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CHAPTER 1

Introduction

The exploration of high energy physics (HEP) allows to identify the most fundamental
building blocks of matter and to probe the interactions between them. The discoveries
of such elementary constituents of matter are supported by HEP theoretical and ex-
perimental research including fundamental accelerator science and technology. As per
our current knowledge, the dynamics of all matter are govern by four different types of
fundamental interactions: electromagnetic, strong, weak and gravitational. The elec-
tromagnetic force is experienced by charged particles separated by some distance. The
theory of electromagnetic interaction is called Quantum ElectroDynamics (QED). The
gravitational force is the most common universal force which is experienced by any mas-
sive particle. Strong force binds the constituents of nucleus together. Weak force is
responsible for beta decay and some other phenomena. The theory describing weak in-
teraction is called Quantum FlavourDynamics (QFD). Among all the four fundamental
forces, the strength of the strong force is strongest and the gravitational force is the most

feeble one.

The Standard Model provides the basic understanding of the elementary particle
physics and describe the interactions among them [1, 2]. The underlying theoretical

construct of Standard Model is based on three fundamental forces of interactions. These
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are electromagnetic force, strong force and weak force. In the following section, a brief

description of the SM is given.

1.1 The Standard Model of Particle Physics

The Standard Model (SM) is the most successful theory of particle physics describing
the best understanding of the fundamental particles and their association with three
(electromagnetic, strong and weak interactions) out of the four fundamental forces of
the universe. All elementary particles in SM are characterised by their mass and a set
of quantum numbers such as charge, spin and baryon and lepton numbers etc. The

elementary particles in SM are summarised as shown in Figure 1.1.

mass - =2.3 MeV/c* =1.275 GeV/c* =173.07 GeV/c* (] =126 GeV/c*
charge —» 2/3 u 23 C 23 t 0 0
spin > 112 7/ 12 7 172 P 1 9 0
Higgs
up charm top gluon boson

=4.8 MeV/c* =95 MeV/c* =4.18 GeV/c* (]
113 d -3 S -3 b 0
112 / 112 " 112 1 »
down strange bottom photon
0.511 MeV/c* 105.7 MeV/ic* 1.777 GeVic* 91.2 GeVic*
E -1 - 0
12 e 12 1‘1 12 T 1 g
electron muon tau Z boson
n <2.2eVic* <0.17 MeV/c* <15.5 MeV/c? 80.4 GeV/c* v ‘
= o 0 0 1
Do L L e W

] electron muon tau
b neutrino neutrino neutrino

W boson

Figure 1.1: The summary of elementary particles in Standard Model.

The elementary particles are classified into two groups based on their intrinsic spin:
half-integer spin fermion and integer spin boson. The fermions are further classified into
lepton and quark. There are three generations of leptons: electron (e~ ), muon (u~ ) and
tau (77 ) each carrying one unit of negative charge with their corresponding left-handed

leptonic neutrinos electron neutrino (v,), muon neutrino (v

) and tau neutrino (v,).

Each lepton is associated to their counterpart antiparticles carrying one unit of positive

charge anti-leptons (e*, x*, 71) and their corresponding right-handed anti-neutrinos
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(Ve, U, ;). There are six quarks: up (u), down (d), charm (c), strange (s), bottom
(b) and top (t). The SM includes an anti-quark associated with each of the quarks
and hence there are six anti-quarks (4, d, ¢, 5, £, b). The model is described with four
spin-1 gauge bosons (photon, gluon, W and Z) and one spin-0 Higgs boson. Moreover,
the elementary particles can interact with each other by three different kind of forces:
electromagnetic, strong and weak associated with the exchange of a specific boson. A
strong force is governed by the exchange of gluons, electromagnetic by photons and weak
interaction is associated with W* and Z boson respectively. The Gravitational force is
not included in the SM. The fundamental interactions with their corresponding theory,
strength and mediators have been listed in Table 1.1.

Table 1.1: The fundamental interactions with their corresponding theory, strength and
mediators.

Interaction Theory strength Mediator
Strong Quantum Chromodynamics 1 Gluons
Weak Quantum Flavourdynamics 107 | W*& Z bosons

Electromagnetic | Quantum Eletrodynamics 1072 Photons
Gravitational Quantum Gravity 107 Graviton

In the next section, the Quantum Chromodynamics theory of standard model is dis-

cussed in a nutshell.

1.2 Quantum Chromodynamics

The Quantum ChromoDynamics (QCD) is the theory of strong interaction between
quarks and gluons. Quarks and gluons are the basic constituents of free hadron. A
hadron made up of two valence quarks is called meson (qg) and of three valence quark
(qqq) is called baryon. The quarks are characterised by a quantum property called
color charge analogous to the electric charge and thus the name of the theory Quantum
Chromodynamics. The quarks and gluons are often called together as partons. According

to QCD, each quark can be described by three color charges (red, , blue) and a

3
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hadron made up of quarks should be colorless. The potential of the QCD interaction is

given by

4 oy
VQCD(T) = —g 7 + kr (].1)

where «, is the running QCD coupling constant, r is the distance between two inter-
acting partons and k is the color string tension. «, depends on the momentum transfer

(QQ) between the two interacting partons and can be described as

o 127
a,(Q7) = (11N6_2Nf)m< 7 ) (1.2)

2
Aqgcp

N, is the number of color charges, Ny is the number of quark flavours and Agcp is the
non-perturbative QCD scaling parameter. A Summary of the measurements of o, as a

function of momentum transfer (@) is presented in Figure 1.2 [3, 4].

0.5
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N pp —> jets (NLO)
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Figure 1.2: Summary of measurements of QCD coupling constant (a,) as a function of
momentum transfer (@) from various experimental measurements [4].

