed by an electron such that energy of the electron is reduced by a factor

of 1/e. It is a characteristic of the material traversed. Moliere radius (RM) is a measure

of the transverse dimension of the electromagnetic showers and defined as the radius of a

cylinder containing on average 90% of the energy deposition of the shower.

45



Chapter 2 – The Experimental Setup

The EMCal measures the energy deposited by particles while traversing through the de-

tector material. Electrons and photons interact primarily through electromagnetic interac-

tions and produce electromagnetic showers while passing through the calorimeter. Electrons

loose energy via bremsstrahlung (e + nucleus → e + γ + nucleus) while photons are ab-

sorbed by pair production (γ + nucleus→ e+ + e− + nucleus). Since, the aim of this thesis

is the identification of electrons decayed from heavy-flavour particles, the description of the

EMCal in this section is mostly focused on the identification of electrons. Electrons (and

photons) tend to deposit all of their energy in the EMCal in the form of clusters through

electromagnetic shower since the thickness of the detector is 20.1X0. Hence, the total energy

deposited by the electrons in the EMCal (E) should be equal to its momentum (p), which

is obtained from the TPC, i.e., E/p ≈ 1. The hadrons, however, do not deposit their entire

energy in the EMCal as they interact mainly via the strong nuclear force and the thickness

of the towers is about one nuclear interaction length. For hadrons the E/p should be less

than 1. Electrons are separated from photons by matching the EMCal clusters to the tracks

from TPC as photons do not give signal in the TPC. The energy resolution of calorimeters

improves with an increase in the energy of the incident particle. The energy resolution for

the ALICE EMCal is lower than 5% for electrons with energy greater than 10 GeV.

As already mentioned in section 2.2.2 and evident from figure 2.5, the hadron dE/dx

band from TPC starts to merge with the electrons band as the momentum increases making

it difficult to select high purity electrons with p & 6 GeV/c. Figure 2.9 shows a distribution

of E/p from the EMCal vs. TPC nσe, where nσe is defined as the difference between of the

measured signal from the expected calculations for electrons in terms of detector resolution.

From the figure, a clear distinction between electron region and other hadrons is observed.

Additionally, other discriminating variables of the EMCal clusters such as the shape of the

shower can be used to distinguish between electrons and hadrons. Details on the quantitative

measure and selection criteria are discussed in chapter 3. In addition to electron (photon)

identification, EMCal is also used as high momentum triggers.
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Figure 2.9: E/p vs. TPC nσe distribution measured in ALICE. Energy (E) is obtained from
the EMCal.

2.2.5 VZERO detectors (V0)

The VZERO (V0) detector [88,89] is a small angle detector which consists of two arrays of

scintillator counters, called V0A and V0C. They are installed on either side of the ALICE

interaction point. The V0A is located 3.4 m from the vertex, on the side opposite to the

muon spectrometer and V0C is fixed at the front face of the front absorber 0.90 m from the

vertex as shown in figure 2.10. V0A and V0C cover the pseudorapidity ranges 2.8 < η <

5.1 and -3.7 < η < -1.7 respectively.

Figure 2.10: Time alignment condition on V0A and V0C [88]

V0 detector provides minimum-bias (MB) triggers for the central barrel detectors in pp

and A-A collisions. Apart from the initial beam collisions, interactions due to presence
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of matter such as, beam pipe, front absorber results in formation of secondary particles,

which will distort physical information expected from primary charged particles. Hence, to

identify particles from the beam-beam (BB) collisions minimum-bias trigger is used. The

minimum-bias trigger confirms that an event has occurred if hits are detected on each disk

(V0A and V0C) at the expected time, i.e., 11 ns after the collision on V0A and 3 ns after

the collision on V0C.

The V0 detector also provides centrality and multiplicity measurements based on the

energy deposited in the scintillator.

The V0 detector is involved in the measurement of luminosity in pp collisions using the

van der Meer scan method [90].

2.3 Off-line Computation in ALICE

The raw data obtained from the detector systems have to be processed before being ready

in the form of events for further analysis. In this section the off-line data processing and

tools used for analysis have been presented.

2.3.1 ROOT and AliROOT

The base tool for analysis in a large fraction of the high energy physics experimental com-

munity, including ALICE, is an analysis framework/software written mainly in C++, known

as ROOT [91]. ROOT was developed at CERN which includes functionalities for big data

processing and analysis in high-energy physics. ROOT packages allow for data storage and

management, and contains a plethora of functions for mathematical and statistical analysis.

The AliRoot framework [92] is an extension of ROOT, developed by specifically for ALICE

simulation and reconstruction.
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2.3.2 Simulation

Simulation of actual data taken from experiments plays a paramount role in the analysis of

the high energy collision experiments. Simulated samples are used to correct physics data

for detector efficiencies and acceptance limitations. Simulations consist of two parts, the

event generator and the transport code. Event generators aim to create events and particles

with the same average behaviour as in the real data using the theoretical understanding

of the collision dynamics. Different event generators utilize different theories and physics

processes for generating events as close to the known real data as possible. Monte carlo

techniques are used for the simulations, and hence the simulated data created from the

event generators are known as ‘Monte Carlo samples’ or ‘MC sample’. PYTHIA [93, 94]

is the most commonly used event generator used by ALICE for simulation of pp events.

Other prominent event generators include EPOS [95] and HIJING [96] which are used for

simulating both pp and heavy-ion collisions. Outputs from the event generators are then

fed to the input of transport models. Transport models such as GEANT [97, 98] simulate

the behaviour of detectors. The output from the transport models aim at reproducing as

realistically as possible the number and properties of particles that are observed by the

detectors systems in the experiment. A simulation can be summarized as a virtual model

of experiments done through computers.

2.3.3 ESD and AOD files

The raw data after reconstruction is stored in the so-called Event Summary Data (ESD)

files. The ESD files include detailed reconstructed information from all sub-detectors such as

trigger information, collision vertex measurements and individual particle track information

from several sub-detectors etc. However, the ESD files are inconvenient and impractical for

local analysis due to their large size. Hence, Analysis Object Data (AOD) files are created

from the ESD files, which store only relevant information for specific analyses. AOD files

are used as input for local analysis.
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2.3.4 Data reconstruction procedure and tracking

Reconstruction of raw data, to be stored in ESD and AOD files, starts with calibration

followed by clusterization separately for each detector. Clusters are group of adjacent cells

fired and are used as input for track/tracklet reconstruction for tracking detectors. Clusters

from the calorimeter based detectors are also stored in the ESD files. The interaction

vertex position is reconstructed using algorithms which utilize correlation between SPD

tracklets [99]. Tracklets are formed from adjacent clusters of both layers of the SPD in

alignment with the reconstructed primary vertex within a small azimuthal window (order

of 0.01 rad) [100]. The preliminary interaction vertex is estimated to be the space point

where maximum number of lines from a linear extrapolation of the tracklets converge. The

vertex determination efficiency depends on the tracklet multiplicity [99]. Track recognition

(finding) and reconstruction is performed in the central barrel of ALICE using the Kalman

filter method [101] in three iterations. The first iteration begins from the outer radius of the

TPC. A track seed is built from the primary vertex estimated from SPD and pairs of TPC

cluster in adjacent pad rows. The track seed is projected inwards towards the inner radius

of TPC and is updated at each step with the nearest TPC cluster if it fulfils a proximity

cut. A preliminary particle identification based on the dE/dx is done at this step. These

tracks are known as the “TPC-only tracks”. These tracks are then propagated towards the

ITS for track finding in the ITS and further extrapolated to the point of closest approach to

the preliminary interaction vertex. In the second iteration these tracks from the preliminary

vertex are propagated backwards to the outer radius of the TPC using the clusters found in

the previous iteration. Particle identification is also updated based on the specific energy

loss. These tracks are then prolonged towards to TRD, TOF, HMPID, EMCAL and PHOS,

detectors for cluster matching. In the final iteration the tracks are re-fitted inwards using the

clusters from the second iteration to their distance of closest approach to the SPD vertex.

These are known as the “global tracks”. The final interaction vertex is recalculated using

the global tracks with a higher precision compared to the preliminary interaction vertex.
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2.3.5 Clustering in EMCal

Electrons and photons traversing the Electromagnetic Calorimeter deposit energy in differ-

ent towers through electromagnetic shower. Due to the tower size, the showers produced

cover a group of adjacent towers. These groups of adjacent towers/cells are called ‘clusters’.

Sets of information related to a cell, e.g., position of the cell, energy deposited etc. is called

a digit. Clusters are formed from digits that have energy deposition for same particle using

Figure 2.11: Different clusterization algorithms [102]. Boxes represent energy in cells. Eth is
threshold energy for clusterization. a) Energy in cells before clusterization (marked in green
color). b) Result of Clusterizer V1. There is one big cluster made of cells in blue color.
Green cells are below threshold and not associated to the cluster. c) Result of Clusterizer
V2. There are two clusters made of blue and orange cells. Green cells are below threshold
and not associated to any cluster.

any of the available clusterization algorithms. There are currently four types of clusterizers

in the EMCal, namely Clusterizer V1, Clusterizer V2, Clusterizer 3×3 and Clusterizer V1

with unfolding. In this analysis, the Clusterizer V1 and Clusterizer V2 have been used and

briefly described in this section. The Clusterizer V1 is the simplest clusterizer algorithm

which works by simple aggregation of neighbouring digits/cells until no more cells above

a certain energy threshold are left. A set of clusterizer parameters [102] is initialized and
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used to select a “working array” of digits. The algorithm starts by finding a the digit in the

working array with the maximum energy deposit and it works as the seed digit. For selec-

tion, the energy of the digits have to be above the minimum energy threshold (Eth = 500

MeV used for this analysis). The neighbouring digits to the seed digits which are above the

threshold energy are associated to the cluster. Neighbouring digits are the adjacent digits,

which share a common edge with the seed. The digits added to the cluster are removed

from the working array to ensure that no two clusters contain the same digit. The algorithm

continues to look for neighbours of the digits already added to the cluster. This process

continues till no more neighbour digits are present in the working array. Once the cluster

is formed and there are still remaining digits in the working array, the clustering algorithm

starts again to check for new seeds and its neighbouring digits to form new cluster and the

process continues till no seed digits are available in the array. The algorithm of Clusterizer

V2 is similar to Clusterizer V1, however, energy of neighbouring digit should be smaller in

order to become a neighbour. Figure 2.11 shows the V1 and V2 clusterization algorithms.

Boxes represent energy in cells and Eth is threshold energy for clusterization. The top panel

(a) represents the energy in cells before clusterization. Bottom left panel (b) shows result

of Clusterizer V1. There is one big cluster made of cells in blue colour. Bottom right panel

(c) shows result of Clusterizer V2. There are two clusters made of blue and orange cells. In

both the bottom panels the green cells are below threshold and not associated to any cluster.

In the analysis presented in this thesis, the Clusterizer V2 has been used for obtaining the

final results.

Shower Shape of clusters

The lateral shape of showers in the η-φ plane of the EMCal is used as an additional parameter

to differentiate electrons from neutrons and hadrons. The shower shape is characterized

by the squared eigenvalues of the dispersion matrix of the shower shape ellipse, obtained

from the energy distribution of the individual detector cells [103]. A toy model of such
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a cluster is shown in figure 2.12 [104]. The short and the long axes of the ellipse are

known as λ2
short (M20) and λ2

long (M02) respectively. Neutrons hitting the readout electronics

of the scintillator in the EMCal produce abnormal high energy signals which tend to be

mainly localized in one cell with a few surrounding low energy cells [105]. Hence, a lower

threshold of shower shape axis is applied (e.g. λ2
long > 0.1) to eliminate contamination due to

contributions from neutrons. At high pT (pT & 10 GeV/c) the shower shape parameter is also

Figure 2.12: A sample of clusterization event. The cluster is fitted with a ellipse and the
two axes are labelled M02 and M20. Each square corresponds to a tower/cell [104]

used to reject contribution from hadrons such as neutral pions [105]. Neutral pions decay into

pairs of photons which can produce overlapping showers and hence can be reconstructed into

a single elongated cluster. A pT dependent higher threshold of the shower shape parameter

has been used in the analysis to reduce contributions from such contaminations. The details

of the quantitative values are shown in chapter 3. More detailed discussions on the shower

shape parameters can be found in [104].
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Chapter 3

pT-differential cross section of

electrons decayed from heavy-flavour

hadrons

In this chapter, the pT-differential cross section of electrons decayed from heavy-flavour

hadrons obtained from the analysis of pp collisions at
√
s = 13 TeV, recorded by the ALICE

experiment at the LHC, is presented in pT range 0.5 GeV/c to 35 GeV/c. The pT-differential

cross section from data has also been compared with perturbative QCD model predictions.

3.1 Introduction and analysis strategy

In ALICE, open heavy-flavour production is investigated with the following complementary

approaches, via fully reconstructed hadronic decays, or via the measurement of leptons

from leptonic or semi-leptonic heavy-flavour hadron decays. A brief discussion on the decay

modes of heavy-flavour hadrons are given in section 1.5.2. In this analysis, the study is

done through the semi-leptonic decay channel where the heavy-flavour mesons decay into a
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lepton + neutrino + hadron(s) through weak interaction.

B,D→ e + νe + X BR ∼ 10%

Due to this missing neutrino, the momentum of the parent particles cannot be reconstructed,

to identify the heavy-flavour decay electrons. Hence, to select the heavy-flavour decay elec-

trons, the non-heavy-flavour electron background is subtracted from inclusive electrons sam-

ple.

The electron identification in low and intermediate pT (0.5 GeV/c < pT < 4 GeV/c), is

ensured by the Time Projection Chamber (TPC) and Time-Of-Flight (TOF) detectors and

in the high transverse momentum (3 GeV/c < pT < 35 GeV/c) by the TPC and Elec-

tromagnetic Calorimeter (EMCal). The Inner Tracking System (ITS) is used for vertex

determination and, together with the TPC for tracking in the mid rapidity region. The

charged particle identification (PID) in the TPC is based on the specific energy loss mea-

surement (dE/dx) of a particle in the gas detector while the TOF detector uses the time

of flight of the charged particle. For the low and intermediate pT range the electron sample

is selected within the optimized TOF PID cut |nσTOF
e | < 3 where nσe is the difference of

the measured signal in the detector from the expected value for electrons in terms of units

of variance. To remove the hadron contamination from the sample, the TPC nσ (dE/dx -

〈dE/dx 〉 in terms of the dE/dx resolution) is evaluated in several momentum slices and

the resulting plots are fitted with Gaussian functions for electrons and protons, kaons and

a convolution of Landau and exponential function for pions. The electron sample is se-

lected within the TPC PID interval -1 < nσTPC
e < 3. In the high transverse momentum

region, the discriminating variable based on the energy deposited in the EMCal, i.e., the

E/p and shower shape parameter (λ2
long), have been used along with the TPC PID selection

(nσTPC
e ) to identify electrons. The optimized values of -1 < nσTPC

e < 3, 0.85 < E/p < 1.2

and a pT-dependent λ2
long selection criteria have been used for electron selection.
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To obtain the yield of electrons from the heavy-flavour decays, the non-heavy-flavour

background sources are subtracted from the inclusive electron spectra. The photonic back-

ground electrons mainly come from the Dalitz decay of light neutral mesons (π0 and η)

and γ conversions in the detector material. To identify electrons from the photonic sources,

opposite signed partners (e− e+) are paired in an invariant mass spectrum. While the unlike

sign (ULS) pairs give both the correlated signals from actual decay (π0 and η), γ conversions

and uncorrelated combinatorial background, the like sign (LS) pairs are used to estimate

and subtract the random combinatorial background.

The non-heavy-flavour contribution is subtracted from the inclusive electron sample and

is corrected for tracking, particle identification selection criteria as well as the detector

acceptance and efficiency losses using monte-carlo samples. The contributions from W, Z

→ e, which form a significant contamination at sufficiently high pT (pT > 20 GeV/c) and

estimated using PYTHIA + POWHEG simulations, is subtracted from the above yield to

obtain the final heavy-flavour hadron decay electron spectra.

3.2 Data sets and number of events

During the raw data collection from the collisions, the data-taking configurations are reset

under software control from time to time [106]. When this happens, a new ‘run’ is started

which is identified by a ‘run number’ and the run number increases at the start of each ‘run’.

The huge amount of data collected over the years (from 2015 to 2018 for Run-2 data taking

at the LHC) are grouped into the so-called ‘production cycles’ or ‘data taking periods’. For

each of the data taking periods the list of run numbers (run-list) are taken from [107] with

detector requirement SSD, SPD, SDD, V0, TPC, EMC for the TPC–EMCal analysis and

SSD, SPD, SDD, V0, TPC, TOF for the TPC–TOF analysis. The following production

cycles/periods have been used in this analysis:

2016 (pass1): d, e, g, p, o, i, j, h;

2016 (pass2): l, k ;
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2017 (pass1): c, f, h, i, j, k, i, m, o, r ;

2018 (pass1): b, d, e, f, h, l, g, i, m, n, o, p ;

As already mentioned in section 2.3, the raw data obtained from the detector systems

are processed such that the data is stored in the form of events in Event Summary Data

(ESD) and Analysis Object Data (AOD) files which can be used for further analysis. This

processes which include alignment, calibration, simulation, reconstruction etc. are done

through few successive reconstruction passes [71]. During the first pass reconstruction, also

known as ’pass1’, high-precision alignment and calibration data are produced. The feedback

obtained from analysis of the data from the first pass, is used to tune the parameters for

a second pass processing (pass2). Depending on the limited computing resources available

and the large number of jobs required for processing the data, a third reconstruction pass

(pass3) may be performed for completing the tuning of the data.

While for the TPC–TOF analysis all of the above production cycles have been used,

for the analysis using the TPC–EMCal detectors the only 2016k, 2016l and all cycles from

2018 have been used. The other production cycles from 2016 have not been used as the

statistics in the triggered samples are not ample due to which the rejection factor could

not be accurately determined. The triggers and calculation of rejection factor has been

discussed in section 3.3.2. The cycles from 2017 have also been omitted from the TPC–

EMCal analysis as quality assurance checks have shown a deviation of TPC calibration at

high pT. Moreover, the 2016k, 2016l and all cycles from 2018 provide adequate statistics for

the analysis resulting in a reasonable statistical uncertainty on the results.

General purpose and enhanced monte-carlo (MC) productions have been used for ob-

taining efficiencies. Enhanced monte-carlo samples are used in the TPC–EMCal analysis as

the statistics of electrons decreases with increasing pT in the general purpose MC, similar

to that of minimum bias data. In the enhanced monte-carlo samples the number of π0

and η have been enhanced with respect to the minimum bias sample to increase the statis-
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tics of electrons from their decays at high pT. The samples also have charm and beauty

enhancement to increase the statistics of electrons from heavy-flavour hadron decays.

The cross section (σ) for pp collisions at
√
s = 13 TeV is 57.8± 2.9 mb [108]. The number

of events is defined as N = σ
∫
Ldt, where

∫
Ldt is the integrated luminosity. The number

of events selected from the pp collisions for different triggers (minimum bias and EMCal

triggers) are listed in table 3.1. The triggers used in this analysis have been discussed in

section 3.3.2.

Table 3.1: Number of selected events in pp collisions for different triggers

TPC–TOF TPC–EMC

Trigger MB MB EG2 EG1

Number of events (× 106) 1755 700 48 38

3.3 Heavy-flavour hadron decay electron spectra using

TPC–EMCal:

3.3.1 Event selection

The event selection criteria used in this analysis to select relevant events for study has

been discussed in this section. Events are selected using different triggers depending on the

pT range of analysis. A trigger is used to select relevant and interesting events based on the

requirements of the analysis. The collision rate in ALICE is very high and a trigger system

is used to select the relevant parts of the incoming data in ALICE containing the physics

information of interest which is later stored for analysis.