Equation 1.2 describes that at small momentum transfer or at large distance, a
becomes very strong. This results the quarks and gluons are bound together and confined
inside hadrons. This is called Quark Confinement. In contrary, at large momentum

transfer (Q2 > )\éCD) or at a scale of small distance, a; becomes relatively very small

4
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and the quarks and gluons behave as free particles. This property of QCD matter is
known as asymptotic freedom. In this energy scale, the perturbative QCD (pQCD)
calculations are allowed to describe the partons. The phenomena of asymptotic freedom
of QCD was discovered by David Gross, Frank Wilczek and David Politzer and they

awarded the Nobel prize in Physics for year 2004.

1.3 QCD phase transition

A hot and dense matter of free quarks and gluons can be created at a very high density
and/or temperature environment over a relatively large volume. Such a state of matter
is known as Quark-Gluon Plasma (QGP). The lattice QCD (LQCD) calculations also
predict the existence of such QGP phase at high temperature [5-7]. The pressure,
energy density and entropy density of QCD matter obtained by LQCD calculations with
different quark flavours are shown in Figure 1.3. A rapid increase in energy density at
~ T, = 145-164 MeV suggests an increase in number of degrees of freedom. Therefore,
a possible phase transition from hadronic matter to a quark matter is expected within

this narrow temperature range.

rrrrrrrrrrrrrrr T T T T T T T T T T

3p/T*
g/T4 I )

3s/4T3 g

T [MeV]

) S S N I [ Y S [ I |

130 170 210 250 290 330 370

0

Figure 1.3: The pressure, energy density and entropy density as a function of temperature
obtained with Lattice QCD calculations [7].
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The phase diagram of QCD matter based on the knowledge obtained by both mapping
experimentally and qualitatively fundamental description of QCD in the standard model
is schematically shown in Figurel.4. This figure illustrates the existence of various phases
of nuclear matter depending upon the temperature and baryon chemical potential (up)
of the system. This QCD phase diagram describes the distribution of ordinary matter
(hadronic matter), the QGP and other possible phases of QCD such as color super-
conductivity. The baryon chemical potential (ug) is the measure of imbalance between
matter and antimatter. A value of up = 0 corresponds to equal contributions of matter
and antimatter, which is thought to have existed in the early universe. The deconfined
state of nuclear matter (quarks and gluons) are expected to exist at high temperature
and relatively lower up and also at low T and high pug. However, the nuclear matter
is expected to be confined inside hadrons at lower T and low pgz. The critical point
indicates where hadronic and QGP phases can co-exist. The LQCD calculations predict
a smooth crossover between hadronic phase and QGP phase at high T and low pz. To
establish the position of the critical point, the energy of the heavy-ion collider experiment
is tuned across the region where it is likely to lie. However, at higher pp, the transition
between the phases is of first order. At low T and very high up, there is possible region

of color superconductivity which arises due to the diquark Cooper pair [8].

iEa”y Universs The Phases of QCD

£ LHC Experiments

Critical Point

EacioniCas Superconductor

Nuclear
Matter Neutron Stars
-~

900 MeV
Baryon Chemical Potential

Figure 1.4: A representation of the experimental and theoretical exploration of the QCD
phase diagram in temperature (T) and baryon chemical potential () plane [9].
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1.4 Heavy-ion collisions

Scientists do believe that the QGP phase is expected to have existed in the early universe
in the first few microseconds after the Big Bang [10, 11]. A QGP like phase of nuclear
matter can be formed in laboratory at very high temperature and/or very high density.
In order to produce such deconfined state (QGP) in the laboratory, the only known
way is to collide heavy ions at relativistic energies. Therefore, little bangs are created in
relativistic heavy-ion collisions at many experimental facilities like Relativistic Heavy Ion
Collider (RHIC) at Brookhaven National Laboratory, the Large Hadron Collider (LHC)
at European Organization for Nuclear Research (CERN). There are future experiments
such as the Facility for Anti-proton and Ion Research (FAIR) in Darmstadt, Germany
and the Nuclotron-based Ion Collider fAcility (NICA) in Dubna, Russia, designed to
study the QCD matter in heavy-ion collisions [12]. All these Heavy-Ion Collision (HIC)
experimental facilities are motivated to explore the possibility of QCD phase transition

and formation of QGP.

In the following section, a discussion about the space-time evolution of heavy-ion

collisions is done.

1.4.1 Space-time evolution of Heavy-ion collision

Two heavy nuclei relativistically accelerated are longitudinally Lorentz contracted and
made to collide each other. In Figure 1.5, a schematic view of the various stages of
the relativistic heavy-ion collisions is shown (top). The bottom part of the Figure 1.5
represents the space-time evolution of a heavy-ion collision based on the understanding
of relativistic hydrodynamic model. The two Lorentz contracted nuclei collide at time
t=0 and deposite a large amount of energy within a very small volume in a very short

time interval. In this HI collision, several nucleon-nucleon hard collisions result to many

7
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GP and hadronic phase
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Figure 1.5: A schematic representation of various stages in relativistic Heavy-ion collision
(top) [13]. A schematic diagram of the space-time evolution of a heavy-ion collision
(bottom) [11].

number of partons. If the energy density produced in the collision is very high, then a
deconfined state of partons are formed after the collision. Initially, it is in non-equilibrium
state. As the system expands and the parton’s are continuously interacting each other,
local equilibrium takes place within the time scale of 1 fm/¢ [14]. This deconfined state of
quarks and gluons in a local equilibrium state is called QGP. The QGP medium expands
due to the pressure gradient generated by partons momenta and cools down further. As
the medium expands, the energy density of the system reduces. At a critical temperature
(T.), the energy density of the system reduces below a critical density p,, =~ 1GeV/fm®
and then partons starts to hadronise. During the initial stage of this hadronisation, a
coexistence of hadrons and free partons is expected which gradually vanishes with time
and the system left with hadron gas only. As the system keeps expanding, at temperature
T=T,_,, the probability of inelastic interaction among the hadrons is almost zero. This
temperature (7,,) is known as chemical freeze-out temperature. After the chemical

freeze-out, the relative abundance of different type of hadrons produced remain same.

8
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As the system expands further and cools down, the inter-hadronic distance surpasses
the range of strong interaction which reduces the probability of elastic scattering. At
temperature T=T},, all the elastic interactions between the hadrons ceases, is known
as kinetic freeze-out temperature. At this kinetic freeze-out phase, the system can not
maintain the thermal equilibrium anymore. Finally, the hadrons freely travel to the

detector.

1.4.2 Collision geometry of heavy-ion collision

@ Spectator Nucleon

@ Patticipating Nucleon

Impact parameter (b)

Figure 1.6: A schematic representation of nucleus-nucleus collision.

The overlap region of two colliding nuclei is defined by the impact parameter (b)
which is the perpendicular distance between the centers of two colliding nuclei at the
time of collision(see Figure 1.6). A collision is said to be most central when the two
nuclei suffers complete overlap (b=0) for a head-on collision. The nucleons within the
overlap region take part in the collisions and called as participants (wounded nucleons),
whereas the nucleons outside the overlap region just move away in the beam direction
without colliding each other, called as spectators. In addition to several nucleon-nucleon
(NN) collisions, many simultaneous sub-nucleonic collisions may also occur in a heavy-ion
collision. The geometrical properties of this overlap region in HI collision is characterised

by the impact parameter (b), the number of participants (XV,

part) and the number of binary

9
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nucleon-nucleon collisions (N,,;). These geometrical quantities are calculated by means
of Monte-Carlo simulation based on Glauber formalism [15]. A detail description of the

Glauber Model is discussed in section. 4.2.

1.4.3 Kinematic variables in relativistic collision

The coordinate system of a collider experiment is described by the orthogonal Cartesian
coordinate system and the origin (0, 0, 0) is set at the interaction point of the two
colliding beams. The z-axis is usually along the beam direction and z-y plane is the
perpendicular plane to the beam direction. The kinematic variables such as transverse
momentum (pr), rapidity (y), pseudorapidity (n) etc are used very commonly in high

energy physics experiments.

e Transverse momentum
The total momentum of a particle can be described into two parts. One of them
is the longitudinal momentum (p,) along the beam direction and the other one
is projection of the momentum in the z—y transverse plane, called transverse

momentum (pg) which is defined by

pr = \/pz + 1, (1.3)

where p, and p, are the components of the momentum along the z and y direction.
e Rapidity
The rapidity of a particle of energy E is defined as

1 <E+pzc>

— 1.4
v=om e (1.4)

where c is the velocity of light. The rapidity is the relativistic realization of velocity

of a particle. In a collider experiment, the lab frame (LS) is boosted along the beam

10
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direction with a velocity v, = B¢ with respect to the center of mass frame (CM).
Therefore, the transformation of rapidity under Lorentz boosts along the beam

direction (z-axis) is given by

LS . CM CM
yparticle - ypa’rticl@ + Y
1.5
particle 1— 6

where, y]ff;tide and yﬁ%ide are the rapidities of a particle in Lab frame and CM
frame respectively. The advantage of using rapidity that it is invariant under

longitudinal Lorentz transformation.

e Pseudorapidity
The rapidity is hard to measure for highly relativistic particles. In particle physics
experiment, the identification of a particle requires to measure the energy and
total momentum (p). In some cases, where such particle identification is difficult,
a quantity easier than rapidity can be defined based on the angle (#) at which
the particle is detected with respect to the beam axis. This quantity is called

pseudorapidity (1) and can be described as

1 <p+pz>
n==In
2 \p—p,

- (e

For highly relativistic particles, p, = pcosf,

n = —ln[tcm(%)] (1.7)

11
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1.4.4 Experimental observables for QGP

In relativistic heavy-ion collision, the produced hot and dense medium (QGP) is very
short lived (~1fm/c). Experimentally, this QGP medium cannot be detected directly
and many indirect measurements are done to probe the signature of QGP. The probes

are broadly categorised as

Strangeness enhancement

Anisotropic flow

Electromagnetic probe

Jet Quenching

Quarkonia suppression

Few of the experimental probes for the creation of hot and dense nuclear medium

(QGP) in heavy-ion collisions are discussed below:

Strangeness Enhancement

The enhancement of strange particle (particle containing ‘s’ quark) production in heavy-
ion collision is a very primary signature of QGP formation [16]. The net strangeness is
zero before and after the collision in both pp and A-A. Therefore, the production of any
strange particle in the collision must be accompanied by its antiparticle. The production
of strange quarks are mainly from two types of processes: q¢ — ss and gg— s5. The
QGP is very gluon rich medium, so the production of ss pair is more favourable in the
gluon-gluon interactions compared to the quark-antiquark annihilation. Therefore, an
enhancement in the production of strange hadrons is expected for the QGP medium in

the heavy-ion collision compared to the pp collisions.