The minimum bias trigger, as the name suggests, are inelastic events selected with as

little bias as possible. In ALICE, the minimum bias trigger selection (kINT7 trigger) requires

a hit on both sides of the V0 disks, i.e., both V0A and V0C (V0AND). The minimum bias

trigger warrants that the collision has happened. For this analysis, the kINT7 trigger was
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used for analysis in the region pT . 6 GeV/c. For analysis in the high pT region (pT & 6

GeV/c), where the statistics in the minimum bias event is not sufficient the EMCal triggers

are used. As already mentioned in section 2.2.4 of chapter 2, ’EMCal’ would imply both

the EMCal and DCal detectors unless explicitly mentioned otherwise. The EMCal triggers

are used to select events consisting mostly of high pT particle. A criteria is set on the total

amount of energy deposited in the detector as the trigger condition. For this analysis, the

EMCal L1 gamma trigger (kEMCEGA) [109] with two trigger thresholds has been used.

The lower threshold (∼ 4.5 GeV) is known as the EG2 trigger and the higher threshold (∼

10 GeV) is known as the EG1 trigger.

A selection criterion on the primary Z vertex position (z vtx) from the centre of the

ALICE detector system is applied along the beam direction to ensure uniform reconstruction

efficiency of the charged particles. The primary Z vertex range is taken to be ± 10 cm.

Events were also selected based on the number of contributors to primary vertex. Events

with at least two contributors to primary vertex from track (SPD vertex) were used for the

analysis. In many cases due to missing tracklets/tracks, vertices have contributors < 1 and

the vertex reconstruction fails. Vertices with one contributor have the transverse coordinates

of the mean vertex and the Z coordinate determined from the only track/tracklet is available.

Hence, a minimum of two contributors has been considered.

Events with pile-up are also removed. Pile-up refers to multiple collisions being recorded

as a single event. There are two main categories of pileup: same-brunch-crossing pileup,

where more than one collision occurs in the same bunch crossing and out-of bunch pileup,

where one or more collisions occur in bunch crossings different from the one which triggered

the data acquisition. The in-bunch pile-up events are especially high in high-luminosity

experiments. Pile-up events are rejected at the physics selection level if another collision

occurs in a given time window before and after the trigger. The SPD vertexer in pp collisions

is also used to tag pile-up events based on the multiple reconstructed vertices. An event is

tagged as pileup if more than one vertex is present. After finding the first vertex, coined as
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the “main” vertex, the tracklets which do not point to this “main” vertex are used to check

if there are other vertices from which particles originate. Table 3.2 summarizes the event

selection criteria applied in this analysis.

Table 3.2: Event selection criteria

Event selection : Values :

Trigger kINT7 (MB), kEMCEGA (EG2 and EG1)

Primary Z vertex range ± 10 cm

Min. no. of contributors to primary vertex 2

Pile-up rejection Applied

3.3.2 EMCal triggers and trigger rejection factor

Figure 3.1 shows the energy distributions of the EMCal clusters, which are matched with

the tracks from TPC, for the MB, EG2, EG1 triggers. With the triggered events, the events

which have high cluster energy (and consequently high pT) are enhanced. The triggered

events increases the statistics of electrons at high pT compared to the minimum bias events.

Hence, the pT differential spectra of particles for these events are normalized with a factor,

to make them equivalent to minimum bias, which is known as the trigger rejection factor

(R).

The trigger rejection factor (R) is defined according to the formula in equation 3.1.

R =
Cluster energy distribution in EMCal triggered events

Cluster energy distribution in MB triggered events

NMB
events

NEMC
events

= S.
NMB

events

NEMC
events

(3.1)

where S is the ratio of cluster energy distributions without event normalisation and NMB
events,

NEMC
events are the number of events in minimum bias and EMCal triggered samples respectively.

The value S is required for the multiplicity analysis (in chapter 4) and is a constant for all

multiplicity bins as shown in section 4.3. The rejection factor (R) is obtained from the
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Figure 3.1: Energy distribution of EMCal clusters (which are matched with tracks from
TPC) for different triggers (MB, EG2, EG1)
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Figure 3.2: Trigger rejection factor for EG2 and EG1 triggers

trigger turn-on curves in figure 3.2 shown for the EG2 and EG1 triggers. The flat shape

of the curve shows the stability of trigger performance. The rejection factor is obtained

by fitting the turn on curves from trigger threshold up to higher pT where the distribution

flattens with a Fermi function [110, 111]. Table 3.3 shows the final value of the trigger

rejection factor used in this analysis for the the combined data sets of 2016 and 2018. The
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R values have been chosen from the best fit of the function. Systematic uncertainty on

the trigger rejection factor, obtained by varying the fit range and fit function, are shown in

section 3.5.

Triggers

EG2 EG1

Rejection Factor (R) 406 ± 12 5040 ± 202

Table 3.3: Trigger rejection factors for EG2 and EG1 triggers in pp collisions at
√
s = 13

TeV

Cross-check between individual periods :

Figure 3.3 shows the trigger turn on curves for the EG2 (left) and the EG1 (right) triggers

for the individual run cycles/periods used in this analysis. It can be seen the rejection factor

values are similar among the individual periods. There are statistical variations which are

attributed to decreased statistics in the MB sample in few periods.
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Figure 3.3: Rejection factor plot for individual periods. Left: EG2, Right : EG1

Cross-check with other analysis in ALICE in pp collisions at
√
s = 13 TeV:

The trigger rejection factor obtained in the study was cross checked with the other analyses

in ALICE in pp collisions at
√
s = 13 TeV to ensure consistency between the different
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analysis in ALICE. A comparison of the rejection factor values has been performed with the

J/ψ analysis results in pp collisions at
√
s = 13 TeV [66]. The values of rejection factors

are in good agreement between the analyses, within 3%, for both EG2 and EG1 triggers.

3.3.3 Track selection criteria and electron identification

Track selection criteria:

Each track was subjected to a set of track selection criteria, usually known as “cuts”, to select

a high purity electron samples by rejecting fake and uncorrelated tracks which produce sig-

nals in the detector. The following track selection cuts are applied, summarized in table 3.4.

Filter bits correspond to a given set of cuts. The filter bit AliAODTrack::kTrkGlobalNoDCA

Table 3.4: Track Selection

Track Cuts : Selection Values :

FilterBit AliAODTrack::kTrkGlobalNoDCA

|η| ≤ 0.6

No. of TPC CrossedRows ≥ 70

Number of TPC Clusters for dE/dx calculation ≥ 80

Ratio of TPC Crossed Rows (Found/Findable) ≥ 0.8

Number of ITS Clusters ≥ 3

Hits on layers of SPD kAny

ITS and TPC Refit Required

DCAxy ≤ 1 cm

DCAz ≤ 2 cm

χ2 /clusters of the momentum fit in the TPC ≤ 4

Kink Candidates Rejected

is a standard cut set with very loose distance of closest approach selection value. A pseudo-

rapidity range of |η| < 0.6 is applied to ensure a uniform track reconstruction efficiency. A

charged particle passing through the TPC deposits energy which creates signal in the pad-

rows of the TPC. If the deposited energy exceeds a certain threshold, it is called a cluster.

There can be a maximum of 159 clusters per track which is also equal to the number of
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pad-rows in a given TPC sector. The pad length of the TPC increases with radial distance.

The number of crossed rows which is equivalent to the effective cluster track length is used

as a selection criteria of electrons. Number of crossed rows is defined as number of clusters

plus number of missing clusters. It can so happen that few findable clusters are missing due

charges being deposited below threshold due to baseline shifts etc. Those clusters can be

identified by checking the neighboring clusters e.g., if no reconstructed cluster is found on

pad-row ’i’, however, clusters are found in pad-rows ’i-1’ and ’i+1’, pad-row ’i’ is considered

as a missing cluster. A threshold of minimum 70 crossed rows is used for track selection in

this analysis. The clusters at the sector edges of the TPC or overlapping tracks are not con-

sidered for the dE/dx calculation, as the edge effects can distort the dE/dx measurement.

The average number of clusters per track is higher for electrons on an average than hadrons

since the electron tracks are already on their fermi plateau region, in momentum regions

where the hadron fermi plateau is not reached yet. Thus, a high number of clusters are re-

quired for the reconstruction of the track. A minimum of 80 clusters is required for dE/dx

calculation for particle identification. It takes into account the limited η-acceptance or dead

zones due to chamber boundaries. A minimum cut of 0.8 on the ratio of the number of

found TPC cross rows divided by the number of findable clusters is applied. A minimum of

3 ITS clusters is required to ensure rejection of fake tracks especially at the low pT regions.

Additionally, at least one hit on any layer of the SPD is required. The final refit of the

global track with the kalman filter back to the identified primary vertex is required to pass

the ITS and TPC for each track candidate. The number of findable clusters is the number

of geometrically possible clusters which can be assigned to a track. Cuts in the distance of

closest approach (DCA) in the transverse plane (xy) as well as in the beam direction (z)

to the primary vertex for a track is applied to distinguish tracks (form the primary vertex)

from the ones coming originating from decays of strange hadrons or interactions with the

beam. A cut on the χ2 per degree of freedom (χ2/ndf) of the momentum fit in the TPC

is applied to each track to suppress contribution of random uncorrelated combination of
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clusters in TPC during momentum reconstruction. Tracks which are not consistent with

the track model of continuous particle trajectories and show deviations due to emission of

bremsstrahlung or due to decays in flight, also known as kink candidates were discarded

from the analysis. The TPC dE/dx resolution of kink tracks are poor compared to those

of regular tracks.

Track-cluster matching criteria:

As EMCal detects particles which primarily interact through electromagnetic forces, it is

used for detection and analysis of electrons as well as photons. To select electrons and

distinguish them from photons in the EMCal, the tracks from the TPC are matched to

the clusters in EMCal, as photons do not form tracks in TPC. The difference in the φ and

η of projection of charged particle tracks from the TPC on the EMCal surface and the

reconstructed cluster in the EMCal is taken to be smaller than 0.01 for selecting electrons.

Table 3.5: Track-Cluster match cuts

Track-Cluster match : Selection values :

∆η ≤ 0.01

∆φ ≤ 0.01

Electron identification criteria:

The charged particle identification (PID) in the TPC is based on the specific energy loss

measurement (dE/dx) of a particle in the gas detector, which has been discussed in details

in the section 2.2.2 of chapter 2. The electron sample is selected within the TPC PID cut

-1< nσTPC
e < 3 where nσ is defined as the difference between of the measured signal from

the expected calculations in terms of the detector resolution. Hadron samples, used for

estimating contamination in the electron sample, are selected within nσTPC
e < - 3.5. EMCal

is used to identify electrons at high pT as merging of the dE/dx bands of electrons, muons,
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pions, and other hadrons limits the particle identification at high momentum (p & 6 GeV/c),

as seen in figure 2.5 of chapter 2. E/p, where E is total energy deposited by the electrons in

the EMCal and p is the momentum from TPC, is used as the discriminating variable to select

electrons from hadrons. An optimized cut of 0.85 < E/p < 1.2 is used to select electrons

as they are expected to deposit all their energy in the EMCal through electromagnetic

interactions. The E/p distributions are shown in figure 3.4. As the momentum range

Table 3.6: Particle identification cuts for hadron and electron selection

Electron selection values: Hadron selection values:

TPC nσ -1 < nσTPC
e < 3 nσTPC

e < -3.5

E/p 0.85 <E/p < 1.2 Varied between range E/p < 0.7

Shower shape 0.02 < M02 < 0.9 (pT < 12 GeV/c) same as

(σ2
long or M02) 0.02 < M02 < 0.7 (12 < pT ≤ 20 GeV/c) electron

0.02 < M02 < 0.5 (pT ≥ 20 GeV/c)

increases, the E/p peak of the hadrons tends to move towards the electron E/p. The

separation of the electrons from hadrons using only the nσTPC
e and E/p selection criteria

becomes more critical. Hence, the shower shape parameter (λlong, M02), an additional

property from EMCal cluster, has been used to improve the signal/background and to

select higher electron purity sample. A lower threshold of λlong > 0.02 has been used to

remove contributions from neutron hitting the detector readouts. A higher pT-dependent

selection criteria of λ2
long < 0.9, 0.7, 0.5 for pT < 12 GeV/c, 12 GeV/c < pT < 20 GeV/c and

pT > 20 GeV/c respectively has been applied to reduce contamination from neutral pion

and other hadron decays. Details on the EMCal and shower shape parameters have been

discussed in sections 2.2.4 and 2.3.5 respectively. The electron identification cuts for particle

identification using TPC and EMCal are shown in table 3.6.

3.3.4 Inclusive electron selection using the E/p distribution

The left panels of the figure 3.4 show the E/p distributions of electron and hadron candidates

in various pT ranges. The E/p distribution of the raw counts of electron candidates obtained
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after applying the nσTPC
e and σ2

long selection for electron identification as mentioned in table

3.6 (represented by the red curve) has contribution from hadron contamination, which is

clearly evident in the region E/p < 0.7 and is especially dominant in the high pT intervals.

To remove the contamination of hadrons in the electron sample, the E/p distributions of

hadrons, selected using nσTPC
e < -3.5, is scaled to that of the electrons (represented by the

gray curve). The right panels of the figure 3.4 shows the ratio of the hadron E/p distribution

to the electron candidate E/p distribution. The scaling factor is chosen in a region within

E/p < 0.7 from the ratio plots where the it is almost flat, indicating that the contribution

in that region is almost fully due to hadrons. The scaled E/p distribution representing the

hadron contamination (gray curve) is statistically subtracted from the electron candidate

(red curve) to obtain the pure electron sample (represented in blue in the left panels of figure

3.4). The inclusive electron spectra is obtained after taking the integral of the contamination

subtracted electron E/p distribution within 0.85 < E/p < 1.2 for each pT interval.

3.3.5 Background non-heavy-flavour electrons selection (Pho-

tonic electrons)

The following data driven statistical method is used to identify and subtract the non heavy-

flavour decay electrons from the inclusive sample of electrons to obtain the heavy-flavour

decay electron spectra. The sources of background non-heavy-flavour decay electrons are

listed below. The majority and the most dominant source of the background electrons (>

90 % especially at low and mid pT) are the:

• Photonic electrons, which comes from:

• decay of light neutral mesons such as π0 (mπ0 ∼ 140 MeV/c2) , η ( mη ∼ 548 MeV/c2)

– Dalitz decay : e.g., π0 → e−e+γ,

– 2 γ decay of π0: e.g., π0 → γγ
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Figure 3.4: The E/p distributions and ratio for scaling hadron E/p for different pT bins

• γ conversions : Most γ from π0 convert into the detector material, as well as from

prompt virtual and real photons from thermal and hard scattering processes : γ →

e−e+
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For π0 the branching ratio for the 3-body dalitz decay into e−e+γ and the decay in to 2 γ

together is ∼ 99.996% [39]. The electrons from these sources are called photonic electrons

as a photon (real or virtual) is involved in the production of the electron. The photonic

electrons are estimated using a data-driven method, photonic electron tagging method,

which is described in this section.

Rest of the sources of non-heavy-flavour decay electrons are :

• Di-electron decays of light vector mesons : ρ, φ, ω. [total spin 1 and odd parity]

This has a negligible contribution [112]. Although they contribute to the background

through dalitz and/or di-electron decay channels and conversion of photons, none of

the contributions are of any practical importance compared to the π or η meson.

• Di-electron decays of quarkonia (J/ψ, Υ) [113] has a negligible contribution to the

background.

• Electrons from weak decays of K0/± : The relative contribution from Ke3 decays to

the electron background is negligible [30,114].

K0 → π±e∓ν(−)
e K± → π0e±ν(−)

e → called K±e3

• Electrons from of W± and Z bosons: e.g., W− → e−ν̄e

The contribution of electrons from these decays has non-negligible effect at high

pT (pT > 20 GeV/c). This contribution has been calculated in section 3.3.8.

• Partonic hard scattering processes such as the Drell-Yan process

The photonic electron tagging method is used to estimate and subtract the photonic elec-

trons from the inclusive sample. The photonic electrons are always created in pairs of an

electron (e−) and a positron (e+). To identify electrons from the photonic sources, all op-

posite signed partners (e−e+) from the inclusive electron sample are paired in an invariant

mass (mee) spectrum, as shown in figure 3.5. This unlike sign paired spectrum (ULS, e−e+)
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Figure 3.5: Invariant mass spectra from unlike and like sign data

consists of correlated pairs of e− and e+ from actual photonic decay and random uncor-

related pairs (represented in black in figure 3.5). To separate and subtract the random

combinatorial background, like signs (LS, e−e− and e+e+) are paired in the invariant mass

spectrum (represented by the blue plot in figure 3.5) since the actual decays particles into

e−e− and e+e+ is highly suppressed in nature. The raw photonic electrons are given by :

N raw
photonic = NULS −NLS

where NULS andNLS are the number of unlike-sign and like-sign pairs selected respectively.

The invariant mass spectrum of both the ULS and LS pairs is a continuum. Since the

invariant mass of a photon is zero (m2
0|γ = E2 − |p|2 = 0), the spectrum shows a peak as

it approach towards zero. The invariant mass of the e−e+ pair is always less than or equal

to the mass of the mother hadron. The ULS and LS pairs are selected within invariant

mass, mee < 0.14 GeV/c2 (∼ mπ0). To select the pair candidate (associated track) for each

track from the inclusive sample of electrons, certain track selection cuts are applied, which

is summarized in table 3.7. To maximize the probability of finding the associated partner

tracks, these track selection cuts are less stringent than the primary track selection cuts

shown in table 3.4.
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Table 3.7: Associated track selection criteria and values

Track cuts : Selection values :

FilterBit AliAODTrack::kTrkTPCOnly

Number of TPC Clusters ≥ 60

Number of TPC Clusters for PID ≥ 60

ITS and TPC Refit Required

DCAxy ≤ 1 cm

DCAz ≤ 2 cm

χ2 /clusters of the momentum fit in the TPC ≤ 4

TPC nσ ±3.5σ

pT range 0.1 GeV/c

|η| ≤ 0.9

3.3.6 Tagging efficiency

All photonic decays do not get identified in the data as there can be photonic pairs where

respective partner may be outside detector acceptance, did not pass necessary thresholds,

or was not selected during the track reconstruction. Hence, the raw number of photonic

electrons is corrected with the tagging efficiency (εtag), where εtag is the efficiency of tagging

the photonic electrons and is obtained from monte-carlo (MC) sample. The tagging efficiency

is defined as the ratio of the true number of photonic pairs from the same mother (Ntrue,pairs
found )

which have passed the associated track selection cut and the total number of electrons

(positrons) from photonic origins (Nphotonic
total ), both obtained from MC sample.

εtag =
N true,pairs

found from same mother

Nphotonic
total

In order to consider only the electrons coming from the real primary π0, η and γ the

contributions from π0, η and γ coming from feed-down of light meson and from charm and

beauty contribution are rejected. The following sources of photonic electrons have been

considered:

η → e, η → π0 → e, η → γ → e, η → π0 → γ → e, π0 → e, π0 → γ → e
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Figure 3.6: pT distribution of π0 and η from minimum bias events and embedded events

An enhanced MC sample is used for the calculation of the efficiencies at the high pT ranges
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Figure 3.7: Weights for π0 and η

to reduce the statistical uncertainty which arises from using general purpose MC at such

high pT. Figure 3.6 shows the pT distributions of π0 and η from monte-carlo (PYTHIA event

generator) in minimum bias process as well as with the enhanced part where extra π0 and

η have been embedded. In a general purpose MC cycle particle productions are simulated

according to the minimum bias process, similar to those of minimum bias collisions in

data. Hence as the pT increases the number of particles steeply decreases. In an enhanced

MC, the number of π0 and η are enhanced with respect to the minimum bias process such
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that the number of π0 (η) remains constant with increasing pT, as shown in figure 3.6.