12



Chapter 1. Introduction

Anisotropic flow

The anisotropic flow of particles produced in the heavy-ion collision, is one of the key
probe to study the existence of QGP medium. In a non-central heavy-ion collisions, the
shape of the overlapping region between the two colliding nuclei is almond-like. After
the collision, if a QGP like medium is formed, then it expands under large pressure
gradients. This momentum anisotropy transfers the inhomogeneous initial conditions
into azimuthal anisotropy of the particles produced. This azimuthal distribution of the

produced particles can be expressed as

% x |1+ 2vic0s(¢p — ) + 2vyc05(2(p — 1)) —|—] (1.8)

where ¢ is the azimuthal angle of the particle produced and v is the reaction plane
angle which is the angle made by the reaction plane with the x-axis. The reaction
plane is defined by the beam direction and impact parameter vector in a collision. The
anisotropic flow coefficient v, can be expressed as v, =< cos(n(¢ — 1)) > where <>
stands for the average over the particles in all events. The anisotropic flow coefficient
v,, echoes the rescattering among the constituents after the collision and hence indicates
the “degree of thermalisation” of the QGP medium. Therefore in a heavy-ion collision,
the spatial anisotropy is transferred to momentum anisotropy via the rescattering of the
particles produced and thermalizes the system. In isotropic emission, each coefficient in
the expansion (Eq. 1.8) is equal to zero, leaving only the radial flow. The flow coefficients
v, and vy are called directed and elliptic flow coefficients respectively. The strategy and
techniques for analyzing anisotropic flow in relativistic heavy-ion collisions can be found

in Ref [17, 18].
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Electromagnetic probe

The photons and lepton pairs or dilepton (e*e™ and p* ™) play important role to probe
the earliest and hottest phase of the QGP medium. The photons and leptons interact
with the system only electromagnetically and hence they can escape the dense and hot
fireball with very negligible final state interactions [19]. On the other hand, hadrons are
emitted from the freeze-out surface after undergoing extreme rescattering, they lose intial
information of the system. Therefore, the photons and leptons carry the full information
about the state of the medium from where they are produced. The photons and dileptons
are produced in all stages of the nuclear collisions: from the pre-equilibrium stage, from
QGP phase, from hadronic phase and from the decay of hadrons produced at the time of
freeze-out. The search for the photons from QGP can be identified in a region of phase
space (pr window) where the photons from QGP is dominated over all other sources.

Photons from QGP could be visible in the transverse momentum range 2< pp < 5

GeV/c [20].

Nuclear Modification Factor

To quantify the various probes for the hot and thermalised medium formation in heavy-
ion collisions, it is very common to measure the p; dependent nuclear modification factor

(R44) as given below:

1 (dN/dPT)AA
Neout (dN/de)pp

Ry = (1.9)

where (dN/dpr)aa and (dN/dpr),

» are the transverse momentum spectra of particles

in nucleus-nucleus (A-A) and proton-proton (pp) collisions and N,,; is the number of
binary nucleon-nucleon collisions for the particular overlap region in the collision. For
R4 4 <1 indicates a suppression while R, 4 >1 is an enhancement. If heavy-ion collision

is a simple superposition of pp collisions and in the absence of any medium formation,
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the R4, is expected to be almost equal to one. Therefore, any deviation of R4, from

unity indicates an in-medium modification in nucleus-nucleus collisions.

The following probes are used to study the hot and dense medium produced in the

heavy-ion collision where the nuclear modification factor is the measurable quantity.

a) Jet Quenching
In relativistic heavy-ion collision, the high momentum partons are produced mainly
in initial hard scattering process. These high p; partons are fragmented into a colli-
mated spray of hadrons which are known as jets. Jets are created when a nucleon’s
parton scatters off of another nucleon’s parton. The 2—2 hard scattering is a domi-
nant process of a collisions and hence a jet should have a partner jet moving exactly
in a opposite direction (180° in azimuth) [21]. When high p; partons are propa-
gated through the hot and dense medium, it interacts with the medium constituent.
These interactions lead to loss of energy via collisions and in-medium gluon radia-
tion process. According to Bjorken theory [11], high momentum partons loses more
energy in QGP than in hadronic medium and leads to a suppression. This is known
as jet quenching. Generally, jet emitted from the surface of the medium should not
have back-to-back correlated jet because one of the correlated jet must go through
the medium and hence be quenched. Experimentally, the jet quenching in heavy-ion
collisions can be measured by using correlated high momentum inclusive or single

hadrons.

In Figure 1.7, the R 4 as a function pr in central A-A collision for neutral pion
(7°) and inclusive charged hadrons at SPS (Pb-Pb at /s = 17.3 GeV), RHIC (Au-
Au at /s = 200 GeV) and LHC (Pb-Pb at /s = 2.76 & 5.02 TeV) are shown.
The suppression of high pp charged hadrons is clearly seen at both RHIC and LHC

energies which is the effect of jet quenching.

b) Quarkonia suppression

In high energy collision, the heavy quarks (c,c, b,b) are produced in the early stages
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Figure 1.7: Measurements of R4, as a function of py for 7° and charged hadrons (hi)
in central heavy-ion collisions at SPS, RHIC, and the LHC energies [22].

of the collision via hard parton-parton scattering. The bound states of charm and
bottom quarks and their antiquarks are called quarkonia (cé or bb). When a very
large number of heavy quark and antiquarks are produced in heavy-ion collisions,
quarkonia could also be formed by recombining a heavy quark antiquark pair. This is
known as regeneration. The production of the quarkonia is supposed to be suppressed
due to the presence of color screening in a deconfined QGP medium. However, other
mechanisms such as absorption of quarkonia in cold nuclear matter or the breaking-up
of quarkonia due to interaction with other hadrons (co-movers) could also responsible

for quarkonia suppression.

Open heavy flavour hadron suppression

In high energy collisions, heavy quarks and antiquarks individually fragmented into
hadrons. An open heavy flavour hadron containing one charm quark is called D
hadron and containing one beauty quark is called B hadron respectively. Due to
the dead cone effect, the quarks with higher mass exhibits smaller radiative energy
loss [23]. Therefore, a distinct mass hierarchy is expected for the high p; open heavy
flavour hadron suppression in heavy-ion collision. In Figure 1.8, the R4, for prompt
D-mesons (D°, D" and D*") is shown as a function of p; at midrapidity (|y|< 0.5)

for 0-10% central Pb-Pb collisions measured by ALICE experiment [24]. A strong
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suppression of the D-mesons over a wide range of transverse momentum upto pp =

50 GeV/c is seen.

Filled markers: pp rescaled reference
Open markers: pp p_-extrapolated reference
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Figure 1.8: R 44 of prompt DO, D+ and D"+ mesons at midrapidity (|y|< 0.5) for 0-10%
centrality class in Pb-Pb collisions by ALICE [24].

This thesis is mainly focused on the production of muons from the semi-muonic
decay of open heavy flavour hadrons in pp and A-A collisions. Therefore a detail
description for the production and decays of open heavy flavour hadrons is discussed

in the following sections.

1.5 Heavy flavour production

1.5.1 Heavy flavour production in hadronic collisions

The production of open heavy flavour in hadronic collisions provides important tests to
understand the various aspects of Quantun Chromodynmics (QCD). The heavy quark
mass (mg) allows the relevant calculations in perturbative QCD (pQCD) framework
down to low pp. Multiple hard scales (mg,pr) of heavy quarks allow to study pQCD
at various kinematic regimes (pr < mg,pr ~ mq,pr > mg). Thus the experimental

measurement of heavy flavour production provides an important test to the theoretical
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understanding of QCD. The inclusive differential production cross-section of a heavy-

quark @ in a hadronic collision can be calculated as follows [25],

do@TX
dp (S pTvyva Z/ dl‘/ d{[' f'L xz::“F) fj ( jvluF)
(1.10)
dUi ;
#QJFX(‘TH Ly S, P> Y, MQ, :U’Fa/'LR)
T
or
o 0ij+Q+X
~N" fAg (P g Diimix 1.11
dpr Z ’ dpr ( )

7]

where, a heavy quark Q of transverse momentum p; and rapidity y is produced in a
collision between hadrons A and B at centre-of-mass energy v/s. fi' ( fJB ) is the parton
distribution functions (PDF's) of the parton of flavour i(j) inside the hadron A (B) which
carries a momentum fraction z; (z;) of the hadron A (B) at the factorisation scale fif.
The parton flavour ¢ and j corresponds to the parton species (q,q,g). %% is the

short distance partonic cross-section which depends on strong coupling constant o (fip)

evaluated at the renormalisation scale pp.

The production cross-section of a heavy flavour hadron H with momentum py can be

written as,

do® do® %
—=—®Ds(z 1.12
de de Q ( ) ( )

where Dg (z) is the fragmentation function (FF) describing a heavy flavour hadron H
with momentum fraction z= py /pg formed from a heavy quark Q with momentum pg,.
The short-distance partonic cross-section can be calculated as a perturbation series in

ay(pug) [26]. pur and pp are both of the order of heavy quark mass.

The scale dependences for various partonic sub-processes are discussed below:
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¢ Leading Order:
At the Leading Order (LO), O(a?), there are mainly two subprocesses contributing

to the hard scattering:

+7—Q+Q

g+g—Q+Q

The first process is the g pair annihilation and the second one is the gluon fusion.

e Next-to-Leading Order:
At the Next-to-Leading Order (NLO), O(a?), virtual corrections to the QQ pro-
duction cross-section must be included. At NLO, the following 2—3 processes

contribute:

+7—Q+Q+g
g+9—Q+Q+yg
g+q—>q+Q+Q

g+ 7+Q+Q

It is to be mentioned that the last two sub processes (flavour excitation and gluon

splitting) for quark-gluon scattering are not present at LO.

e FONLL:
In the FONLL (Fixed-Order + Next-to-Leading Logarithms) framework [27], the
entire aprroach is valid for the full kinematic range (pr < mg,pr ~ mq, pr >

mg). FONLL scheme is based on the massive NLO calculations in the Fixed-
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Flavour-Number Scheme (FFNS) with the massless NLO in the Zero-Mass Variable-
Flavour- Number Scheme (ZM-VFNS). In FENS (=FO), the heavy quark is not
an active parton in the hadron, whereas in ZM-VFNS (RS), the heavy quark is
included but its mass (mg) is neglected in the resummed short-distance partonic
cross-section calculation as described in Eq 1.10. Typically, the FENS at NLO can
be applied in the range 0 < py < 5mg and the ZM-VFNS is reliable only for very

large transverse momenta (pr > mg). Therefore, according to FONLL [25],

doponrr = dopo + (dogs — dopopn) X G(mg, pr) (1.13)

where dopo is the cross-section in FO calculation and dopp,so is the the same
in the asymptotic limit pp > mg. dogg is the resummed cross-section in the
massless limit following ZM-VEFNS approach. The matching function G(mg, pr)

can be described with an interpolating function given by

2
pbr

_— 1.14
e (1-14)

G(mQJ pT) =

where a is a constant. Therefore, at large transverse momentum range (pr > mg),
the condition dopoyr, — dogg requires G(mg, pr) to be unity. However, at small

transverse momenta limit, dopoy;, approachs to the fixed-order (FO) calculation

dopo (doponrr = dopo)-

The general-purpose Monte-Carlo event generators (MCEG) like PYTHIA [28] and
HERWIG [29] can describe the inclusive production of heavy flavour hadron or its
decay products at Leading Order(LO)+Leading-Logarithmic (LL) accuracy. There
are other MCEG like POWHEG [30] which are consistent with NLO calculations

including parton showers.
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1.5.2 Open heavy flavour in pp and nucleus-nucleus collisions

The experimental study of open heavy flavour production is done by measuring the
hadrons carrying heavy quarks (charm and bottom) or through their leptonic decay
products. Among the six quarks in the SM, u,d and s quarks have masses smaller or
comparable to the nonperturbative QCD scale parameter Agop ~ 200 MeV. On the other
hand, the masses of the heavy quarks charm (m, ~1.29 GeV) and bottom (m, ~4.19
GeV) are significantly larger than the Agop. Therefore, the production of heavy quarks
(antiquarks) in ultra-relativistic hadron-hadron collision are expected mainly from the
initial hard partonic scattering and hence their production can be calculated in the
perturbative QCD (pQCD) framework. Due to the large quark mass (mg > Agep), the
calculation of cross-section of heavy-quarks in pQCD is allowed over all momentum range
whereas perturbative treatment of light quarks (u,d,s) and gluons are valid possibly only

at high momenta [31].