For calculating the tagging efficiency, the enhancement of π0 and η has been taken into

consideration. Weights are calculated from the ratio of the π0 and η obtained from the MB

process with respect to that from the embedded (enhanced) samples. Figure 3.7 shows ratio
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Figure 3.8: Tagging efficiency for photonic electrons

of minimum bias spectra with respect to that of the enhanced spectra for π0 (left) and and

η (right). The ratio plots are fitted with a Hagedron function which gives the weight at

a particular pT. When calculating the tagging efficiency, these weights are applied to the

spectra of the enhanced sample of electrons coming from decays of π0 and η to remove any

bias arising from their enhancement. The tagging efficiency before and after the weighting

procedure is shown in the left panel of figure 3.8. The tagging efficiency is smoothened

using a Fermi function [110, 111] to even out any fluctuations due to statistical variations,

as shown in the right panel of figure 3.8.

3.3.7 Reconstruction efficiency

The heavy-flavour hadron decay electron spectrum from data has been corrected for track &

particle identification selection criteria, and detector inefficiencies and acceptances using the

reconstruction efficiency. The heavy-flavour hadron decay electron reconstruction efficiency
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Figure 3.9: The total reconstruction efficiency for the heavy-flavour hadron decay electrons
from MC

(εc,b→e
reco ) is the ratio of the heavy-flavour hadron decay electrons after passing through all

the geometric, track and particle identification cuts to the generated heavy-flavour hadron

decay electron counts both obtained from monte-carlo sample within the same rapidity

acceptance. εc,b→e
reco consists of the contributions from track selection cuts (εtrack−cuts), track-

cluster matching cut (εtrack−cluster−match) and electron identification cuts (εnσTPC
e

, εM02, εE/p)

from TPC and EMCal, as shown in equation 3.2.

εc,b→e
reco = εtrack−cuts × εtrack−cluster−match × εnσTPC

e
× εM02 × εE/p (3.2)

Figure 3.9 shows the total reconstruction efficiency for electrons from heavy-flavour hadron

decays (represented in red), along with the individual contributions from the track and

particle identification selection criteria. The efficiencies of electron identification selection

criteria, specifically the efficiency for the shower shape parameter cut (εdata
M02) and for the

nσTPC
e cut (εdata

nσTPC
e

), have also been calculated from data using the methods discussed below.

The efficiencies obtained from data have been compared with those obtained from monte-

carlo and a slight difference has been observed. Although, the total reconstruction efficiency
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is usually calculated from the monte-carlo samples, due to the small mismatch between the

contributions from data and MC for the shower shape and TPC nσ cuts, the efficiencies for

these electron identification cuts have been used from data. It is not feasible to calculate

the efficiency of the E/p cut from the data at higher pT (pT & 6 GeV/c) and has been

discussed in this section below. The total data-driven reconstruction efficiency is described

by equation 3.3.

εc,b→e
reco |data−driven = εtrack−cuts × εtrack−cluster−match × εdata

nσTPC
e
× εdata

M02 × εE/p (3.3)

Data-driven E/p cut efficiency (εdata
E/p )

The efficiency of the E/p selection criteria for electrons in data (εdata
E/p ) is obtained from the

projection of the TPC nσ distribution in several pT intervals, before and after the E/p cut, as

shown in the left and the right panels of figure 3.10 respectively. The projection of the TPC

nσe distribution, in each pT interval, is fitted with a combination of three gaussian functions

and a landau×exponential function, to parametrize the contributions from protons, kaons,

electrons and pions respectively. A detailed discussion on the fit functions and the procedure

are discussed in section 3.4.3. The E/p efficiency is defined as the ratio of the total number

of electron candidates selected after the E/p cut with respect to the total number of electron

candidates present in the sample before the selection has been applied. The total electron

candidates is obtained from the integral of the gaussian function which is used to parametrize

the electron contribution, from the projection of the TPC nσe distribution.

εdata
E/p =

Integral of e−gaussian from TPC nσ distribution with E/p cut

Integral of e−gaussian from TPC nσ distribution without E/p cut

A comparison of the E/p cut efficiency obtained from data and MC has been shown in

figure 3.11 on the left panel, along with their ratios on the right panel. The efficiency from

data cannot be calculated beyond pT & 6 GeV/c by using this data driven method when the

TPC nσ bands for electrons and hadron starts to merge with increasing pT ranges and the fit
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(b) After applying E/p cut

Figure 3.10: Projection of TPC nσe distribution in a particular pT range
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(a) E/p efficiency obtained from data and MC
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Figure 3.11: E/p cut efficiency

tends to breakdown. Hence, the εE/p is taken from MC to calculate the total reconstruction

efficiency. The εE/p from monte-carlo has been fitted with a Fermi function to even out

variations due to statistical fluctuations specially at the highest pT intervals.

Data-driven TPC nσe cut efficiency (εdata
nσTPC

e
)

The data driven TPC nσe cut efficiency is obtained from the projection of the TPC nσe

distribution after applying the E/p cut, as shown in figure 3.10(b), by calculating the ratio
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Figure 3.12: TPC nσe cut efficiency obtained from data and MC

of the integral of electrons within selection criteria -1 < nσTPC
e < 3 with respect to the total

electrons present before the cut nσe cut, which is obtained from the total integral of the

gaussian function used to parametrize the electron contribution.

εdata
nσTPC

e
=

Integral of e−gaussian from TPC nσ within− 1 < nσ < 3

Integral of e−gaussian from TPC nσ over entire range of nσ

Figure 3.12 shows the E/p cut efficiency obtained using the data driven method and from

MC and they differ by ∼ 2% in the entire measured pT range. As mentioned earlier in this

section, using this method, the εdata
nσTPC

e
cannot be calculated beyond pT & 6 GeV/c. The TPC

nσe efficiency is ideally expected to be same at all pT and hence the εdata
nσTPC

e
curve is fitted

with a linear function to obtain the efficiency in entire pT range required for the analysis.

Data-driven shower shape cut efficiency (εdata
M02 )

The shower shape cut efficiency is obtained from the E/p distributions using the following

equation:

εdata
M02 =

e−counts from the E/p distribution after M02 , E/p , TPCnσ cuts

e−counts from the E/p distribution after E/p , TPCnσ cuts
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The shower shape cut efficiencies obtained from the data-driven method and MC are shown
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Figure 3.13: Shower shape cut efficiency obtained from data and MC

in figure 3.13.

Data-driven reconstruction efficiency (εc,b→e
reco |data−driven)

The total data-driven reconstruction efficiency for heavy-flavour hadron decay electrons

(εc,b→e
reco |data−driven) obtained using equation 3.3 is used to correct the background subtracted

inclusive electron spectra from data. Figure 3.14 shows the reconstruction efficiencies ob-

tained from the data-driven method (in red) and from MC only (in green) on the left panel

and their ratio on the right panel. They are in agreement within ∼ 3% in the entire pT range.

3.3.8 Other background electron removal : W, Z → e

Electrons from decays of W and Z bosons form a significant background to the heavy-flavour

hadron decayed electrons at high pT (pT > 20 GeV/c). Details of the sources of background

non-heavy-flavour hadron decay electrons are listed in section 3.3.5. The W, Z→ e spectra is

calculated using PYTHIA + POWHEG simulation. The generation of W and Z is performed

using POWHEG [115] as the event generator. POWHEG implements next-to-leading-order
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Figure 3.14: Total reconstruction efficiency for heavy-flavour hadron decay electrons

(NLO) calculations and generates hard events for various processes where heavy quarks,

Higgs and electroweak bosons are involved. However, since POWHEG is only a hard event

generator, it is interfaced with PYTHIA [93], which is a shower Monte-Carlo program, for

subsequent showering processes. Figure 3.15 shows the spectra of electrons from W and Z

boson decays in the left panel and the relative contribution of electrons from Z boson with

respect to that from W boson (average of W− and W+) on the right panel. The ratio is

shown in the range 20 < pT (GeV/c) <40, which is the region of interest (non-negligible

contribution) for this analysis. The relative contribution of Z boson decay is found to be ∼

15% - 25%. It is also observed from the figure that the contribution of electrons (positrons)

from W− decays is more than the contribution from W+ decays in the mid rapidity region.

The asymmetry in the yields of W+ and W− bosons has been discussed in [116, 117]. Z

boson decay electrons dominate over W decay electrons for pT < 10 GeV/c. For consistency

check, a comparison of these results has been done with that of W, Z → µ results from the

c,b → µ analysis at forward rapidity in pp collisions at
√
s = 5 TeV. Similar results have

been observed in the c,b → µ analysis.

Figure 3.16 shows the ratio of the W, Z→ e spectra with the central value of the FONLL
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Figure 3.15: Left: Spectra of W− → e− , W+ → e+ and Z0 → e±/2, Right : Relative
contribution of Z with respect to W (average of W− and W+)

predictions for c, b → e. The values for this analysis are similar to the values from hf→ µ

[i.e., (WZ→ µ) / FONLL (hf→ µ)] analysis.

• The contribution of Z decay electrons is negligible over almost the whole pT range and

is ∼ 5% at pT = 35 GeV/c.

• The fraction of W-decay electrons is negligible for pT < 15 GeV/c and is ∼ 12% at

pT = 25 - 30 GeV/c, ∼ 34% at pT = 30 - 35 GeV/c.

• The total contribution of W and Z decay electrons is negligible for pT < 15 GeV/c

and is ∼ 14% at pT = 25 - 30 GeV/c, ∼ 40% at pT = 29 - 35 GeV/c.

Systemtics

The systematic uncertainty of contribution of electrons from W and Z decays was estimated

by varying of parton distribution function from CT10nlo (standard) to CTEQ6l in the

POWHEG event generator, as shown in figure 3.17. The resulting variation was found to

be negligible.
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3.3.9 Spectra of electrons from decays of heavy-flavour hadrons

from the TPC–EMCal analysis

The spectra of electrons from heavy-flavour hadron decays was obtained by following the

steps mentioned below. The tagging efficiency corrected photonic electron spectra was sub-

tracted from the inclusive electron spectra, which was then corrected for the reconstruction

efficiency. This was then subtracted by the W, Z → e contribution to obtain the final

spectra. The spectra obtained from different analyses and data periods were compared as
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a cross check and to ensure consistency amongst each other as is discussed in this section

below.

Consistency check between EMCal and DCal for EMCal + DCal results

Analyses separating the EMCal and DCal detectors (of the EMCal detector system) were

performed. The spectra of electrons from heavy-flavour hadron decays obtained from the

two separate analyses are cross-checked with the combined result from EMCal + DCal.

The left panel of figure 3.18 shows the comparison of spectra obtained from EMCal + DCal
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Figure 3.18: Heavy-flavour hadron decay electron spectra obtained from EMCal only, DCal
only and EMCal + DCal analyses (left) and the ratio of the spectra obtained from EMCal
only, DCal only analyses with respect to the EMCal + DCal result (right)

analysis along with EMCal only and DCal only analyses. The right panel shows the ratio

of the spectra with respect to EMCal + DCal results. The results from the three analyses

(EMCal + DCal, EMCal only and DCal only) are in good agreement with each other. For

obtaining the final spectra of electrons from heavy-flavour hadron decay shown in section

3.7 and mentioned further in this thesis as results from the ”TPC–EMCal analysis”, the

results from the EMCal + DCal detector system has been used.
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Consistency check between different production cycles used for this analysis

The spectra of electrons from heavy-flavour hadron decay has been obtained from the differ-

ent production cycles used for this analysis and compared with one another before merging

to obtain the final spectra. The left panel of figure 3.19 shows the electron spectra from
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Figure 3.19: Heavy-flavour decayed electron spectra for several production cycles of 2018
(left) and their ratio with respect to 18m (right)

heavy-flavour hadron decays for the different production cycles/periods of 2018 and the right

panel shows the ratio of the spectra from various periods of 2018 with respect to the spectra

from 2018m period. The 2018m has one of the highest statistics amongst all periods and

only those periods with high statistics have been chosen for this comparison. Figure 3.19

shows that the periods are consistent among themselves. The left panel of figure 3.20 shows

the comparison of spectra of the electrons from heavy-flavour decays for the 2016k period

and for all periods of 2018 after merging. The right panel shows the ratios of the inclusive

electron spectra after subtraction of the photonic electron contribution (red), the recon-

struction efficiency (black), and the heavy-flavour hadron decay electron spectra (green) for

all periods of 2018 after merging with respect to that from the 2016k period. The spectra

of electrons from heavy-flavour hadron decay are consistent between the production cycles

of 2018 and 2016k period. The spectra from the various periods have been merged using
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the formula in equation 3.4. ∑
xi/σ

2
i∑

1/σ2
i

(3.4)
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The statistical error has been calculated using the formula in equation 3.5.

σ =

√
1∑
1/σ2

i

(3.5)

where σ2
i is the statistical error of individual periods.

The relative errors of the periods are shown in figure 3.21. The relative error of the 16k

period is larger due to its lower statistics compared to the merged periods of 2018. The

relative error is greater for all periods for pT < 6 GeV/c, since the spectra in this pT range has

been calculated from the minimum bias sample. For pT > 6 GeV/c, the EMCal triggered

samples have been used. The EMCal triggered samples have larger statistics of electrons

compared to that from the MB sample till a certain pT, and hence the relative error is

smaller till that pT. The final spectra of electrons from the heavy-flavour decays and the

details of selecting the pT ranges from the different triggered sample have been discussed in

section 3.7.
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3.4 Heavy-flavour hadron decay electron spectra using

TPC–TOF:

3.4.1 Event selection

The following selection criteria given in he table 3.8 have been used to select events for

the analysis with TPC–TOF detectors and are similar to those applied in the TPC–EMCal

analysis. The details on the selection criteria are discussed in section 3.3.1.

Table 3.8: Event selection criteria

Event cuts : Values :

Trigger Selection kINT7

Primary Z vertex range ± 10 cm

Min. no. of contributors to primary vertex 2

Pile-up rejection Applied

3.4.2 Selection criteria for tracks and electron identification

The track selection criteria applied for the TPC–TOF analysis are summarized in table 3.9.

Track selection parameters are same for the TPC–EMCal and TPC–TOF analysis. Detailed

explanations for the track cut parameters are given in section 3.3.3. In the TPC–TOF

analysis, however, tracks are selected within rapidity |η| ≤ 0.8 due to greater acceptance

of TPC and TOF than that of the EMCal detector. For track selection, a stricter cut on

the SPD hit layer is applied, to reduce background from the photonic sources which are

relatively high in the low pT region. The signal/background ratio increases from ∼ 3% at

pT = 0.5 GeV/c to ∼ 12 % at pT = 35 GeV/c.

The electron identification cuts from TPC and TOF are shown in table 3.10. The particle

identification (PID) with TPC and TOF detectors are discussed in sections 2.2.2 and 2.2.3

respectively of chapter 2. Figure 2.7 shows the TPC nσe vs. p distribution after TOF

selection criteria, where the nσe (in terms of detector resolution) is defined as the difference
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Table 3.9: Track selection criteria

Track cuts : Selection values :

FilterBit AliAODTrack::kTrkGlobalNoDCA

No. of TPC CrossedRows ≥ 70

Number of TPC Clusters for dE/dx calculation ≥ 80

Ratio of TPC CrossedRows (Found/Findable) ≥ 0.8

Number of ITS Clusters ≥ 3

ITS and TPC Refit Required

Hits on layers of SPD kBoth

DCAxy ≤ 1 cm

DCAz ≤ 2 cm

χ2 /clusters of the momentum fit in the TPC ≤ 4

|η| ≤ 0.8

Kink Candidates Rejected

between the measured signal in the detector and the expected value for electrons. Electrons

are selected with ± 3 σ from the TOF signal (i.e., TOF β vs. p distribution as shown in

figure 2.6). After applying the TOF PID cut a large number of kaons, protons and deuterons

are rejected up to ∼ 4 GeV/c, while the electron band has almost no changes. This can be

observed from figure 2.7. To reduce the contamination from pions/muons an asymmetric

TPC PID selection criterion of -1 < nσTPC
e < 3 has been applied. Table 3.10 lists the

electron identification parameters and values for electron selection.

Table 3.10: Particle identification parameters and values for electron selection

Electron selection values :

TPC nσ -1 < nσTPC
e < 3

TOF nσ | nσTOF
e | < 3
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3.4.3 Inclusive electron selection and determination of hadron

contamination

To estimate the contamination of hadron in the sample of electrons selected using the TPC

and TOF PID selection criteria, a projection of the the TPC nσ vs. p distribution after

TOF cut, is taken on the nσ axis and is fitted in several momentum slices. Figure 3.22 shows

the projection of the TPC nσ vs. p distribution for 1.0 GeV/c < p < 1.1 GeV/c (left) and

3.5 GeV/c < p < 4.0 GeV/c (right). The mean value of the dE/dx distribution at a fixed

momentum is gaussian in general, with standard deviation σ, which is determined by the

detector properties and the quality of a reconstructed track. The residual contamination

to the electron sample is given by the contribution of misidentified charged particles. The

projection of the TPC nσ distribution is fitted with a combination of three gaussian functions

and a landau × exponential function, to parametrize the contributions from protons, kaons,

electrons and pions respectively, as shown in the left panel of figure 3.22. Above a certain

p (p & 2.5 GeV/c) since the kaon and proton dE/dx bands tend to merge, only one gaussian

function has been used to parameterize their combined contribution (right panel of figure

3.22). The pion tail is better fitted with a landau × exponential function instead of a

gaussian. The energy lost by a particle traveling through a medium deviates from the mean

value due to statistical fluctuations in the number of collisions suffered and amount of energy

lost in each collision. For a thick absorber, the energy loss distributions becomes a gaussian.

However, for thin absorbers, such as the TPC, the incident particles do not suffer enough

collisions for the central limit theorem to hold true. In addition, at higher energies the

incident particle can transfer a large one-shot energy which can knock out electrons from

the absorber (δ electrons). Due to these large single energy transfers in a thin absorber, the

energy loss distribution is skewed. The distorted gaussian distribution with a high energy

loss tail can be described by a Landau function multiplied with an exponential function.

The dominant contribution to contamination comes from the tail of the pions above 1

GeV/c, which is fitted with a landau × exponential. The electron energy loss is primarily
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due to radiative process, hence is fitted with a gaussian distribution. A more detailed

discussion on the energy loss electrons and pions can be found in [82]. The contamination
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Figure 3.22: Projection of the TPC nσe vs. p distribution in 1.0 < p (GeV/c) < 1.1 (left)
and 3.5 < p (GeV/c) < 4.0 (right)
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Figure 3.23: Hadron contamination in the electron sample as a function of momentum,
fitted with a Landau and an Error function

from misidentified hadrons in the electron sample is calculated for each momentum interval

as the ratio of the pions, kaon, proton counts taken together within -1 < nσTPC
e < 3 with
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respect to the total counts within -1 < nσTPC
e < 3 as shown in equation 3.6.

Hadron contamination (h) =
Integral of kaons, protons, pions in −1 < nσTPC

e < 3

Total integral within −1 < nσTPC
e < 3

(3.6)

The hadron contamination vs p is fitted with Landau and Error functions, as shown in

figure 3.23. From the fit functions the hadron contamination at a particular momentum

can be determined. For this analysis, the Error function has been used for determination of

hadron contamination. The Landau function has been used for systematic studies. Figure
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Figure 3.24: Mean of the gaussian which used to fit electron contribution. The error bars
signify the σ of the gaussian curve.

3.24 shows that the mean of the gaussian used to fit the electron contribution in the nσTPC
e

distribution is at 0. The error bars signify the σ of the gaussian curve, which is around 1.