The measurement of open heavy flavour in pp collisions provides a precision test to
the understanding of pQCD. Furthermore, it provides a baseline for the measurement in
nucleus-nucleus collisions. As we discussed in section 1.4.4, any deviation of R4 from
unity would indicate nuclear modifications for heavy flavour observables. Such nuclear

modifications may depend on initial as well as final state effects.

e Intial State Effect: This effect is from the initial (non-perturbative) condition
which explicitly depends on the parton distribution function (PDF) f(z,Q%). =z
is the fractional momenta carried by the interacting partons from the colliding
hadrons and Q?, is the momentum transfer between the two interacting partons.
At z ~ 0.1 in the antishadowing region, the parton density in nucleons is smaller
than in nucleus, whereas at low z < 0.01 in the shadowing region, the parton

density reduces in nuclei relative to nucleons.

e Final State Effect: The final state effects are due to the presence of hot and
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deconfined state of matter produced in the relativistic heavy-ion collisions. The
partons propagating through the medium lose energy which is very sensitive to the
energy density of the medium. The partons lose energy via collisional and radiative
energy loss mechanisms. Moreover, the radiative energy loss is not expected to be
same for all partons. A larger radiative energy loss is expected for gluons than
quarks due to their larger coupling factor than quarks. The heavier quarks emit

more gluons than lighter quarks due to the dead-cone effect [23].

In Figure 1.9, the fractional energy loss AE/E through collisional and radiative pro-
cess for charm and beauty quark at an effective temperature T = 304 MeV using Djord-
jevic model are shown. The radiative energy loss for charm quarks dominates over
collisional energy loss for pp > 10 GeV/c whereas for beauty quarks, it dominates for
pr > 25 GeV/c. Therefore, the comparison of radiative energy loss for two quarks of
different masses presents a clear illustration of the dead-cone effect. It also shows that

the effect disappears when py > my.

Figure 1.9: Fractional energy loss via collisional and radiative process for charm and
beauty quark at an effective temperature T = 304 MeV using Djordjevic model [25].

Recently, the ALICE experiment at CERN, confirms the first direct observation of
the dead-cone effect in pp collision at /s = 13 TeV [32]. ALICE applied a new itera-

tive declustering technique to jets tagged with a reconstruction of D°-meson to directly
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observe this dead-cone effect [33].

1.6 Open heavy flavour measurements at LHC

Over the many years, the study of open charm and bottom production in pp collisions
and nucleus-nucleus collisions are done as unique probe to test the pQCD theory and
the properties of hot QCD matter respectively. The Intersecting Storage Rings (ISR)
at CERN was the world’s first ever hadron collider which provided two proton beam to
collide in the year 1971 for the first time [34]. However, first observation of single electrons
from open heavy flavour hadron decays was at ISR, CERN in the year 1974 for pp collision
at v/s = 52.7 GeV [35]. The bottom production was investigated in pp collisions at /s
= 546 GeV and 630 GeV by UAI collaboration at CERN [36]. The result for bottom
production was obtained with single muon at high p; range (10< py <40 GeVe) and
compared with the pQCD calculation in the next-to-leading-order (O(a?)) [37]. A good
agreement between the data and pQCD calculation was observed within uncertainties.
The measurement of open charm was not possible at UA1 because of non availability of
low pp selective trigger and difficulties to separate them from bottom production at high
pr [31]. There are collider experiments like RHIC, PHENIX and STAR, which conducted
the open heavy flavour measurements in pp and Au-Au collisions. The investigation in
Cu-Cu collisions allowed to study the system size dependencies in open heavy flavour

production.

The LHC provided the first ever proton-proton beam to collide at center of mass

energy /s = 900 GeV in the late 2009. In the year 2011, the ALICE, ATLAS and CMS
experiments recorded data in Pb-Pb collisions at /s = 2.76 TeV. However, all the four
experiments at LHC recorded data in pp collisions at /s = 7 TeV which served as the

baseline for Pb-Pb collisions after been scaled to the lower energy /s = 2.76 TeV.

In this section, we discuss the results related to the open heavy flavour hadron pro-
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duction measured by ALICE experiment at LHC.

1.6.1 Charm measurement

The measurement of open charm production is being done by ALICE via the recon-
struction of D-meson at mid-rapidity (]y|<0.5) based on the displaced-vertex topology
selections. The measurements of D-meson are done via the reconstruction of the following

hadronic decay channels :

D’ — K 7% (BR = 3.95%)
D" - K a7 (BR = 9.46%)
D" — D°n"(BR = 67.7%)

Df — ¢t — K kTn"(BR = 2.27%)

The identification of charged pion (7%) and kaon (k) via TPC and TOF detec-
tor plays significant role to reduce the combinatorial background in the measurement.
The measurements of D-meson raw yields are done with an invariant-mass analysis as
described in Ref. [24]. In Figure 1.10, the transverse momentum (p7) distribution of
D-mesons (D°,D", D*" and D) measured by ALICE experiment in Pb-Pb collision at
midrapidity (|y|<0.5) are shown for three centrality classes 0-10%, 30-50% and 60-80%

respectively.