The Bethe-Bloch formula, shown in equation 2.1, describes the energy loss as a function

of the momentum (p) and not in terms of the transverse momentum (pT). Hence, a p spec-

trum of inclusive electrons has been obtained from selecting electron candidates within the

TPC–TOF PID criteria in the several momentum slices. Figure 3.23 provides the value of

the hadron contamination for a particular momentum (p). This value can be treated as the

probability of a track with the particular momentum to be hadron. To extract the pT spec-

tra of inclusive electrons, for each track with momentum p and transverse momentum pT,

the hadron contamination value at the particular p is assigned as the ”weight” for the cor-
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responding pT of the track. The hadron contamination information is obtained in terms of

pT and is statistically subtracted from raw spectrum of electrons + hadrons to get inclusive

electron spectrum. The transverse momentum (pT) spectrum of the inclusive electrons is

shown in figure 3.25.
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Figure 3.25: pT spectrum of inclusive electrons from TPC–TOF analysis.

3.4.4 Background non-heavy-flavour electrons selection (Pho-

tonic electrons)

Details on the background sources and the method and criteria of removal are similar to

that in the TPC–EMCal analysis and is mentioned in section 3.3.5. The selection criteria

for associated tracks for the TPC–TOF analysis are mentioned in table 3.11.

3.4.5 Tagging efficiency

Unlike the TPC–EMCal analysis, a minimum bias (general purpose) sample has been used

to calculate the tagging efficiency for the TPC–TOF analysis. As evident from the figure

3.6 the statistics in the minimum bias sample is higher in the low pT region compared to

that in the enhanced sample. Hence, using a minimum bias (general purpose) MC sample
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Table 3.11: Associated track selection criteria

Track cuts : Selection values :

FilterBit AliAODTrack::kTrkTPCOnly

Number of TPC Clusters ≥ 60

Number of TPC Clusters for PID ≥ 60

ITS and TPC Refit Required

DCAxy ≤ 1 cm

DCAz ≤ 2 cm

χ2 /clusters of the momentum fit in the TPC ≤ 4

TPC nσ ±3.5σ

pT range 0.1 GeV/c

|η| ≤ 0.9

significantly reduces statistical error. As already mentioned in section 3.3.6 the tagging

efficiency is defined as the ratio of the true number of photonic pairs from the same mother

(Ntrue,pairs
found ) which have passed the associated track selection cut to the total number of

electrons (positrons) from photonic origins (Nphotonic
total ), both obtained from the MC sample.

However, if the shape of the pT spectra of photonic sources i.e., π0 and η from data do not

match with that from monte-carlo, the tagging efficiency is not correctly calculated. The

π0 spectra were estimated as the average of the spectra of π+ and π− spectra [118] and

the η spectra were estimated using mT scaling as explained in [119]. Figure 3.26 shows the

comparison of the pT spectra of π0 and η obtained from data [118,119] and from monte-carlo.

Figure 3.27 shows the ratio of π0 and η spectra obtained from data to that obtained from

MC. The pT distributions of π0 and η from MC were re-weighted with the ratio to match

the measured shapes. Figure 3.28 shows the ratio of the tagging efficiency with and without

the re-weighting procedure on the left. With increasing pT the difference in the tagging

efficiencies with and without re-weighting decrease. This observation is also corroborated in

the ratio plot in figure 3.27 where the ratio is ∼ 1, for pT & 2 GeV/c. The tagging efficiency

after the re-weighting procedure has been fitted with a Fermi function to smoothen out

statistical fluctuations, as shown the right panel of the figure 3.28.
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Figure 3.26: pT spectra of π0 and η obtained from data [118,119] and from monte-carlo
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Figure 3.27: Ratio of pT-spectra of π0 and η obtained from data and Monte-Carlo

3.4.6 Reconstruction efficiency

The spectra of electrons from heavy-flavour decays from data is corrected by the recon-

struction efficiency (εc,b→e
reco ). The reconstruction efficiency is the ratio of the heavy-flavour

hadron decay electrons after passing through all the geometric and particle identification

(PID) cuts to the generated heavy-flavour hadron decay electron counts both within the

same rapidity acceptance.

εc,b→e
reco =

Heavy-flavour decay electrons after passing through track + PID cuts

Generated heavy-flavour decay electrons from MC
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Figure 3.28: Tagging efficiency obtained from the TPC–TOF analysis

εc,b→e
reco consists of the contribution from track cuts and electron identification cuts from TPC

and TOF. The total reconstruction efficiency, along with the separate contributions from

track and electron identification cuts, calculated from the monte-carlo sample are shown in

figure 3.29.
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Figure 3.29: Reconstruction efficiency of electrons from heavy-flavour decay electrons ob-
tained from MC for TPC–TOF analysis
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Data-driven TPC nσ cut efficiency (εdata
nσTPC

e
)

The efficiency of selection of the electron sample from data is obtained from figure 3.22. It

is defined as the ratio between the integral of TPC (-1 < nσe <3) PID cuts for electrons,

and the total amount of electrons within the gaussian fit curve shown in the figure.

εdata
nσTPC

e
=

Integral of e−gaussian from TPC nσ within− 1 < nσ < 3

Integral of e−gaussian from TPC nσ over entire range of nσ
(3.7)

Figure 3.30 shows a comparison of the efficiency of selection of the electron sample from

data and MC sample. The mean efficiency from data is ∼ 84 % while for MC is ∼ 86 %.

Similar to the TPC–EMCal analysis, a data-driven reconstruction efficiency is used in the
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Figure 3.30: TPC nσe cut efficiency obtained from data and MC

TPC–TOF analysis and εdata
nσTPC

e
is used for the calculating total reconstruction efficiency.

Data-driven reconstruction efficiency (εc,b→e
reco |data−driven)

The total data-driven reconstruction efficiency for heavy-flavour hadron decay electrons

(εc,b→e
reco |data−driven) for the TPC–TOF analysis is obtained using the following equation 3.8.

εc,b→e
reco |data−driven = εtrack−cuts × εnσTOF

e
× εdata

nσTPC
e

(3.8)

96



Chapter 3 – pT-differential cross section of electrons decayed from heavy-flavour hadrons

)c (GeV/
T

p
0.5 1 1.5 2 2.5 3 3.5 4

R
ec

on
st

ru
ct

io
n 

E
ffi

ci
en

cy

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

Eff from data-driven method

Reco eff. from MC

Figure 3.31: Total reconstruction efficiency for electrons from heavy-flavour hadron decays

Figure 3.31 shows the reconstruction efficiency for electrons from heavy-flavour hadron de-

cays from the data-driven method and from the MC. They are consistent within ∼ 2%. An
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Figure 3.32: Total reconstruction efficiency for electrons from heavy-flavour hadron decays

enhanced MC sample has been used to obtain the contributions from track cuts and TOF

PID cut. The data-driven total reconstruction efficiency for heavy-flavour decay electrons

obtained from the general purpose MC sample has been compared with that from the en-

hanced MC sample as shown in the left panel of figure 3.31. Their ratio is shown on the
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right panel of the figure and they are found to be consistent with each other, with a small

variation (∼ 2%) at low pT.

3.4.7 Spectra of electrons from decays of heavy-flavour hadrons

from the TPC–TOF analysis

The final spectra of electrons from heavy-flavour hadron decays from the TPC–TOF analysis

was obtained by the following steps. The inclusive electron yield was subtracted by the

tagging efficiency corrected photonic yield. This yield was then corrected by data-driven

reconstruction efficiency to obtain the heavy-flavour hadron decay electron cross section.

To ensure consistency between the results from different production cycles/periods, the

heavy-flavour hadron decay electron cross sections obtained from each year were compared

as discussed below.

Consistency check between different run periods/cycles used for

this analysis

Figure 3.33 shows the ratio of the heavy-flavour hadron decay electron spectra for ALICE

data periods of different years of Run-2 (2016, 2017, 2018) with respect to 2016k period. The

ratio varies around unity within statistical uncertainty implying that the spectra from the

different periods are consistent. The spectra is merged using formula 3.4 and the statistical

error has been calculated using the formula 3.5 as shown in section 3.3.9. The relative errors

from the spectra of the various years are shown in figure 3.34.
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The

3.5 Systematic uncertainty for TPC–EMCal analysis

The following sources of systematic uncertainty mentioned in table 3.12 were considered

for the TPC–EMCal analysis. To remove the contribution of statistical fluctuations in the

Table 3.12: Sources of systematics variations of heavy-flavour decay electron spectra for
TPC–EMCal analysis

Sources of systematics Standard Value Variations

Rejection factor
EG2 trigger 406 Changing the fit function

EG1 trigger 5040 and fit range

Track cuts

TPC Crossed Rows 70 60,80

TPC clusters for PID 80 70,90

ITS clusters 3 2,4

Electron
identification

cuts

E/p cut
0.85 (lower cut) 0.9, 0.8, 0.75

1.2 (upper cut) 1.15, 1.25

M02 cut
0.9 (pT < 12 GeV/c) 0.8, 1.0

0.7 (pT > 12 GeV/c) 0.6, 0.8

TPC nσe (-1,3) (-0.75,3), (-1,3.5), (-1.5,3)

Photonic electron
selection cuts

Pair invariant mass 0.14 (GeV/c2) 0.10, 0.16 (GeV/c2)

Min. associated pT 0.10 (GeV/c) 0, 0.2 (GeV/c)

Hits on SPD layers Any layer (kAny) Both layers (kBoth)

Variation of hadron scaling range
on E/p distribution for determination

of hadron contamination

0.5 < E/p < 0.6
(pT > 18 GeV/c)

Variation in E/p
scaling range

systematic uncertainty calculations a Barlow check [120] was performed. If nBarlow < 2, the

contribution is excluded where

nBarlow =
YieldVar − YieldStd√

σ2
Var − σ2

Std
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σ signifies the statistical error. Subscripts “Std” and “Var” imply contributions from

standard cut and cut variations, respectively. The sources which do not pass the Barlow

criteria contribute to the systematic uncertainty. They are tabulated in table 3.13. The

correlated uncertainty are summed linearly in pT, while the uncorrelated uncertainty are

summed in quadrature. Details of the uncertainty calculations are discussed in the following

subsections.

Table 3.13: Cut variations used for systematic uncertainty calculations (that did not pass
the Barlow criteria)

Standard Value Variations

ITS clusters 3 2,4

E/p cut
0.85 (lower cut) 0.9, 0.8, 0.75

1.2 (upper cut) 1.15, 1.25

M02 cut
0.9 (pT < 12 GeV/c) 0.8, 1.0

0.7 (pT > 12 GeV/c) 0.6, 0.8

TPC nσe (-1,3) (-0.75,3), (-1,3.5), (-1.5,3)

Pair Invariant Mass (GeV/c2) 0.14 0.16

Min Associated pT (GeV/c) 0.10 0.2

Hits on SPD layers Any layer (kAny) Both layers (kBoth)

Variation of fit function and range for rejection factor of triggered data

Variation of hadron scaling range on E/p distribution
for determination of hadron contamination

3.5.1 Track cut variation

The ratio of the yields of electrons from heavy-flavour hadron decays from the variations of

minimum ITS cluster cut with respect to the standard cut is shown in figure 3.35(a). To

obtain the spectra of electrons from heavy-flavour hadron decays, the yield of electrons (in-

clusive - photonic sample) from the data is corrected for detector inefficiencies, acceptances

and particle identification selection criteria using the reconstruction efficiency. The ratios

of the yields of (inclusive - photonic) electrons and the reconstruction efficiencies, due to
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variations with respect to the standard cuts are also shown separately. The ratio of yields
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Figure 3.35: Ratio of yields and efficiencies for ITS cluster cut (track cut) variation

of (inclusive - photonic) electrons obtained from data, due to ITS variations with respect

to the standard cut, is shown in figure 3.35(b) while the ratio of reconstruction efficiencies

is shown in figure 3.35(c). The difference in yield from data with respect to standard cut

(minimum ITS clusters = 3) for ITS cluster > 4 is ∼ 8 %, while the difference of recon-
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struction efficiency is only ∼ 5%. Hence, the difference in the total heavy-flavour hadron

decay electron yield for ITS cluster > 4 is ∼ 3% (0.92/0.95 ∼ 0.97) as seen in figure 3.35(a)

and for ITS cluster > 2 is ∼ 1%.

3.5.2 Electron identification cut variation

The systematic uncertainty on the yield of electrons from heavy-flavour hadron decays

arising from the variations for electron identification cuts with respect to the standard cuts

are discussed in this section.

Figure 3.36(a) shows the ratio of the yields of electrons from heavy-flavour hadron decay

from the different E/p cut variations. The ratio of (inclusive - photonic) electron yield

from data and of reconstruction efficiencies for variations in the E/p cut with respect to the

standard cut are shown separately in figures 3.36(b) and 3.36(c) respectively, for the largest

variations (0.75 < E/p < 1.2 and 0.9 < E/p < 1.2). The total uncertainty in the yield

of electrons from heavy-flavour hadron decays arises due to the difference in the electron

yields from data and the difference in the reconstruction efficiencies (from monte-carlo) as

shown in the figures 3.36(b) and 3.36(c). The difference in the ratios between data and MC

may arise due to the difference in the shapes of E/p distribution in data and MC, which is

especially more pronounced at the higher pT intervals.

Figure 3.37(a) shows the ratio of yields of electrons from heavy-flavour hadron decays for

the different M02 cut variations. A systematic value of 1% is observed. The ratios of vari-

ations in the (inclusive - photonic) electron yield obtained from data and of reconstruction

efficiency obtained from MC are similar, as seen from the bottom panels of figure 3.37.

Figure 3.38(a) shows the ratios of yields of electrons from heavy-flavour hadron decays

for the different the TPC nσe cut variations with respect to the standard cut. The ratios

of the (inclusive - photonic) electron yield from data and of reconstruction efficiency from

MC due to the different TPC nσe cut variations are shown separately in figures 3.38(b) and
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Figure 3.36: Ratio of yields and efficiencies for E/p cut (electron identification cut) variation

3.38(c) respectively.

These sources of electron identification cuts are correlated and the values of systematic

uncertainty are obtained by summing the variation linearly. The value assigned for the

electron identification cut variation are listed in table 3.14.
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Figure 3.37: Ratio of yields and efficiencies for M02 cut (electron identification cut) variation

3.5.3 Photonic electron selection cut variation

The systematics uncertainty on the yields of electrons from heavy-flavour hadron decay due

to the photonic cut variations is negligible as seen from figure 3.39. The ratios of the yields

of the photonic electrons (from data) and the ratios of tagging efficiency (from monte-carlo)

due to the variation in the photonic electron cuts with respect to standard cuts are similar,
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Figure 3.38: Ratio of yields and efficiencies for TPC nσe cut (electron identification cut)
variation

as shown in figures 3.40(a) and 3.40(b) respectively. Hence, the ratio for the yields of

electrons from heavy-flavour hadron decays is ∼ 1 for all pT ranges.
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Figure 3.39: Ratio of yields of electrons from heavy-flavour hadron decay from the different
photonic electron cut variations
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Figure 3.40: Ratio of yields of photonic electrons and tagging efficiency from different vari-
ation in photonic electron selection cuts

3.5.4 SPD hit variation

The ratio the yield electrons from heavy-flavour hadron decays for SPD hits variation is

shown in figure 3.41. The systematics uncertainty of ∼ 5% is applied for pT < 10 GeV/c and
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is negligible for pT > 10 GeV/c. The ratios of yields of (inclusive - photonic) electron

obtained from data and the ratio of reconstruction efficiency from MC are shown in figures

3.42(a) and 3.42(b) respectively.
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Figure 3.42: Ratio of yields and efficiencies for for SPD hits variations
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3.5.5 Hadron contamination from E/p scaling range variation
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Figure 3.43: Ratio of yields of electrons from heavy-flavour hadron decay arising due to
different E/p scaling range variation

The estimation of inclusive electron yield from the E/p distribution and the subsequent

calculation of hadron contamination has been discussed in details in section 3.3.4. The

systematic uncertainty arising due to variations in the hadronic contamination is calculated

by varying the E/p scaling range to obtain the inclusive electron spectra. Figure 3.43 shows

the ratios of yields of the electrons from heavy-flavour hadron decays due to variations in

the E/p scaling range. The following systematics uncertainty values are applied:

Negligible for pT < 18 GeV/c

∼ 3% for 18 < pT < 29 GeV/c

∼ 7% for 29 < pT < 35 GeV/c
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3.5.6 Total systematics uncertainty

The total systematics uncertainty (σtotal) on the yield of electrons from heavy-flavour hadron

decays is calculated in quadrature from the uncertainties obtained from the various sources

mentioned above, using the formula in equation 3.9.

σ2
total = σ2

Track−Cut + σ2
eID−Cut + σ2

Photonic + σ2
RF + σ2

SPD−hits + σ2
Had−Cont + σ2

ITS−TPC
(3.9)

where,

σTrack−Cut is the systematic uncertainty value obtained from variations of track cuts (mini-

mum no. of ITS cluster cuts),

σeID−Cut is the systematic uncertainty value obtained from variations of electron identifica-

tion cuts (E/p, M02, TPC nσe cuts),

σPhotonic is the systematic uncertainty value obtained from variations of photonic electron

selection cuts (invariant mass cut, minimum associated pT cut),

σRF is the systematic uncertainty value obtained from changing the fit function from a Fermi

function to a linear function and varying fit range to obtain the trigger rejection factor from

the turn on curve,

σSPD−hits is the systematic uncertainty value obtained from variations of the requirement of

hits on minimum layers of SPD,

σHad−Cont is the systematic uncertainty value obtained from variations of E/p scaling ranging

to obtain the hadron contamination, and

σITS−TPC is the systematic uncertainty value of the ITS–TPC matching, which has been

obtained from [121]. A 3% values is applied for all pT intervals.

The total systematic uncertainty on the heavy-flavour hadron decay electron spectra in

different pT ranges is listed in table 3.14.
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Table 3.14: Total systematic uncertainty on the yield of electrons from heavy-flavour hadron
decays for the TPC–EMCal analysis. “-” in the columns implies both ‘negligible’ or ‘not
applicable’.

pT range σTrack−Cut σeID−Cut σPhotonic σSPD−hits σRF σHad−Cont σITS−TPC Total

(GeV/c) (σtotal)

3 - 4 3 % 10 % - 5 % - - 3 % 12 %

4 - 8 3 % 6 % - 5 % - - 3 % 9 %

8 - 10 3 % 2 % - 5 % - - 3 % 7%

10 - 16 3 % 6 % - 5 % - - 3 % 9%

16 - 20 3 % 12 % - - 2 % 1 % 3 % 13%

20 - 29 3 % 12 % - - 2 % 3 % 3 % 13%

29 - 35 3 % 12 % - - 2 % 7 % 3 % 15%

.
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3.6 Systematic uncertainty for TPC–TOF analysis

The sources of systematic uncertainty mentioned in table 3.15 were considered for the TPC–

TOF analysis. The ratio of the yields of electrons from heavy-flavour hadron decays obtained

Table 3.15: Variations used for systematics

Standard Value Variations

Track selection criteria :

TPC clusters > 100 120, 110, 90, 80

TPC clusters for PID > 80 100, 90, 70, 80

DCA(r,z) (cm) (1,2) (0.5,1), (2,3), (2.4,3.2)

Min. ITS clusters 3 2,4

Particle identification criteria :

nσTPC
e (-1,3) (-0.5,3), (-1.5,3), (-1,3.5)

nσTOF
e ± 3 ± 2, ± 2.5, ± 3.5

Photonic electron selection :

Pair Invariant Mass
(GeV/c2)

0.14 0.08, 0.12, 0.18

Min Associated pT

(GeV/c)
0.10 0.0, 0.12, 0.14

Associated TPC
cluster

60 40, 50, 70, 80

Other Cuts :

η cut 0.8 0.5, 0.6, 0.7

SPD Hits Both layers (kBoth) Any layer (kAny)

Hadron Contamination Error Function Landau Function

ITS-TPC track matching

TPC-TOF track matching

from the cut variations with respect to the yield obtained from the standard value, mentioned

in the table, is shown in the following figures below. The ratios of yields due to variation

in the track selection criteria are shown in figure 3.44. A difference of ∼ 1% in the yield

of electrons from heavy-flavour hadron decays is observed, which arises from the variation

in the minimum number of ITS cluster required for track selection. From the variations of
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Figure 3.44: Ratio of yields of electrons from heavy-flavour hadron decays from variations
of track cuts

the particle identification criteria a ∼ 5% systematics uncertainty on the yields of electrons

from heavy-flavour hadron decays is applied for pT < 1.0 GeV/c, as seen from figure 3.45.
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Figure 3.45: Ratio of yields of electrons from heavy-flavour hadron decays from variations
of particle identification cut variation

The ratio of the yields of electrons from heavy-flavour hadron decays due to variations

of the selection criteria of associated electrons for photonic electron selection is shown in

figure 3.46. The following pT-dependent systematic uncertainty is applied on the yields

of electrons from heavy-flavour hadron decays: 7% (0.5 < pT (GeV/c) < 0.7), 3% (0.7

< pT (GeV/c) < 1.5), 1% (1.5 < pT (GeV/c) < 4).

Figure 3.47 shows the ratio of the yields of electrons from heavy-flavour hadron decays

due to the variations in the η selection window. A negligible systematics has been applied
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Figure 3.46: Ratio of yields of electrons from heavy-flavour hadron decays from variations
of photonic electron selection
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Figure 3.47: Ratio of yields of electrons from heavy-flavour hadron decays from variations
of η cut variation
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Figure 3.48: Ratio of yields of electrons from heavy-flavour hadron decays from variations
in the requirement of minimum number of SPD hits
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for this analysis as the variations are within statistical error.

In figure 3.48, the ratio of the heavy-flavour hadron decay electron yield due to SPD hit

variation is shown. A systematic value of 10% for pT < 1.5 GeV/c and 3% for pT > 1.5

GeV/c has been considered.

The systematic uncertainty values due to the ITS–TPC matching and TPC–TOF match-

ing has been obtained from [121]. A 3% uncertainty is applied in all pT ranges for ITS–TPC

matching. A systematics uncertainty of 2% is assigned for the entire pT range for TPC–TOF

matching.

A 2% systematic uncertainty value is obtained from varying the function used to estimate

the hadron contamination. Figure 3.23 shows the fit to hadron contamination using Landau

and Error functions. The Landau function has been considered for estimating the systematic

uncertainty value.

The total systematics uncertainty (σtotal) on the yield of electrons from heavy-flavour

hadron decays in the TPC–TOF analysis is calculated in quadrature from the sources men-

tioned above using the following equation 3.10.

σ2
total =σ2

Track + σ2
PID + σ2

Photonic + σ2
η−cut+

σ2
SPD−hits + σ2

Had−Cont + σ2
ITS−TPC + σ2

TPC−TOF

(3.10)

where,

σTrack is the systematic uncertainty value obtained from variations of track cut,

σPID is the systematic uncertainty value obtained from variations of electron identification

cuts,

σPhotonic is the systematic uncertainty value obtained from variations of photonic electron

selection cuts,

σSPD−hits is the systematic uncertainty value obtained from variations of the requirement of

hits on minimum layers of SPD,

σHad−Cont is the systematic uncertainty value obtained from variations of fit functions, i.e.,
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Error and Landau functions,

ση−cut is the systematic uncertainty value due to variation in η gap, which is considered to

be negligible in the entire pT range,

σITS−TPC is the systematic uncertainty value of the ITS-TPC matching, and

σTPC−TOF is the systematic uncertainty value of the TPC-TOF matching.

The total systematic uncertainty on the yield of electrons from heavy-flavour hadron

decays for the TPC–TOF analysis in the different pT ranges considered in the analysis is

listed in table 3.16.

Table 3.16: Total systematic uncertainty on the yield of electrons from heavy-flavour hadron
decays for the TPC–TOF analysis. “-” in the columns implies both ‘negligible’ or ‘not
applicable’.

pT interval σTrack σPID σPhotonic σSPD−hits σHad−Cont σITS−TPC σTPC−TOF Total

(GeV/c) (σtotal)

0.5 - 0.7 1 % 5 % 7 % 10 % - 3 % 2 % 14 %

0.7 - 1.0 1 % 5 % 3 % 10 % - 3 % 2 % 12 %

1.0 - 1.5 1 % 5 % 1 % 10 % - 3 % 2 % 12 %

1.5 - 4.0 1 % - - 3 % 2 % 3 % 2 % 5 %
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.

3.7 RESULT: pT-differential cross section of electrons

from heavy-flavour hadron decays

The pT-differential cross section of electrons from decays of heavy-flavour hadrons at mid

rapidity is calculated using the following formula in equation 3.11.

d2σ

dpTdy
=

1

2

1

∆y∆pT

Nraw

εc,b→e
reco

1∫
Ldt

(3.11)

where
∫
Ldt is the integrated luminosity, and ∆y and ∆pT are the width of the rapidity and

pT intervals, respectively. Nraw is the raw number of electrons from heavy-flavour hadron

decays which is obtained after subtracting the tagging efficiency corrected photonic electron

yield from the inclusive electron sample. The Nraw is then corrected for the losses in signal

with the reconstruction efficiency (εc,b→e
reco |data−driven). To account for the contributions of

both electrons and positrons, the spectra is scaled by a factor of two.

In this thesis, the pT-differential production cross section of electrons from the semi

leptonic decays of heavy-flavour hadrons in pp collisions at
√
s = 13 TeV is measured in the

transverse momentum region 0.5 GeV/c < pT < 35 GeV/c, using the data collected with

the nominal magnetic field (B) of 0.5 T. This measurement has been compared with cross

section of electrons from heavy-flavour hadron decays obtained from the low magnetic field

(B = 0.2 T) data [122]. The low magnetic field measurements are available in transverse

momentum range 0.2 GeV/c < pT < 4 GeV/c. For publication of the pT-differential cross

section of electrons from heavy-flavour hadron decays, the cross sections from both the low

and nominal magnetic field measurements have been used. This helps to extend the cross

section to wide pT range, from low (0.2 GeV/c) to high (35 GeV/c) transverse momentum.

Figure 3.49 presents the comparison of the cross section of electrons decayed from
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Figure 3.49: The pT-differential cross section of electrons from heavy-flavour hadron decays
in pp collisions at

√
s = 13 TeV from different measurements

heavy-flavour hadrons measured from different analyses. A comparison of the cross sections

from two different data sets collected with different magnetic fields (0.2 T low B and 0.5

T nominal B) in the overlapping pT interval of 0.5 - 4.0 GeV/c and comparison of the

cross sections obtained from nominal magnetic field data sets using the TPC–TOF and the

TPC–EMCal detectors are shown. Using the TPC–TOF detectors, the cross section has

been obtained in pT intervals 0.4 - 5 GeV/c. The cross sections, using the TPC–EMCal

detectors with MB, EG2, EG1 triggers, have been obtained in pT intervals 3.0 - 10.0 GeV/c,

6.0 - 16.0 GeV/c, 12.0 - 35.0 GeV/c respectively. A comparison of the overlapping intervals

are shown in the figure. The cross sections of the electrons decayed from heavy-flavour

hadrons are consistent and in good agreement with each other within the uncertainties.
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The final spectra of the electrons decayed from heavy-flavour hadrons is shown in figure

3.50. The cross sections are selected from the low magnetic field (B = 0.2 T) TPC–TOF

analysis within 0.2 < pT (GeV/c) < 0.5, nominal magnetic field (B = 0.5 T) TPC–TOF

analysis within 0.5 < pT (GeV/c) < 4, TPC–EMCal analysis within 4.0 < pT (GeV/c) < 6.0,

6.0 < pT (GeV/c) < 12.0 and 12.0 < pT (GeV/c) < 35.0 for MB, EG2 and EG1 triggered

analyses respectively. The aforementioned pT intervals have been chosen such that the

statistical and systematic uncertainties are minimized.
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Figure 3.50: The pT-differential cross section of electrons from heavy-flavour hadron decays
in pp collisions at

√
s = 13 TeV compared with FONLL and GM-VFNS predictions

The pT-differential cross section of the electrons decayed from heavy-flavour hadrons

is compared with the Fixed-Order-Next-to-Leading-Log (FONLL) [123] and General-Mass-

Variable-Flavour-Number-Scheme (GM-VFNS) [124,125] perturbative QCD calculation, as
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also shown in the figure 3.50. The FONLL calculations describe the measurements within

the statistical and systematic uncertainties and the data points are found to be close to

the upper edge of the theoretical prediction up to pT < 5 GeV/c, as also observed in pp

collisions at
√
s = 2.76, 5.02 and 7 TeV [30, 112, 114, 126]. The GM-VFNS model largely

under predicts the data in low and mid pT, while data the lies within the uncertainty in

the high pT range (pT > 10 GeV/c). Similar observation was made for the non prompt D

meson measurements [127].
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Chapter 4

Multiplicity dependent study of

electrons decayed from heavy-flavour

hadrons

The measurement of the self normalized yield of electrons decayed from heavy-flavour

hadrons as a function of the nominalized charged particle density in pp collisions at
√
s =

13 TeV has been presented in this chapter. Comparison of the self normalised yields of elec-

trons decayed from the heavy-flavour hadrons with the normalised yields of other species

of particles such as, D-mesons, J/ψ, strange and charged particles and with the PYTHIA

model predictions have also been presented.

4.1 Analysis Strategy

The self-normalized yield of electrons from the heavy-flavour hadron decays is obtained by

dividing the yield of the heavy-flavour decay electrons in different multiplicity intervals by

the average yield calculated in minimum-bias events. The self-normalized yield of electrons

from the heavy-flavour hadron decays is plotted as function of the self-normalized charged

particle density to study the dependence of production of the electrons from decays of
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heavy-flavour hadrons on the charged particle multiplicity. The measurement of the pT-

differential cross section (multiplicity integrated yield) of electrons from heavy-flavour decays

are discussed in details in chapter 3. The multiplicity dependent pT-differential yield is

obtained using the same methodology discussed in chapter 3. In the following section

(section 4.2), the multiplicity measurement has been presented.

4.2 Multiplicity Measurement

For this analysis, the multiplicity is calculated in the mid rapidity region using the tracklet

information from the Silicon Pixel Detector (SPD) of the Inner Tracking System (ITS) within

|η| < 1.0 (Ntr). A tracklet is reconstructed by joining clusters of both the SPD layers which

point back to the primary vertex. Due to the high granularity of the SPD, it can measure

high density of particles. The total number of charged particles in an event (multiplicity,

N ch) is obtained from the N tr with corrections applied using monte-carlo simulations.

4.2.1 Multiplicity estimation from SPD tracklets (N tr)

Figure 4.1 shows the distribution of the number of SPD tracklets at mid rapidity, |η| <1.0

(N tr) as a function of Z vertex (z vtx). The non-uniform distribution of the observed raw

N tr as a function of the z vtx, as seen in the left panel of figure 4.1, is due to :

- Inhomogeneous acceptance and dead modules of SPD

- Changes in the number of active modules in the SPD during each data taking period

To obtain the true SPD tracklets (N corr
tr ), the SPD efficiency is equalized along the Z vertex

for each event. The right panel of figure 4.1 shows the distribution of the number of SPD

tracklets as a function of Z vertex after the correction has been applied. The average profile

of the number of tracklets as a function of z vtx is also overlaid in both the panels of the

figure. Figure 4.2 shows the average profile of SPD tracklets (N tr) vs. z vtx before the

correction has been applied for the various data taking periods used in this analysis.

122



Chapter 4 – Multiplicity dependent study of electrons decayed from heavy-flavour hadrons

1

10

210

310

410

510

610

 (cm)vtxZ
10− 8− 6− 4− 2− 0 2 4 6 8 10

tr
N

0

20

40

60

80

100

120

140

160

Uncorrected

1

10

210

310

410

510

610

 (cm)vtxZ
10− 8− 6− 4− 2− 0 2 4 6 8 10

co
rr

tr
N

0

20

40

60

80

100

120

140

160

Corrected

Figure 4.1: SPD tracklets (|η| < 1.0) vs. Z vertex distribution. Left panel shows the
uncorrected distribution and the right panel shows the distribution after the correction is
applied

For applying the equalization of SPD efficiency, the N tr vs. z vtx distribution is scaled

with respect to a reference value of N tr at a particular Z vertex. The reference point is taken

as the highest value from the profile i.e., 〈Nref〉 ∼ 11.7 at zvtx ≈ 5.5 cm. The corrected

tracklet (N corr
tr ) is obtained by adding the missing tracklets (∆N) due to the acceptance and

dead modules of SPD as mentioned above, to the raw number of tracklets obtained in each

event. Taking the maximum as reference, ∆N is the difference of the average number of

tracklets for an event with respect to the reference.

∆N = Ntr
〈Nref〉 − 〈Ntr(z)〉
〈Ntr(z)〉

where, N tr is the number of SPD tracklets for each event and 〈Ntr(z)〉 is the average number

of tracklets at a particular Z vertex, which is obtained from the profile vs. Z vertex distri-

bution shown in figure 4.3. A Poisson distribution is used to smear the number of missing

tracklets, as previously discussed in details in [128]. The number of corrected tracklets is

123



Chapter 4 – Multiplicity dependent study of electrons decayed from heavy-flavour hadrons

 (cm)vtxZ
10− 5− 0 5 10

 >
tr

<
 N

4

5

6

7

8

9

10

11

12

13

 16d 

 16e 

 16g 

 16p 

 16o 

 16j 

 16i 

 16h 

 16l 

 16k 

(a) 2016 periods

 (cm)vtxZ
10− 5− 0 5 10

 >
tr

<
 N

4

5

6

7

8

9

10

11

12

13

 17c 

 17f 

 17h 

 17i 

 17j 

 17k 

 17l 

 17m 

 17o 

 17r 

(b) 2017 periods

 (cm)vtxZ
10− 5− 0 5 10

 >
tr

<
 N

4

5

6

7

8

9

10

11

12

13

 18g 
 18i 
 18m 
 18n 
 18o 
 18p 
 18b 

 18d 
 18e 
 18f 
 18h 
 18l 
 16k 

(c) 2018 periods

Figure 4.2: The 1 dimensional profiles of the uncorrected SPD tracklets (N tr) as a function
of z vtx for different data taking periods

obtained using the formula in equation 4.1.

N corr
tr = Ntr + ∆N

= Ntr + Poisson
(
Ntr.

( 〈Nref〉
〈Ntr(z)〉 − 1

)) (4.1)
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The profile of the corrected number of SPD tracklets (N corr
tr ) as a function of z vtx is shown in

figure 4.3 for data (left) and general purpose MC (right). For comparison, the uncorrected

tracklet distribution (N tr) has also been shown in the figures. The profile for the corrected

SPD tracklet (|η| < 1.0), N corr
tr vs. z vtx is flat and uniform for all periods.
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Figure 4.3: The 1-dimensional N tr vs. z vtx profiles before and after the correction for both
data (left) and their corresponding MC (right)

4.2.2 Conversion of N corr
tr to N ch

The correction performed through equation 4.1 equalizes the SPD acceptance along the Z

vertex, however it does does not account for the global efficiency loss of SPD. The corrected

number of tracklets N corr
tr , obtained is not the true charged particle multiplicity of the event

(N ch), which is estimated from the general purpose monte-carlo samples anchored to the

data taking samples.

The distributions of the number of corrected tracklets (N corr
tr ) from data and MC are

shown in the left panel of figure 4.4. A difference between the distributions is observed

towards higher multiplicity values. The ratio of data and MC is shown in the right panel

of the figure. This difference in the distribution is corrected by applying weights obtained

from the ratio plot. For N tr< 40, the weight is taken as the direct ratio of data over MC
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Figure 4.5: The distribution of the corrected number of SPD tracklet distribution (N corr
tr )

for the data and MC after re-weighting the MC distribution to match data

distribution to match data is shown in figure 4.5. The true charged particle multiplicity of

the event (N ch) and corresponding dNch/dη is obtained using a N ch vs. N corr
tr distribution

as shown in figure 4.6. This accounts for the track-to-particle corrections needed to get the

actual charged particle multiplicity. The N ch vs. N corr
tr distribution was fitted with an ad

hoc polynomial shown in equation 4.2 for obtaining the N ch corresponding to a particular

126



Chapter 4 – Multiplicity dependent study of electrons decayed from heavy-flavour hadrons

1

10

210

310

410

510

610

710

corr
trackletN

20 40 60 80 100 120 140 160 180

ch
N

20

40

60

80

100

120

140

160

180

200

220

Pythia 8.2 (Monash2013) 

 = 13 TeV spp, 

 < 1 corr

tracklet
|η| < 1, |

ch
η|

Adhoc-Polynomial Fit
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N corr
tr intervals.

f(x) = axc + b;x < x0

= a2x
c2 + b2;x > x0

(4.2)

where,

a2=
(a.c
c2

)
xc−c20 and b2=

(a− a.c
c2

)
xc0 + b

a, b, c , c2, x0 are fit parameters.

The 〈Nch〉 corresponding to N corr
tr bins is calculated as :

〈Nch〉 =

∑nbins

i ni .f(N tr
corr)∑nbins

i ni
(4.3)

where, ni = Number of events in i-th N corr
tr bin taken from data

nbins = Number of bins in the N corr
tr interval

The table 4.1 shows the corrected SPD tracklet (N corr
tr ) intervals considered in this analysis

and the corresponding charged particle multiplicity (N ch). The N ch value was also obtained

using a linear fit function, which is discussed later in section 4.2.6, and is used for systematics
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study of the charged particle multiplicity estimation.

Table 4.1: Multiplicity intervals in terms of N corr
tr and the corresponding N ch values

N corr
tr Intervals 〈Nch〉

1-200 14.57

1-14 7.28

15-24 22.10

25-34 33.89

35-44 45.28

45-54 56.42

55-64 67.37

65-200 81.99

4.2.3 Corrections to the multiplicity values:

The following sources of efficiency were considered, to correct for the loss of events due to

the event selection criteria, which affects the multiplicity distribution.

• εINEL>0 : Minimum bias (kINT7) trigger efficiency for INEL > 0 events

• εvtx−range : Efficiency for vertex range cuts

• εpu : Pile up rejection

The total efficiency is:

εtotal = εINEL>0 × εvtx−range × εpu (4.4)

Figure 4.7 shows the εINEL>0 (left) and εvtx−range (right) in multiplicity intervals and multi-

plicity integrated case.

The INEL > 0 events is defined as an event class containing at least one physical primary

charged-particle within −1.0 < η < 1.0. The INEL > 0 trigger efficiency (εINEL>0) is the
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ratio of events with and without the INT7 trigger. While the physical selection cuts (PS)

were applied, no event cuts has been applied in both the numerator and denominator.

εINEL>0 =
No. of events with kINT7 (PS + No event cuts)

No. of events with out kINT7 (PS + No event cuts)
(4.5)
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Figure 4.7: Left : INEL > 0 trigger efficiency, Right : Vertex cut efficiency

The integrated INEL > 0 trigger efficiency is εinteg
INEL>0 ' 0.95. The multiplicity dependent

INEL > 0 trigger efficiencies are εi=1
INEL>0 ' 0.93 and εi≥2

INEL>0 ∼ 1 . The values obtained in

the analysis are consistent to ones obtained for multiplicity dependent J/ψ analysis in pp

collisions at
√
s = 13 TeV [66] for the minimum bias INEL > 0 trigger.