In Figure 1.11 (left panel), the nulcear modification factor (R4 4) of average of prompt
D°, D", D*" mesons is shown at midrapidity (|y|<0.5) for three centrality classes (0-
10%, 30-50%, 60-80%) in Pb-Pb collision. The average of D-mesons is calculated using
the inverse of the quadratic sum of the relative statistical and uncorrelated systematic
uncertainties as weights. R 44s for those three prompt D-mesons are found to be com-

patible within uncertainties. The average R4, for the D-mesons is most suppressed for
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Figure 1.10: p; distribution of prompt D° (top left), D* (top right), D** (bottom left)
and D (bottom right) in Pb-Pb collision at midrapidity (|y|<0.5) for three centrality
classes (0-10%, 30-50%, 60-80%) [24].
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Figure 1.11: Average of R, of non-strange prompt D°, D', D*" for three centrality
classes (0-10%, 30-50%, 60-80%) (left) and strange prompt D (right) for 0-10% cen-
trality class in Pb-Pb collision at midrapidity (|y < [0.5) [24, 38].

0-10% centrality and the suppression is decreasing from central to peripheral collisions.
The suppression is maximum at py ~ 10 GeV /¢ in the case of 0-10% central collision and

remains below R4, = 0.4 upto a high p; = 50 GeV/c. The R4, of prompt D} meson
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for 0-10% central collision is also shown in Figure 1.11 (right panel) and compared with
the average R4, of the non-strange D-mesons in the interval 2 < pp < 15 GeV/c. It
is observed that the average R4, of the non-strange D-mesons is more suppressed than

the DI in that py range.

1.6.2 Bottom measurement
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Figure 1.12: Average of R of non-strange prompt D°, D', D** for three centrality
classes (0-10%, 30-50%, 60-80%) (left) and strange prompt D (right) for 0-10% cen-
trality class in Pb-Pb collision at midrapidity (|y < [0.5) [39].

The investigation of bottom production is done via the measurement of non-prompt
J /1) measurement from the decay of bottom hadrons. The measurement of non-prompt
J /1 is done via reconstruction of displaced bottom-hadron decay vertex from the primary
vertex by measuring the pseudo-proper decay length of the J/¢) mesons. The nuclear
modification factor R, for non-prompt J/¢¥ measured by ALICE [39] together with
CMS [40] are shown in Figure 1.12 for Pb-Pb collision at /5y = 2.76 TeV. The results
are presented with different centrality classes for ALICE (0-50%) and CMS (0-20% and
20-100%). The results obtained by ALICE and CMS are compared with various model
calculations. The energy loss mechanism described by the models is based on either
by pure collision or a combination of collisional and radiative processes. A larger R 4

value for most of the models are observed when compared to the ALICE and CMS
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measurements. Therefore, more precise data are required to describe the discrepancies

among the models.

1.6.3 Semi-leptonic deacy of open heavy flavour hadron

ALICE has measured the open heavy flavour hadron via their semi-leptonic decay chan-
nels. The open heavy flavour production is measured via their hadronic semi-electronic
decay channel at mid-rapidity (]y|<0.8) and through semi-muonic decay channel at for-

ward rapidity (—4 < y < —2.5).

Semi-electronic decay of open heavy flavour hadron

The production of electrons from open heavy flavour hadron decays are measured by
ALICE at mid-rapidity [41-44]. The electrons are identified by the Time Projection
Chamber (TPC), Time Of Flight (TOF), Transition Radiation Detector (TRD) and
ElectroMagnetic Calorimeter (EMCal) detectors of ALICE. The main background con-
tribution is from Dalitz decays of the 7° and 1 mesons. In addition to this, light vector
mesons (p,w, ¢) and quarkonia (J/1, T) decays also contribute to the background elec-
trons. The Inner Tracking System (ITS) of ALICE is capable to separate the secondary
vertices of bottom-hadron decay from charm-hadron decay. Therefore, it allows to mea-

sure the contribution of electron from charm and bottom hadron decays separately.

Figure 1.13 presents the production of electrons from semileptonic heavy flavour
hadron decays (HFE) in pp and Pb-Pb collisions measured by ALICE experiment [27].
The pp-differential production cross section of HFE at mid-rapidity (|y|<0.8) in pp col-
lisions at /s = 5.02 TeV is shown in the left panel of Figure 1.13. The measurement in
pp collision is compared with the theoretical model FONLL calculations. The bottom
panel shows the data to model ratio which describe a good agreement with the theo-

retical calculations especially at higher pp-region. The right panel of Figure 1.13 shows
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the pp-differential invariant yield of HFE at mid-rapidity in Pb—Pb collisions at \/syn
= 5.02 TeV. The results in Pb—Pb collisions are presented for three centrality classes:

central (0-10%), semi-central (30-50%) and peripheral (60-80%).
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Figure 1.13: pp-differential production cross section of electrons from semileptonic heavy
flavour hadron decays (HFE) in pp collisions at /s = 5.02 TeV by ALICE and compared
with theoretical model FONLL calculation (left). The pp-differential invariant yield of
HFE in central (0-10%), semi-central (30-50%) and peripheral (60-80%) Pb-Pb colli-
sions at /syy = 5.02 TeV (right) [42].

The measurements of R 4 4 for electrons from semileptonic heavy flavour hadron decays
are shown in Figure 1.14 for three centrality (0-10%, 30-50%, 60-80%) classes in Pb-Pb
collisions at /syy = 5.02 TeV. The measured R 44 is seen to be strongly dependent on
the collision centrality where R 44 is decreasing from peripheral to central collision. This
suppression of electrons describe the final state effects such as parton energy loss in the

medium produced in Pb-Pb collisions.
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Figure 1.14: Nuclear modification factor R 44 of heavy flavour hadron decay electrons
measured in Pb-Pb collisions at /syy = 5.02 TeV for three centrality classes (0-10%,
30-50%, 60-80%) [42].
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Semi-muonic deacy of open heavy flavour hadron

The open heavy flavour production is also measured by ALICE experiment via the semi-
muonic decay of heavy flavour hadrons at forward rapidity (—4 < n < —2.5) in pp
and heavy-ion collisions. In this thesis, the results for the production of Heavy Flavour
hadron decay Muon (HFM) in pp collisions at /s = 13 TeV using ALICE detector is

discussed.