The vertex cut efficiency is defined as :

εvtx−range =
No. of events with vertex range + QA cut (PS + kINT7)

No. of events w/o vertex range and QA cut (PS + kINT7)
(4.6)

The integrated vertex efficiency is εinteg
INEL>0 ' 0.97. A multiplicity dependent vertex trigger

efficiencies is observed.

The pile up efficiency εpu ∼ 1 for integrated and multiplicity bins which is also confirmed

in [66].

The total efficiency obtained from the product these contributions is shown in figure 4.8.

The integrated total efficiency is εinteg
total ' 0.93. The first multiplicity bin has the efficiency

of ' 0.90.
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Figure 4.8: Total integrated efficiency and in corresponding N corr
tr intervals to correct the

〈Nch〉

4.2.4 〈dNch/dη〉 in pp collisions at
√
s = 13 TeV and comparison

with the published results

The average pseudorapidity density (〈dNch/dη〉) for pp collisions at
√
s = 13 TeV within

|η| < 1.0 measured from this analysis is:

dNch/dη = εtrig × εvtx−range × dN effi−uncorr
ch /dη

= εtrig × εvtx−range × 7.29

= 6.77

This value is in good agreement (within ∼ 3%) with the previous published ALICE mea-

surements [129,130] in pp collisions at
√
s = 13 TeV.

4.2.5 Self-normalised charged particle density in pp collisions at

√
s = 13 TeV

The following values of the self-normalised charged particle density are used for this analysis.

130



Chapter 4 – Multiplicity dependent study of electrons decayed from heavy-flavour hadrons

Table 4.2: Multiplicity intervals in terms of N corr
tr and the corresponding

dNch/dη/〈dNch/dη〉 values

N corr
tr Intervals dNch/dη / 〈dNch/dη〉

1-14 0.48

15-24 1.63

25-34 2.50

35-44 3.34

45-54 4.16

55-64 4.97

65-200 6.05

4.2.6 Uncertainty on the multiplicity axis

The following sources of uncertainty was considered for dNch/dη calculation:

1. Difference in dNch/dη value obtained from fitting the N ch vs. N corr
tr distribution with

functions other adhoc polynomial fit as shown in section 4.2.2.

2. Uncertainty due to residual Zvtx dependence after tracklet correction

The N ch vs. N corr
tr distribution was fitted with a polynomial of first order, in the total

N corr
tr vs. N ch distribution and in several multiplicity intervals, as shown in figure 4.9. A

linear function ( polynomial of first order) is used, f(x) = α x, where α=Nch/N
corr
tr gives

the SPD tracklet-to-particle correction factor. Using the linear pol1 function the dNch/dη /

〈dNch/dη〉 (x-axis) is calculated in following method:

For multiplicity interval ’i’ :
dNch

dη i

=
〈N corr

tr 〉i.αi
∆η

For integrated multiplicity :
〈dNch

dη

〉
=
〈N corr

tr 〉.〈α〉
∆η

Self normalized x-axis values :
dNch/dη

〈dNch/dη〉
=
〈N corr

tr 〉i.αi
〈N corr

tr 〉.〈α〉
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Figure 4.9: 〈Nch〉 vs. 〈N corr
tr 〉 distribution along with the linear fit for the total distribution

and in multiplicity bins

Table 4.3: Multiplicity bins in terms of N corr
tr and the corresponding dNch/dη values

SPD ncorrtr Mean N corr
tr N corr

tr /〈N corr
tr 〉 α dNch/dη / 〈dNch/dη〉

Intervals Value

0-200 13.046 1.174

0-14 7.004 0.536 1.206 0.551

15-24 18.731 1.435 1.188 1.453

25-34 28.656 2.196 1.176 2.200

35-44 38.542 2.954 1.160 2.920

45-54 48.432 3.712 1.146 3.623

55-64 58.339 4.471 1.133 4.315

65-200 71.346 5.468 1.118 5.210

The dNch/dη / 〈dNch/dη〉 values corresponding to N corr
tr intervals and the corresponding

α values obtained from this method is tabulated in table 4.3.

Ratio of the 〈Nch〉 values obtained from the fit of adhoc polynomial to those obtained

from linear fit was shown in figure 4.10. There are differences in the two methods especially

in the low multiplicity bins while the integrated and high multiplicity values seem to match.

A maximum difference of ∼ 10% is seem. A similar value (∼ 11%) was observed in the

J/ψ study in pp collisions at 13 TeV [66]. As the overall systematic value is small, a 1%

systematic value is assigned.
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Figure 4.10: Ratio of 〈Nch〉 obtained from adhoc polynomial fit and linear pol1 function for
the total distribution and in multiplicity bins

A deviation of linearity (α value) in the N ch vs. N corr
tr correlation can be observed from

figure 4.9. The multiplicity dependent values αi value and from the global fit is plotted in

figure 4.11. Global fit was also performed using N ch = α N corr
tr + ε, where ε is a small value.

The ratio to α from this fit to the global α value from table 4.3 is also plotted in figure

4.11 (in red). These fit variations also add a difference in the dNch/dη value. The largest
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Figure 4.11: Ratio of α due to deviation of linearity.

effect comes from the highest multiplicity bin, which accounts for less than 5 % uncertainty

(σlin ∼ 5%).

To estimate the uncertainty due to residual zvtx dependence after tracklet correction, the

N ch vs. N corr
tr distribution is divided in several zvtx intervals and fitted with linear function,

as shown in figure 4.12. Figure 4.13 shows the uncertainty due to residual Zvtx dependence
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Figure 4.12: Fit of N chvs N corr
tr plots in zvtx bins (selected bins shown)
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after tracklet correction and it is within 1 % (σzvtx = 1%). The total uncertainty (σx−axis)

on dNch/dη / 〈dNch/dη〉 is calculated as the square root of the uncertainties from all the

sources added in quadrature.

σx−axis = 5%
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4.3 Multiplicity dependent analysis using TPC–EMCal

4.3.1 Rejection Factor

The trigger rejection factor (R) has been discussed in details in section 3.3.2. The rejection

factor is defined as

Ri = S
NMB,i
events

NEMC,i
events

where i denotes multiplicity classes and :

S =
Cluster energy distribution in EMCal triggered events

Cluster energy distribution in MB triggered events

S is expected to be constant for all multiplicity intervals. The multiplicity dependence of
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Figure 4.14: Multiplicity dependence check for the rejection factor values for both the
EMCal triggers, EG2 (left) and EG1 (right)

S are plotted in figure 4.14 for both the triggers used in this analysis. Since S is a proxy for

the rejection factor R and is used only in this section as a multiplicity dependence check,

S is also called the rejection factor. From figure 4.14 no systematic variation is seen in the

multiplicity dependent values of S. The rejection factors are considered to be independent

of multiplicity for both EG2 and EG1 triggers.
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4.3.2 Tagging efficiency and reconstruction efficiency

The tagging efficiency and the reconstruction efficiencies of electrons from heavy-flavour

hadron decays, calculated in the multiplicity intervals chosen in this analysis, are plotted in

figure 4.15, along with the multiplicity integrated values (shown in dashed lines). Both the

tagging efficiency and the reconstruction efficiencies are independent of multiplicity within

the statistical uncertainty.
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Figure 4.15: Multiplicity dependence checks on efficiencies

4.3.3 Self-normalised yields of electrons from heavy-flavour hadron

decays from the TPC–EMCal analysis

The self-normalized yield of electrons from decays of heavy-flavour hadrons is calculated

according to the formula in equation 4.7.

d2N/dpTdη

〈d2N/dpTdη〉 =
N i

counts/(ε
i × nievents)

(NMB
counts)/(ε

MB × nMB
events)

(4.7)
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Ncounts = Yield of electrons from heavy-flavour hadron decays;

nevents = Number of events in the corresponding multiplicity interval;

ε = Reconstruction efficiency for electrons from decays of heavy-flavour hadrons,

’i’ denotes multiplicity intervals.

Before obtaining the final self-normalised yield, as shown in figure 4.22, the yields were

obtained separately from the merged data periods of 2018 and 2016k. Two representative

pT intervals have been chosen for this comparison. From the figure 4.16, it is seen that the

periods are consistent between each other. The self-normalised yields from 2018 and 2016k

were merged according to the formula in equation 3.4 and the statistical error has been

calculated using the formula in equation 3.5. The final merged result of the self-normalised

yields of electrons from heavy-flavour hadron decays from the TPC–EMCal analysis has also

been plotted in the figure 4.16. The dashed line the figure is linear function with a slope

of unity and is shown for better visualization of the increasing trend of the self-normalised

yields.
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Figure 4.16: Self-normalised yields of electrons from heavy-flavour hadron decays from the
TPC–EMCal analysis. The dashed line the figure is linear function with a slope of unity.
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4.4 Multiplicity dependent analysis using TPC–TOF

4.4.1 Tagging efficiency and reconstruction efficiency

A dependence on multiplicity of the tagging efficiency and the reconstruction efficiency of

electrons from heavy-flavour hadron decays used in the TPC–TOF analysis, can be ob-

served from figure 4.17. Dashed lines in the figure are the multiplicity integrated values.

A multiplicity dependent tagging efficiency and reconstruction efficiency has been used for

calculation of the self-normalised yields of electrons from decays of heavy-flavour hadrons

in the TPC–TOF analysis.
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Figure 4.17: Multiplicity dependence of efficiencies

4.4.2 Self-normalised yield of heavy-flavour hadron decay electron

from TPC–TOF analysis

Similar to the TPC–EMCal analysis as shown in section 4.3, consistency of the self-normalised

yields of electrons from decays of heavy-flavour hadrons between different periods used for

this analysis is shown in figure 4.18. The self-normalised yields have been calculated accord-

ing to the equation 4.7. As seen from the figure, the self-normalised yields obtained from
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Figure 4.18: Self-normalised yields of electrons from heavy-flavour hadron decays from the
TPC–TOF analysis. The dashed line the figure is linear function with a slope of unity.

different periods of 2016, 2017 and 2018 are consistent within the statistical uncertainty.

The self-normalised yields from all the periods have been merged according to the formula

in equation 3.4 and the statistical error has been calculated using the formula in equation

3.5. The final merged result of the self-normalised yields of electrons from heavy-flavour

hadron decays from the TPC–TOF analysis has also been plotted in the figure. The dashed

line the figure is linear function with a slope of unity and is shown for better visualization

of the increasing trend of the self-normalised yields.

.

139



Chapter 4 – Multiplicity dependent study of electrons decayed from heavy-flavour hadrons

4.5 Systematic uncertainty for self-normalized yield of

electrons decayed from heavy-flavour hadron

The sources of systematics considered are the same as those chosen in sections 3.5 and 3.6.

Since the self-normalized yield is a ratio of spectra, contributions from many sources cancel

out. Only the sources which have relevant contribution to the final systematic value is shown

in this section. The systematics for all pT intervals have been calculated separately. Same

strategy for calculation of the uncertainty has been considered for all the pT intervals.

In this section, uncertainty calculations are shown for the pT interval 6 < pT < 12

GeV/c to demonstrate the process of obtaining the systematic uncertainty value.
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Figure 4.19: Track cut variation: Ratio of self-normalised yields with variations with respect
to standard cuts (left) and their mean and RMS (right) for 6 < pT < 12 GeV/c

Figures 4.19, 4.20, 4.21 show the ratio of the self-normalised yields obtained from cut

variations with respect to that with the standard cuts (left) and their mean and RMS (right)

for 6 < pT <12 GeV/c, for track cut, electron identification cut and photonic track selection

cut variations respectively.

The uncertainty values are obtained from the square-root of the mean of the variation

with respect to the standard cut (RMS). For track cut variation a ∼ 2% systematic value

(σTrack) is assigned for all multiplicity and pT bins. For electron identification cut, a ∼
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Figure 4.20: Electron identification cut variation: Ratio of self-normalised yields with vari-
ations with respect to standard cuts (left) and their mean and RMS (right) for 6 < pT < 12
GeV/c
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Figure 4.21: Photonic track selection cut variation: Ratio of self-normalised yields with
variations with respect to standard cuts (left) and their mean and RMS (right) for 6 <
pT < 12 GeV/c

3% systematic value (σeID) is assigned for all multiplicity and pT intervals. For photonic

track selection cut, a ∼ 2% systematic value (σPhotonic) is assigned for all multiplicity and

pT intervals. For SPD hits, a multiplicity and pT dependent systematic value (σSPD−hits) is

assigned as shown in table 4.4.
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4.5.1 Total Systematics

Total systematic uncertainty value is calculated as :

σtotal =
√
σ2

Track + σ2
eID + σ2

Photonic + σ2
SPD−hits

Table 4.4 shows the total systematic uncertainty on the self-normalized yield of electrons

from heavy-flavour decays in few representative multiplicity intervals and pT intervals amongst

all the intervals considered in this analysis.

Table 4.4: Systematic uncertainty on self-normalised yield of electrons from heavy-flavour
hadron decays in pp collisions at

√
s = 13 TeV

pT interval (GeV/c)

0.5-6 6-12 15-30
Observable Multiplicity GeV/c GeV/c GeV/c

I negligible 2% 2%
Track Selection III negligible 2% 2%

V negligible 2% 2%

I 1% 3% 3%
Electron Identification III 1% 3% 3%

V 1% 3% 3%

I 1% 1% 2%
Photonic Electron III 1% 2% 2%

V 1% 2% 2%

I 10% 6% 14%
SPD Hits III 3% 6% 6%

V 4% 6% 6%

.
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4.6 RESULT : Multiplicity dependent self-normalised

yield of electrons decayed from heavy-flavour hadrons

The self-normalized yields of electrons decayed from heavy-flavour hadrons are calculated

according to equation 4.7. The trigger and vertex finding efficiencies are close to unity
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Figure 4.22: Self-normalised yield of electrons decayed from heavy-flavour hadrons as a
function of normalised charged-particle pseudorapidity density at mid rapidity in different
pT intervals

for all multiplicity intervals except for the lowest multiplicity range as shown in section

4.2. The lowest multiplicity range has been corrected with the trigger and vertex finding

efficiencies. Figure 4.22 shows the self-normalized yields of electrons decayed from heavy-

flavour hadrons (d2N/dpTdη/ 〈d2N/dpTdη〉) as a function of normalised charged-particle
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pseudorapidity density (dNch/dη/ 〈dNch/dη〉) at mid rapidity (|η| < 1.0) in five pT intervals

from 0.5 < pT < 30 GeV/c on the top panel. The dashed line shown in the figure for better

visualization is a linear function with a slope of unity. The bottom panel of the figure shows

the ratio of the self-normalized yield of electrons from heavy-flavour hadron decays to the

self-normalised charged-particle pseudorapidity density (double ratio) as a function of the

self-normalised charged-particle pseudorapidity density. The normalised yield has a faster

than linear increasing trend with respect to normalised charged-particle density and higher

pT ranges show a tendency of steeper increase. The increase in yield is approximately a

factor of ∼ 9 for the lowest measured pT (0.5 < pT < 3 GeV/c) and a factor of ∼ 28 for

the highest measured pT (15 < pT < 30 GeV/c) for multiplicities of 6 times the average

multiplicity. Figure 4.23 shows the ratio of the normalised yield in different pT intervals

|<1ηINEL>0, |
〉 η/d

ch
N d〈 / η/dchNd

0 1 2 3 4 5 6

) 
<

 1
2 

c
 (

G
eV

/
T

p
  i

n 
 6

 <
 

ηd
T

p
/d

N2
R

at
io

 to
  d 0.5

1

1.5

2

2.5

3 ALICE
 = 13 TeVspp, 
 e →c,b 

) < 3c (GeV/
T

p0.5 < 

) < 6c (GeV/
T

p   3 < 

) < 15c (GeV/
T

p 12 < 

) < 30c (GeV/
T

p 15 < 

Figure 4.23: Ratio of the normalised yields electrons of heavy-flavour hadron decays in
different pT intervals with respect to that of the 6 < pT < 12 GeV/c

with respect to that of the 6 < pT < 12 GeV/c. The yield of electrons from heavy-flavour

hadron decays in the lower pT ranges is higher in low multiplicity events, while it reduces

in higher multiplicity events. At higher pT intervals the yield has an opposite trend. The

contribution of beauty hadron decay to the yield increases with and dominates over charm
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hadron decays for pT > 6 GeV/c. The increase of the slope of the normalized yield and

the pT trend is also influenced by the momentum dependence of jet fragmentation which

contributes to the measured multiplicity at mid rapidity, also known as auto-correlation

effect. Several experimental measurements in ALICE which have used the V0 detector at

forward rapidity as a multiplicity estimator instead of SPD tracklets at mid rapidity, with

an aim to largely remove a possible auto-correlation bias, have observed significantly faster

than linear growth with the normalized multiplicity [65,66].

4.6.1 Comparison with model predictions: PYTHIA8

The self-normalised yield of electrons from heavy-flavour decays in different pT intervals

have been compared with predictions from PYTHIA 8.2 Monash [94] and colour reconnec-

tion Mode 2 [131] tune calculations, as shown in the left and right panels of figure 4.24

respectively. Multiple parton interaction (MPI) and colour reconnection (CR) mechanisms

are implemented in the PYTHIA, which helps reproduce the charged-particle multiplicity

distribution measured at LHC [132, 133]. The Monash tune is the currently used as the
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Figure 4.24: Comparison of self-normalised yield of electrons from heavy-flavour decays
computed in for different pT intervals with PYTHIA 8.2 Monash [94] (left) and Mode 2 [131]
(right) tune calculations

default PYTHIA tune. Recently, several new models for colour reconnection has been in-
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cluded in the new tunes of PYTHIA. The default Monash tune uses CR Mode 0, where

coloured partons from MPI with certain transverse momentum pT undergo reconnection

in such a way that the total string length is minimized. PYTHIA with CR Mode 2 is an

improved tune including string formation beyond the leading-colour approximation. In this

tune, reconnections are performed in the same way as in the default, however the difference

being that only gluons are considered for reconnection, which can affect colour flow from

the hard interaction compared to the default model [133].

From figure 4.24, it can be observed that the PYTHIA 8.2 Monash tune describes the

overall trend in data, however slope is overestimated at high pT. PYTHIA 8.2 with CR

Mode 2 is to reproduces the slope at all pT intervals fairly well. PYTHIA 8.2 CR Mode 2

describes the normalised yield better than that by the Monash tune.

4.6.2 Comparison of self-normalised yields of heavy-flavour hadron

decay electrons with those of other particles
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Figure 4.25: Self-normalised yields of electrons from heavy-flavour hadron decays compared
with that of J/ψ [66]

The self-normalised yield of electrons from heavy-flavour hadron decays is compared with
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Figure 4.26: Self-normalised yields of electrons from heavy-flavour hadron decays compared
with that of all charged particles [67]
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Figure 4.27: Self-normalised yields of electrons from heavy-flavour hadron decays with that
of strange particles (K0

s , Λ, Ξ). Self-normalised yields of K0
s , Λ and Ξ recalculated from [134]

the normalised yield of other particles measured by the ALICE Collaboration - J/ψ [66],

all charged particles [67], strange particles (K0
s , Λ, Ξ) in pp collisions at

√
s = 13 TeV and

with D-mesons [65] in pp collisions at
√
s = 7 TeV, as shown in figures 4.25, 4.26, 4.27,

4.28 respectively. The multiplicity dependent spectra for K0
s , Λ and Ξ are available from
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Figure 4.28: Self-normalised yields of electrons from heavy-flavour hadron decays with that
of D-mesons [65]

ALICE measurements [134], although not in terms of their self-normalised yields. The self-

normalised yields for these strange particles have been calculated from their multiplicity

dependent spectra and has been explained in details in section 4.7. The pT intervals of

heavy-flavour hadron electrons were selected such that the meant-pTis comparable to that

of the pT ranges of the particles chosen for comparison. The slope of the increase of the

normalised yields of electrons from heavy-flavour hadron decays as a function of normalised

multiplicity in mid rapidity is similar to that measured particles similar pT ranges. This

observation has promoted for a more in-depth study of the comparison of the multiplicity

dependent normalised yields of various particles, which has been discussed in details in the

next section 4.7.
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.

4.7 Comparison of self-normalised yields of electrons

from heavy-flavour hadron decays with the self-

normalised yields of other particles in common

pT ranges

Previous ALICE measurements of self-normalized yields as a function of the self-normalized

multiplicity for J/ψ [66] & charged particles [67] in pp collisions at
√
s = 13 TeV and

J/ψ [59] & D-mesons [65] in pp collisions at
√
s = 7 TeV have shown a faster than linear

increase. Comparison of the self-normalized yields of various particles with that of heavy-

flavour decay electrons in similar pT ranges has shown a similar increase in slope. The goal

of the study in this section is to check whether the increase of the slope for self-normalized

yields as a function of the normalized multiplicity is similar for different species of particles

and if it could point towards a universal trend amongst various particles.

The double ratio of the self-normalized yields for heavy-flavour hadron decay electrons

in different pT intervals (bottom panel of figure 4.22) have been fitted with various func-

tions (power law, linear, quadratic), as shown in figure 4.29. The double ratio in the low

pT interval tends to saturate while that in the high pT interval shows no sign of saturation.

The linear function shown in figure 4.29(b) fits the data fairly well and is off only in the

highest pT and multiplicity point. From the linear fit function it can be inferred that in the

measured pT range, the yield increases approximately with the square of the multiplicity

with a coefficient which increases with pT. A linear function is also the most simple and

hence is used for further studies. The double ratios for different particles have been fitted

with a linear function in various pT intervals. The coefficient of slope of the linear fit is

plotted against the 〈pT〉 of the pT interval.
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Figure 4.29: Different fit functions to the double ratios of electrons from heavy-flavour
hadron decays

4.7.1 〈pT〉 from the pT-differential cross section for different par-

ticles

Figure 4.30 shows the pT-differential cross sections of identified charged particles (kaons,

pions, protons), strange particles (K0
s , Λ, Ξ), all charged particles and heavy-flavour particles

(electrons from heavy-flavour hadron decay, J/ψ, D-meson). These pT-differential cross

sections have been fitted with a Tsallis function [135], as shown in equation 4.8, to calculate
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Figure 4.30: pT-differential cross section of identified charged particles (kaons, pions, pro-
tons), all charged particles, strange particles (K0

s , Λ, Ξ), heavy-flavour particles (electrons
from heavy-flavour hadron decay, J/ψ, D0-meson)

the 〈pT〉 from a given pT range.

E
d3σ

d3p
=
σpp
2π

dN

dy

pT(n− 1)(n− 2)

nT[nT +m(n− 2)]

(
1 +

√
m2 + p2

T −m2

nT

)−n
(4.8)

where, n,
dN

dy
, T are the fit parameters. m is the mass of the particle, σpp is the proton-

proton inelastic cross section and pT is the transverse momentum of the particle. The Tsallis

fit have been presented in figure 4.31 for D0-meson on the left panel and heavy-flavour decay

electron spectra on the right panel. The 〈pT〉D0 of the entire pT range obtained for D0-meson

from this measurements is 2.13 GeV/c which is in good agreement with published result
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Figure 4.31: pT-differential cross section of D0-meson (left) and heavy-flavour hadron decay
electron (right) fitted with a Tsallis function [135]

〈pT〉D0
published = 2.19 ± 0.06 (stat) ± 0.04 (syst) GeV/c [136].

4.7.2 Available multiplicity dependent data and the self normal-

ized yields in ALICE

Multiplicity dependent measurements where SPD tracklets have been used as multiplicity

estimator at mid rapidity are available in ALICE for the following particles: heavy-flavour

hadron decay electrons from this thesis, all charged particles [67], J/ψ [66], strange particles

(K0
s , Λ, Ξ) [134] in pp collisions at

√
s = 13 TeV and D-mesons [65] in pp collisions at

√
s = 7 TeV. Measurements in ALICE where multiplicity is measured using V0 estimator

at forward rapidity are available for the following particles: J/ψ [66], strange particles (K0
s ,

Λ, Ξ) [134] and identified charged particles (kaons, pions, protons) [137] in pp collisions at

√
s = 13 TeV. For both SPD and V0 estimators, the dNch/dη has been provided in mid

rapidity.

The multiplicity dependent measurements of the strange and identified charged particles

are published as pT-differential cross sections in several multiplicity classes. Measurements

presented as self-normalized yields are available for heavy-flavour hadron decay electrons,
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Figure 4.32: Left : Self-normalised yield plots for K0
s, Λ, Ξ, Right: Double ratio of self-

normalised yield for K0
s, Λ, Ξ

all charged particles, D-mesons and J/ψ. Since, the self-normalized yields of strange and

identified charged particles are not available directly, they are calculated from the available

multiplicity dependent pT-differential cross sections. From the pT-differential cross sections

in different multiplicity classes (N i) and their ratios (Ri) with respect to the minimum

bias spectra (NMB), which are available for strange and identified charged particles, the
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Figure 4.33: Left : Self-normalised yield plots for identified charged particle (K±, π±, p±),
Right: Double ratios of self-normalised yield for K±, π±, p±

normalized yield is calculated in the following way.

• Ratios of the multiplicity dependent spectra of particles with respect to the minimum

bias spectra are available from the published measurements i.e., Ri= N i / NMB vs.

pT
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Figure 4.34: Left : Self-normalised yield plots for heavy-flavour hadron decay electron in
low pT bins, Right: Plots of double ratios of the self-normalised yields

• The minimum bias pT-differential cross section, NMB, is calculated by dividing the

multiplicity dependent cross section with their corresponding ratio (N i /Ri). It is

required to calculate 〈pT〉 as shown in subsection 4.7.1.

• The self-normalised multiplicity values (dNch/dη/ 〈dNch/dη〉) at mid rapidity are ob-

tained from the dNch/dη and 〈dNch/dη〉 values provided in the publication in the

corresponding multiplicity classes.

• The self-normalised yield of a particle is the ratio of yield in multiplicity intervals to

the yield from minimum bias event (N i / NMB). Hence, normalised yield of the particle

was obtained from ratio and plotted against the normalized multiplicity (dNch/dη/

〈dNch/dη〉), in several pT intervals .

The self-normalised yield graphs and their double ratio plots for strange particles (K0
s , Λ,

Ξ) are shown in the left and right panels figure 4.32 respectively. The self-normalized yield

plots and their double ratio plots for identified charged particle (K±, π±, p±) are shown in

the left and right panels figure 4.33 respectively.

155



Chapter 4 – Multiplicity dependent study of electrons decayed from heavy-flavour hadrons

The self-normalized yield for heavy-flavour hadron decay electrons have been calculated

in several pT intervals at the low pT range from 0.5 GeV/c to 2.5 GeV/c, as shown in

figure 4.34. Comparing the self-normalized yields of heavy-flavour hadron decay electron

for pT . 2 GeV/c with those of strange and light particles (in figures 4.32 and 4.33) it

is observed that the normalized yield trend for these electrons is different from those of

strange and light particles at low pT. For pT & 2 GeV/c a similar trend in the double ratios

of self-normalized yields is observed between heavy- and light-flavour particles. This trend

can be attributed to the different production mechanisms at different momentum ranges

for light-flavour particles. While heavy-flavour particles are produced from hard scattering

at all pT ranges and light-flavour particles are only produced from hard scattering after a

certain pT scale (∼ 2 GeV/c). Light-flavour particles are produced from soft processes and

underlying events at low pT.

4.7.3 Linear fit to the double ratio of the self normalized yields

of various particles

Figure 4.35 shows the double ratios of th self normalized yields for strange hadrons divided

in SPD tracklet percentile classes and fitted with a linear function. Figure 4.36 shows the

double ratios of self normalized yields for strange hadrons divided in V0 percentile classes

and fitted with a linear function. Figure 4.37 shows the double ratios of self normalized

yields for identified charged particle divided in V0 percentile classes and fitted with a linear

function. For strange and identified charged hadrons the slope of the double ratio remains

almost constant with all pT ranges for pT & 3 especially for protons. The dNch/dη is

provided in mid-rapidity for both SPD and V0 multiplicity estimators. Figure 4.38 shows

the linear fit to the double ratios of self normalized yields of heavy-flavour hadron decay

electrons, all charged particles, D-meson, J/ψ at mid rapidity.
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Figure 4.35: Linear fit to strange particle double ratio measured in SPD tracklet at mid
rapidity
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Figure 4.36: Linear fit to strange particle double ratio measured in V0 estimator in forward
rapidity
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Figure 4.37: Linear fit to identified charged particle double ratio measured in V0 estimator
in forward rapidity
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Figure 4.38: Linear fit to heavy-flavour hadron decay electrons, charged particles, D-meson,
J/ψ double ratio measured with SPD tracklet at mid rapidity
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4.7.4 Mean pT vs. slope of linear fit in different multiplicity se-

lection scenarios

Mean pT vs. slope of linear fit for different particles have been shown in the following figures.

The following scenarios of multiplicity selections are there:

• Figure 4.39, left panel, shows the 〈pT〉 vs. slope of linear fit for events divided in

SPD tracklet intervals/classes. The corresponding dNch/dη has been provided in mid

rapidity.

• Figure 4.39, right panel, shows the 〈pT〉 vs. slope of linear fit for events divided inV0

estimator percentile classes. The corresponding dNch/dη has been provided at mid

rapidity.
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Figure 4.39: 〈pT〉 vs. slope of linear fit. Left : Events divided in SPD tracklet intervals,
Right : Events divided in V0M tracklet intervals

The baryons and mesons from the figure 4.39 has been separately shown in the different

panels of figure 4.40. A meson vs. baryon trend has been observed for both SDP tracklet

and V0 estimator. For the SPD tracklet estimator, no saturation with increasing 〈pT〉 is

seen for meson. Mesons, i.e., heavy-flavour hadron decay electrons, D-mesons, J/ψ, K0
s and
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Figure 4.40: 〈pT〉 vs. slope of linear fit

charged particles which is mostly π, tend to follow a similar trend. Baryons (Ξ and Λ)

follows a different trend. For the V0M estimator, the baryon trend saturates at pT & 4

GeV/c. For mesons saturation tends to be achieved except for J/ψ, where the last point at

the highest pT seems to have a higher slope.
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Chapter 5

Estimation of initial state structures

in high energy heavy-ion collisions

using Principal Component Analysis

(PCA)

In this chapter, a formalism to implement the spatial clusters at the partonic level in the

string melting version of the AMPT model for PbPb collisions at
√
sNN = 200 GeV has been

presented. These clusters are then propagated through the AMPT hadronization scheme.

The Principal Component Analysis (PCA) has been used on the η, φ and pT distributions

of the produced charged particles and the eigenvalues have been compared before and after

the implementation of the clustering.

5.1 Introduction

In heavy-ion collisions at ultra-relativistic energies at Relativistic Heavy Ion Collider(RHIC)

and Large Hadron Collider (LHC), corresponding to a medium of high temperature, a state
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of strongly interacting medium is formed in which partons are de-confined from the incom-

ing hadrons. A range of observables that are measured to characterize the properties of the

medium include thermodynamic properties like temperature, entropy, collective properties

given by flow parameters, gluon density of the medium measured by jet-quenching among

others. It is a usual practice that the experimental observables are theoretically evaluated

by folding the space-time evolution of the colliding medium for finding the sensitivity to the

different stages of the evolution [12, 13]. The prominent stages that are modelled include

initial state of the collision, formation of the medium, evolution and cooling of the medium,

hadronization, rescatterings, chemical and kinetic freeze-out and finally the free streaming

of particles. In the initial stage of the collision, when nucleons overlap, the geometry of the

collision zone plays a crucial role in deciding the final state observables [138]. It has been

observed that the final state collectivity parameters commonly known as flow parameters are

correlated with the initial state geometry or corresponding fluctuations. These initial state

geometry parameters like various orders of eccentricities from coordinate space (εn) leave

their imprints on the azimuthal distributions of the momentum of the produced particles.

The decomposition of the azimuthal distributions have been represented by parameters of

various orders like v1, v2 etc. as obtained by the Fourier decomposition of the azimuthal dis-

tributions with respect to the reaction plane angle [139,140]. The degree of conversion of the

initial spatial asymmetry to the final state momentum asymmetry is represented by the cor-

relation between the eccentricities to the flow parameters. For studying such an effect, one

needs to evaluate the event by event eccentricities and hadronic flow parameters. It is how-

ever important to investigate in detail the effect of these initial state geometry parameters

or their fluctuations to the distributions of the final-state observables like pseudo-rapidity

or transverse momentum distributions of the produced particles. In literature, a range of

models describing high energy heavy-ion collisions have been discussed that include specific

structures of the initial state geometry due to nucleonic overlap or formation of new struc-

tures at the partonic or hadronic levels in the form of clusters. Prominent examples include
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models like Parton cascade Model (PCM) [141], Color Glass Condensate (CGC) [23], Zhang

parton cascade (ZPC) [142] among others. It is a usual practice to implement different

initial state scenarios before evolution of the medium using ideal or viscous hydrodynamics

and a conclusion is made about the suitable description of the initial state that matches the

data best. Efforts are also made to study the sensitivity to the fluctuations in the initial

state using various methods like sensitivity to the final state observables [143–145].

In the present study, a clustering algorithm on partons formed by the AMPT model [146]

in Pb–Pb collisions at RHIC energy has been implemented. The clustering algorithm has

been motivated by the formation of spatial domains consisting of thermal partons. These

partons are then processed via the hadronization scheme in AMPT string-melting version

which is based on the recombination mechanism. The final state particles are then studied

in detail.

In literature, distributions of the produced particles are analysed using various decomposi-

tion methods like Fourier analysis applied on the azimuthal distributions in order to extract

the flow parameters. Recently, Principal Component Analysis (PCA) is being used exten-

sively primarily to study various orders of flow variables and their correlation with the initial

geometry parameters and their fluctuations [68]. There are two main approaches applied in

the field of high energy heavy-ion collisions for the PCA decomposition. The first one is the

decomposition of the covariance of the azimuthal distributions as weighted with a Fourier

series and then making connection of the PCA components with the flow parameters [69].

Another approach is to decompose the inclusive distributions using PCA and connect the

components with the physical observables like flow parameters in case of decomposition of

the azimuthal distributions. Now-a-days PCA is being used extensively in the automated

machine learning procedure for finding structures in object spaces. The features primarily

detected using PCA are then analysed in details using sophisticated cluster finding algo-

rithm to obtain the features in detail. In this study, the later approach i.e. decomposing the

inclusive distributions and study the components has been adopted. The initial clustering
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might introduce features in η, φ, pT space like flow coefficients in azimuthal distribution. As

the eigenvalues are sensitive to these features, one can choose a region of eigenvalues that

will select the events considered.

The AMPT model and the PCA procedure as have been applied in the study has been

discussed in sections 5.2 and 5.3 respectively. The procedure of implementation of clustering,

results and the summary are discussed in sections 5.4, 5.5 and 5.6 respectively.

5.2 AMPT

A Multi-Phase Transport (AMPT) [146] is a Monte Carlo partonic transport model being

used widely for simulating NN,NA and AA collisions at high energy. The model implements

all major stages of the collision starting from the initial state through the partonic scattering

followed by hadronization and hadronic rescattering. The initial stage of the collision has

been implemented by HIJING [96] through Monte-Carlo Glauber model calculations in NA

and AA collisions. In the initial state of the collisions, either partonic strings and minijets are

taken together from HIJING or all strings are melted into partons. There are two versions of

AMPT, in the default version, only the minijets are transported using the Zhang’s Partonic

Cascade (ZPC) and in the string melting version, all melted partons go through ZPC for

scattering. The scattering is governed by a parameter to be tuned to match the particle

spectra. The hadronization is implemented in two modes known as hadronic mode and

partonic mode. In hadronic mode, minijets, after scattering are recombined with the strings

and then get fragmented using Lund’s string fragmentation model. On the other hand, in

the partonic mode, all the partons combine to form hadrons (mesons or baryons) based on

the spatial distance, spin structures and the invariant mass of the quarks (quark-antiquark

in case of mesons and 3 quarks in case of baryons). The hadrons formed by any of these two

mechanisms then undergo scattering among themselves and then scattered hadrons reach

the detector. AMPT has been used extensively in high energy heavy-ion collisions and has
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been able to explain most of the observables like spectra, flow among others. One extremely

prominent finding of the model is the ability to explain the number of constituent quark

(NCQ) scaling of elliptic flow parameter v2 at RHIC. The NCQ scaling refers to the scaling

behaviour observed when the v2 and pT of different identified hadrons are divided by the

number of constituent quark (nq). The v2/nq vs. pT/nq for identified hadrons follow a

universal curve suggesting the dominance of quark degrees of freedom at the early stages

of collisions. In this study, only the partonic version of the model involving partons at the

initial stage and in hadronization has been used. At the initial stage, a separate partonic

clustering has been implemented as discussed in section 5.4.

5.3 Principal Component Analysis (PCA)

The principal component analysis (PCA) is a technique for dimensionality reduction

that enables us to identify correlations and patterns among different features in a data set,

so that it can be transformed into a data set of significantly lower dimensions without the

loss of any important information. High dimension data are extremely complex to process

which increases the computation time and make data processing and analysis more con-

voluted. This is known as the “curse of dimensionality” in the field of Machine Learning.

Hence, the aim is to remove inconsistencies and redundant data and only keep data signif-

icant for output. PCA helps to identify correlation between different features in the data

set and decomposes the correlated distributions in various components known as principal

components that reflect the independent variables characterizing the features of the dis-

tributions. Principal components (PC) are new set of variables that are obtained from

the initial set of variables such that they compress and posses most of the useful information

that are scattered among the initial variables. If there are N-dimensions, then we have N

principal components. The principal comments are formulated such that the first principal

component (PC1) stores maximum possible information, the second component(PC2) is the
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second most significant variable and so on. After rearranging the principal components in

descending order, the first few components are the most important information.

The principal component analysis achieves dimension reduction by using correlated matrix

Figure 5.1: Schematic of the principal components analysis (PCA)

with the eigenvalues representing the variance. A covariance matrix expresses a correla-

tion between the different variables in the data set. The covariance value denotes how

codependent two variables are. Negative covariance indicates that the variables are indi-

rectly proportional to each other, while positive covariance indicates a direct proportional-

ity. Eigenvectors and eigenvalues are the mathematical constructs that must be computed

from the covariance matrix in order to determine the principal components of the data set.

Eigenvectors are used to identify where in the data, i.e., in which direction/variable, there

is maximum variance with the eigenvalues representing the variance. Mathematically, a

covariance matrix (N x m) can be decomposed as

M = XΣZ = V Z (5.1)
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where X, Z are orthogonal matrices of N x N and m x m dimensions respectively, Σ is a

diagonal matrix of N x m dimensions with diagonal elements arranged in strict decreasing

order. These elements carry physical meaning. The distribution of a variable in an event

can be expressed as

f =
m∑
j=1

x
(i)
j σjzj =

(i)∑
j=1

v
(i)
j zj (5.2)

where zj is an orthogonal vector such that ZT
i xZj = δij, σj are the diagonal elements of

matrix Σ, index i represents the event number (1,2....N) and m is the number of bins of

input variable. v
(i)
j is the corresponding coefficient of zj for ith events. The first principal

component (PC1) is in the direction of the eigenvector associated with the highest eigenvalue

and so on. More variance in data implies more information and hence is more significant.

The eigenvalues σj, and hence the PCs, are arranged in decreasing order and only a top

few values are enough to describe the distribution, say up to k, then the equation can be

rewritten above as below,

f =
k∑
j=1

v
(i)
j zj (5.3)

here j is called PCA modes describing the fluctuations in the distribution. A schematic of

the principal component analysis is shown in figure 5.1.

PCA has been used so-far mostly for analysing the covariance of the azimuthal distribu-

tions of the produced particles as weighted by a Fourier series primarily to extract the flow

coefficients [147–149]. The PCA components represent flow fluctuations in different orders

and non-linear couplings among the flow coefficients. In another approach, however, the

inclusive azimuthal distributions are decomposed by PCA and it is found that the eigenvec-

tors of at least up to 4th order are similar to the distributions of the Fourier components.

The eigenvectors have been found to be of the shapes similar to that of the Fourier compo-

nents as has been used in the conventional method of extraction of the flow coefficients. The

eigenvalues have been found to correspond to the flow coefficients. If applied at the partonic

level, the eigenvalues of PCA correspond to the eccentricities (εn) of various orders. The
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flow coefficients of various orders have been interpreted to be connected to the initial spatial

geometry and their fluctuations to be transferred to the momentum-space anisotropy. Flow

coefficients (vn) follow a linear relationship with their corresponding initial state eccentric-

ities (εn)[150],[69]. In earlier studies using PCA for the azimuthal distributions, event by

event vns have been extracted and then correlated with εn. In the present study, event by

event distributions for η, φ, pT have been divided into n-bins separately. The exercise is then

undertaken for a large (N) number of events. Such binned distribution per event along with

the number of events form a matrix to be diagonalized. The eigenvalues are obtained in a

strictly decreasing order.

In the study, η, φ and pT distributions of the produced charged particles are decomposed

separately for events having the initial geometry with and without inclusion of additional

clustering. The main aim of this study is to investigate the behaviour of the eigenvalues

with the changes in the initial conditions. It has been argued elsewhere that the eigenvalues

of PCA correspond to the fluctuations in various orders [151]. With the modified initial

conditions, the fluctuations are expected to change and the PCA eigenvalues should be

sensitive to these changes. In conventional approaches, events with high PCA eigenvalues

could be extracted and those events could be further investigated using sophisticated cluster-

finding method to find the substructures in the set of events. This approach is used in

Machine Learning technique quite extensively. The PCA method in its current form uses

the covariance among the data to obtain the results, however the approach is not limited to

second order cumulant only. A multivariate cumulants study via their principal components

had been first proposed by [152], analogous to the usual principal components of a covariance

matrix. This cumulant method of principal component analysis has been used in various

fields of research such as mathematics, economics and computer science.
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5.4 Implementation of clustering

In the literature, there is a series of models which have implemented the initial states of

the high energy heavy-ion collisions, a few prominent models that include different initial

conditions include NUXUS [153] , EPOS [154], MC-KLEIN [155], IP-Glasma [156] among

others. In the present work, clusters have been implemented at the partonic level which is

basically inspired by the discussions on formation of spatial domains at the partonic level.

Starting with the partons from the AMPT string melting version, the implementation of

the clustering in the following way. A parton, selected as a seed at random, is taken as

the center of a cluster. All partons whose inter-parton distance with respect to the seed

parton lie within a certain cluster radius (parameter R) are assigned as members of that

cluster. The cluster is then formed by bringing the partons closer to the center by reducing
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Figure 5.2: X-Y distribution of the partons before (left) and after (right) clustering

the radial distances of the partons by a certain factor (parameter df). Once the formation

of one cluster is completed, another unassigned parton is taken as a seed and the process

continues till all partons are exhausted.

The next step is to implement a momentum distribution of the members of the partonic

cluster. Motivated by the thermally distributed partons, the cluster partons have been
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assigned momenta as per the following distribution,

f(pT) = e−pT/T (5.4)

where, T is a parameter with an analogy to the temperature of the cluster. In this study,

T values have been used as 200 MeV/c and 400 MeV/c. The figure 5.2 shows the X-Y

distribution of the partons on the transverse plane before (top) and after (bottom) clustering.

The clustering parameters for the plot are R = 5 fm df = 0.1, T = 200 MeV/c. As seen in the

figure, while before clustering (left), the position distributions of the partons are uniform,

clear domain structures are seen in the figure 5.2 (right) which could be said to correspond

to the partonic domains in the position space. Please note that with these parameters,

the clusters correspond to maximum radii of 0.5 fm (R×df). The figure 5.3 shows the η, φ

and pT distributions of the initial partons before and after the clustering with two different

temperature parameters and different spatial cluster parameters. Three cases of clustering

has been considered in the figure which are as follows. The legends where only T values

(200 MeV or 400 MeV) are mentioned, are cases where the parton momentum has been

distributed according to equation (5.4) and no position clustering has been implemented.

Legends where both T and R, df values are mentioned are the ones where both position

clustering has been implemented and parton momentum has been assigned according to

equation (5.4), and finally the ones with only R, df values and no temperature values are

cases where only position clustering has been applied and momentum has not been changed.

The η, φ and pT distributions obtained after applying the aforementioned changes have been

compared with the case where no changes in position and momentum has been made. The η

distribution of partons changes from a uniform to a peaking shape at η = 0 which represents

the formation of the clusters. The η distributions for similar temperature parameter overlap

e.g., the no-clustering and only position clustering overlap as the momentum has not been

changed, while the two curves with T = 200 MeV overlap. For better visibility of the plots
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Figure 5.3: η, φ and pT distributions of the partons before and after clustering for minimum
bias Pb–Pb collisions at

√
sNN = 200 GeV

some of the overlapping curves have been scaled as shown in the legends. The azimuthal

distributions are mostly uniform except a few hints of azimuthal asymmetry/structure in the

clusters which have undergone momentum modification and as expected, pT distributions

depict the modified distribution as per the value of the input T parameter. Similar to the η

distributions in the pT distributions, curves with similar temperature and similar transverse

momentum distributions overlap. The partons then undergo scattering using ZPC and

hadronization as implemented in the partonic version of AMPT i.e., the coalescence of

quarks and anti-quarks. The corresponding distributions of the produced charged particles

have been shown in the figure 5.4. It is seen that all characteristic structures seen at the

partonic level are smoothened out.The azimuthal distributions of the produced particles on
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Figure 5.4: η, φ and pT distributions of the produced particles before and after clustering
for minimum bias Pb–Pb collisions at

√
sNN = 200 GeV

the other hand show the characteristic asymmetric shape due to elliptic flow. The pT range

of the produced particles increases as compared to that of partons due to the production of

hadrons consisting of more than one parton.

5.5 Results

In this study, simulation have been performed using AMPT string-melting version for Pb–Pb

collisions at
√
sNN = 200 GeV. 2×105 minimum bias events have been generated to ensured

that the statistical error on the event averaged eigenvalues are not significantly large. Only

the results from the produced charged particles have been used in this study. As discussed
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earlier in section 5.3, each event-wise distribution was divided into 20 bins for the η and pT

distributions in the regions of -1 to +1 for η and 0 to 5 GeV/c for pT and 50 bins in the region

-π to +π for φ . Before discussing the PCA results, the elliptic flow parameter v2 was first

obtained using the event plane method [157] for two cases i.e., with and without clustering.

The cluster-parameter have been varied to represent different possibilities. In figure 5.5 and

the subsequent figures, two values of the cluster radius parameter (R) have been opted i.e.,

2 fm and 5 fm associated with parameter df 0.05 and 0.1 respectively. For cases without any

mention of the temperature parameters T, parton momenta remain unmodified compared

to that from AMPT. For clusters having thermal partons, the T parameters chosen are 200

MeV/c and 400 MeV/c. It might be mentioned that for partons with no clustering, fitted

slope of the pT spectra gives an inverse slope of about 400 MeV/c. The clusters with T =

200 MeV therefore represents significantly softer partons.

The figure 5.5 (left) shows the variation of v2 with pT for two scenarios. As seen in the

figure 5.5 (left), v2 increases with pT except for T = 200 MeV in which v2 reduces at higher

pT. The ratio of v2 has been shown in the figure 5.5 (right) taking no-clustering scenario as

reference and as discussed earlier, the ratio remains constant at unity thereby insensitive to

the clustering except the T = 200 MeV case.
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Figure 5.5: pT distributions of v2 for two scenarios i.e., before and after clustering (left
panel) and the ratio of v2 vs. pT distributions after clustering with respect to the one before
(right panel).
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As mentioned earlier, the eigenvalues of PCA are related to the eccentricities at the

partonic level and various flow components and their fluctuations as obtained from the

azimuthal distributions at the particle level. The eigenvalues for different distributions of

the charged particles with different cluster parameters have been investigated. The figure

5.6 to figure 5.7 show the distributions of the eigenvalues as obtained for η, φ and pT

distributions for two different scenarios i.e. with and without clustering. The nodes (α) in

the X-axis represents the PCA components. It is clear in all cases that the most prominent

eigenvalue is of the first component differing from the next one by varying degree. It can

therefore be mentioned that the first eigenvalue, representing the variance of the distribution

of the reduced dimension can be used further for investigating the structures in the initial

state of the collision zone.

As per the PCA method, eigenvalues are arranged in a decreasing order sometime with

a wide difference between the eigenvalue of component and that of the next node. Before

discussing PCA results, having a re-look at the figure 5.3 and the figure 5.4 shows the

inclusive distributions of partons and of the produced charged particles respectively. It is

clearly seen that partonic η and φ distributions have structures with more prominent ones

for the η distributions presumably due to the inclusion of clustering at the partonic level.

However, at the particle level, no such structures are prominently visible. In view of this, it

is important to study the PCA-eigenvalues at the particle level with and without clustering.

For the pT distribution, the position clustering lowers the eigenvalues compared to the no-

clustering case while the clusters including thermal partons tend to increase the eigenvalues

for all nodes. The same pattern is also seen in the η distributions, with exception to

the first node (α = 1), where for cases involving clustering with R = 5 fm have a higher

eigenvalue than the no-clustering scenario. In case of the φ distributions, eigenvalues are

seen closer in pairs presumably representing the real and imaginary components of the flow

parameters [69]. Any detailed investigation towards extraction of flow parameters from these

eigenvalues has not been made. It is only pointed out that the eigenvalues differ clearly for
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two cases i.e., with and without clustering. It is also observed a clearer effect of the position

clustering in case of φ as for eigenvalues for R = 5 fm lie considerably higher compared to

the no-clustering values. The eigenvalues of the φ distributions look more sensitive to the

position clustering.
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Figure 5.6: Eigenvalues as obtained for η distribution before and after clustering
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Figure 5.7: Eigenvalues as obtained for pT distribution before and after clustering

Studies for various event centralities have also been performed. The figure 5.9 to figure

5.11 show the variation of the eigenvalues of two different modes (1 and 2) with event

centralities. Only taken two cases that showed maximum effect in eigenvalue studies shown

earlier have been considered i.e., (i) R = 5 fm, df = 0.1 and no momentum modifications

and (ii) T = 200 MeV, R = 5 fm and df = 0.1. It is seen that the eigenvalues of the
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Figure 5.8: Eigenvalues as obtained for φ distribution before and after clustering

first component for the φ and pT distributions have a decreasing trend for the events where

clustering is implemented as compared to the events without clustering.

The observed decreasing trend of the first eigenvalues might be due to higher fluctuations

for lower multiplicities in peripheral events. No significant structures are seen for the η

distributions of the produced particles in both the cases.

It is also seen that the eigenvalues are considerably lower in case minimum-bias events as

shown in the figures 5.6-5.8 discussed earlier. This might be due to dilution of fluctuations

for minimum-bias events due to the admixture of events with different multiplicities.
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Figure 5.9: Eigenvalues as obtained for η distribution before and after clustering
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Figure 5.10: Eigenvalues as obtained for φ distribution before and after clustering
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Figure 5.11: Eigenvalues as obtained for pT distribution before and after clustering

5.6 Summary and Conclusions

In an effort to find a method to investigate the initial partonic structure in high energy

heavy collisions, the formation of partonic clusters using the partons obtained from the

AMPT model of string-melting version has been implemented. The clusters are formed in

two steps, first by bringing partons closer in positions to an extent defined by two parameters

i.e., the radius of the partonic zone (R) and the scaling factor on the inter-partonic distance.

In this work, the following values have been used as R = 2 fm, 5 fm and df = 0.05 and

0.1. Additionally, a thermal distribution to the cluster partons by tuning the temperature

parameters has been introduced, two temperature values i.e., T = 200 MeV and T = 400
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MeV have been used. The later one is close to the inverse slope of the pT distribution from

the AMPT partons. These partons then undergo hadronization by AMPT string-melting

hadronization scheme i.e, by coalescence of partons as per their distance, spin and mass.

Investigation on the distributions of the produced particles from AMPT in order to find

the sensitivity of the particle-level observables to the partonic structures have been made.

Even though the structures are reflected in basic distributions of the partons, however, there

is no clue of these structures in the inclusive distributions of the produced particles. For

this investigation, the Principal Component Analysis (PCA) to analyse the η, φ and pT

distributions of the produced particles has been used. It may be mentioned that the square-

root of the sum of the squares of the paired eigenvalues from the azimuthal distribution of

a particular order has been shown to be related to the coefficients of flow up to v6 [69]. In

this work the eigenvalues as the candidate for probing the initial state at different clustering

conditions have been taken . For this study, the eigenvalues have been obtained from PCA

decomposition of η, φ and pT distributions as the observables for various conditions like no

clustering, only position clustering, inclusion of thermal partons with T = 200 MeV and

400 MeV. It is found that the first few prominent eigenvalues for all three distributions are

sensitive to the inclusion of clustering. For η and pT distributions, two clear groups are

seen lying above and below the no-clustering scenario. For T = 200 MeV, all eigenvalues

lie above the no-clustering reference. For position clustering, the eigenvalues are grouped

below the reference. It is seen that the difference with the no-clustering reference is more

for higher values of the R parameter. For the azimuthal distributions, the eigenvalues of

which are related to the flow parameters, it appears the the sensitivity is higher towards

the position clustering. The centrality dependence of the first two eigenvalues has also been

studied. Even though the η-values do not show appreciable sensitivity, for φ and pT, they

show clearly different trend as compared to the no-clustering reference, which is mostly flat.

It can therefore be conclude that the first few eigenvalues are sensitive to the inclusion of

domains at the partonic level. The events with domains might be identified on an event
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by event basis by discriminating based on the eigenvalues. It is already known that the

eigenvalues of the azimuthal distributions represent the flow parameters. In general the

PCA eigenvalues represent fluctuations in the distributions of different orders, which are

not visible in the inclusive distributions, however, further analysis using the PCA might be

performed to extract the physical interpretations of the eigenvalues and eigenvectors from

the η and pT distributions.

This study has been published in [158].
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Summary

In this thesis, using the ALICE experimental data, the pT-differential cross section of elec-

trons decayed from open heavy-flavour hadrons in pp collisions at
√
s = 13 TeV has been pre-

sented. The cross sections have been measured using two detector combinations for electron

identification, namely, the TPC–TOF for the low pT region (0.5 GeV/c < pT < 4 GeV/c)

and the TPC –EMCal for the high pT region (3 GeV/c < pT < 35 GeV/c). In the overlapping

pT region of 3 GeV/c - 4 GeV/c, the cross sections were found to be consistent. For pT < 6

GeV/c, the minimum bias trigger has been used to select events and for pT > 6 GeV/c, EM-

Cal trigger with two different thresholds, namely the EG2 and the EG1 triggers, have been

used. All measurements are in good agreement within the uncertainty. The pT-differential

cross section of electrons from open heavy-flavour hadron decays has been compared with the

Fixed-Order-Next-to-Leading-Log (FONLL) and General-Mass-Variable-Flavour-Number-

Scheme (GM-VFNS) perturbative QCD (pQCD) calculations. The FONLL calculation

describes the measurements within the statistical and systematic uncertainties and the data

is found be close to the upper edge of the theoretical prediction up to pT < 5 GeV/c. The

GM-VFNS model largely under predicts the data in low and mid pT, while the data lies

within the uncertainty in the higher pT ranges (pT > 10 GeV/c).

The self-normalized yields of electrons decayed from heavy-flavour hadrons (d2N/dpTdη/
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〈d2N/dpTdη〉) as a function of normalised charged-particle pseudorapidity density (dNch/dη/

〈dNch/dη〉) at mid rapidity (|η| < 1.0) has also been presented in five pT intervals from 0.5

GeV/c < pT < 30 GeV/c. The self-normalised yields in all pT intervals have a faster

than linear increasing trend with respect to normalised charged-particle density and higher

pT ranges show a tendency of steeper increase. The yield increase is approximately a factor

of ∼ 9 for the lowest measured pT (0.5 GeV/c < pT < 3 GeV/c) and a factor of ∼ 28

for the highest measured pT (15 GeV/c < pT < 30 GeV/c) for multiplicities of 6 times

the average multiplicity. Comparison of the normalized yields with predictions from the

PYTHIA 8.2 Monash tune and the Colour Reconnection (CR) Mode 2 tunes have been

presented. PYTHIA 8.2 Monash tune describes the overall trend in data, however the slope

is overestimated at the high pT region. PYTHIA 8.2 with CR Mode 2 reproduces the slope

at all pT intervals fairly well. PYTHIA 8.2 CR Mode 2 describes the normalised yield bet-

ter than the Monash tune. A comparison of the self normalised yields of electrons from

heavy-flavour decays have been done with the self-normalised yields of other heavy- and

light-flavour hadrons. To perform an in-depth pT dependent comparison, the double ratio

of the self-normalized yields, in different pT intervals, have been fitted with a linear function.

The 〈pT〉 vs. slope of linear fit of the various particles have been compared. Comparison has

been done in two multiplicity selection scenarios, i.e., where events are divided using SPD

tracklet multiplicity estimator at mid rapidity and using V0 estimator in forward rapidity.

For measurements where multiplicity estimator is SPD tracklet multiplicity no saturation

with increasing 〈pT〉 is seen. Mesons, i.e., heavy-flavour hadron decay electrons, D-mesons,

J/ψ, K0
s and charged particles which is mostly π, tend to follow a similar trend. Baryons

(Ξ and Λ) follows a different trend. For measurements using V0 multiplicity estimator the

baryon trend saturates at pT & 4 GeV/c. A saturating trend in mesons tends to be achieved.

In this thesis, a study on the structures in the initial collision zone and how they effect the

final state particles using Pb–Pb collisions from AMPT event generator at
√
sNN = 200 GeV

using Principal Component Analysis (PCA) method has also been presented. The particle
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production mechanisms and initial state and geometry of the system are highly entangled

and structures in the initial collision zone is a matter of intense investigation, both from

theory and experimental points of views, in high-energy heavy-ion collisions. The main

scope of the study in this thesis is to probe the initial conditions by using the method

of Principal Component Analysis, is a simple method of unsupervised learning algorithm

often used for reducing dimensions and for de-correlating multivariate data. A formalism to

implement clusters at the partonic level in the string melting version of the AMPT model for

Pb–Pb collisions at
√
sNN = 200 GeV has been presented which are then propagated through

the AMPT hadronization scheme. The clusters are formed in two steps, first by bringing

partons closer in positions to an extent defined by two parameters i.e., the radius of the

partonic zone (R) and the scaling factor on the inter-partonic distance (df). The following

values have been used as R = 2 fm, 5 fm and df = 0.05 and 0.1. A thermal distribution

to the cluster partons by tuning the temperature parameters has been introduced, using

two temperature values i.e., T = 200 MeV and T = 400 MeV. PCA method has been used

on η, φ and pT distributions of the produced charged particles before and after clustering.

Sensitivity of of the PCA eigen values to the introduction of clustering at the partonic level

in AMPT has been discussed. It is has been found that the first few prominent eigenvalues

are sensitive to the inclusion of clustering for all the three distributions, however different

sensitivity of the the eigen values to position and temperature clustering has been found.

The centrality dependence of the first two eigenvalues has also been reported [158].
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