Experimentally, ALICE measures the HFM production at forward rapidity (—4 <
n < —2.5) which allows to test the prediction of pQCD over a large momentum range
and in a region of small Bjorken-z. In ALICE, the muons are identified in the pseu-
dorapidity range —4 < n < —2.5 using muon spectrometer (MS) of ALICE detector.
The MS consists of a front absorber, five tracking stations, a dipole magnet, two trigger
stations and an iron wall in between the tracking and trigger systems. The spectrum of
the inclusive muons contains background muons originating from various sources. The
maximum background contribution at lower pp-region is from the muons decaying from
primary light hadrons (7T:t, K jE). In addition to this, there are other background contri-
butions toward low p; such as muons decaying from secondary light hadrons produced
in the material of the front absorber and punch through hadrons escaped from the front
absorber and reaching to the tracking system. The muons from quarkonia (.J/v) de-
cay contribute mainly in the intermediate pp range (~ 6-12 GeV/c¢) whereas the W=,
Z-boson decay background muons dominate at higher p; region. ALICE has adopted
various systematic strategies to subtract the background muons to estimate the HFM

production which are discussed in details in chapter 3.

The pp- and y-differential production cross-section of HFM have been measured by
ALICE in pp collisions at /s = 2.76 TeV [45], 5.02 TeV [46] and 7 TeV [47]. The HFM
measurement has also been done in Pb-Pb collisions at /syy = 2.76 TeV [45] and 5.02

TeV [48] and in Xe-Xe collisions at /syy = 5.44 TeV [49].

29



Chapter 1. Introduction

In Figure 1.15, the pp-differential production cross sections of HFM at forward rapidity
(2.5 < y < 4) in pp collisions at /s = 2.76 TeV (left), 5.02 TeV (middle) and 7 TeV
(right) are presented. The vertical bars and the empty boxes represent the statistical
and systematic uncertainties respectively. The HFM measurement at /s = 2.76 TeV
and 7 TeV is upto py = 10 GeV/c and pr = 12 GeV/c respectively. However, this
measurement is extended upto pp = 20 GeV/c at /s = 5.02 TeV. The measured HFM
production cross-section is compared with the theoretical model FONLL calculations
at their respective energies. The FONLL predictions are compatible with the ALICE
data for all the three energies within the experimental and theoretical uncertainties.
The measurements of HFM in pp collisions serve as references to study the hot and
thermalised medium produced in Pb—Pb collisions at the same centre-of-mass energy
(v/s = 2.76 and 5.02 TeV). However, the study of QCD matter produced in Xe-Xe
collisions at \/syy = 5.44 TeV is done by using the pp data at /s = 5.02 TeV which is
further normalised to /s = 5.44 TeV applying a pQCD-driven energy scaling based on
FONLL calculations [50].
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Figure 1.15: pp-differential production cross section of muons from heavy flavour hadron
decays at forward rapidity (2.5 < y < 4) in pp collisions at /s = 2.76 TeV (left), 5.02
TeV (right) and 7 TeV (right) [45-47]. The production cross sections are compared with
the FONLL predictions at their corresponding energies.

The pp-differential R4 of HEM at forward rapidity in Pb—Pb collisions for 0-10%
centrality for two energies /syy = 2.76 and 5.02 TeV has been compared in left panel

of Figure 1.16. The result at \/syy = 5.02 TeV presents an improvement in the precision
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measurement compared to that at /sy = 2.76 TeV. It is noticed that the suppressions
of Ry4 of HFM are similar at both the energies which has also been observed for heavy
flavour hadron decay electrons (HFE) in midrapidity [42]. The similarity of R4, at
these two energies (2.76 and 5.02 TeV) could results due to the flattening of the initial
momentum distributions of charm and bottom quarks with increasing collision energy.
In addition to this, an increase in medium temperature with beam energy induces more

energy loss in the medium and hence more suppression with increase in energy [51].
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Figure 1.16: R44 as a function of pyp at /s = 2.76 and 5.02 TeV in 0-10% central Pb-Pb
collisions [48] (left) and in 0-10% central Xe-Xe collisions at /s = 5.44 TeV [49] (right).

The R44 of HFM in Xe-Xe collisions at /syy = 5.44 TeV is presented in the right
panel of the Figure 1.16. This measurement of R4, in 0-10% central Xe-Xe collisions is
compared with the Pb-Pb collisions at /sy = 5.02 TeV for two centrality classes 0-10%
and 10-20% along with various transport models (HSD and MC@sHQ+EPOS2). It is
observed that the suppression is smaller in Xe-Xe collision compared to that in Pb-Pb
collision for the same centrality class. Moreover, a comparison in the Xe-Xe collision for
0-10% centrality and in Pb-Pb collision at 10-20% centrality is done where the average
charged-particle multiplicity density are similar. In this case, the R4, is found to be
very similar for both the collision systems where the average charged-particle multiplicity

densities are comparable.
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1.7 Scope of this thesis

In chapter 2, a brief description of the ALICE (A Large Ion Collider Experiment) detector
at the Large Hadron Collider (LHC) is given. In ALICE, the heavy flavour decay muon
production is measured by the Muon Spectrometer (MS) which is situated in the forward
direction in the range —4 < n < —2.5. The various sub-systems of the MS are discussed
also. In the latter part of this chapter, the upgrade program for the ALICE Run 3 is

discussed briefly.

In chapter 3, a report of data analysis to measure the production cross-section of
muons decaying from heavy flavour hadrons in pp collision at /s = 13 TeV using the
muon spectrometer of the ALICE detector is presented. This new measurement of heavy
flavour decay muons (HFM) is done at the highest available energy /s = 13 TeV during
LHC Run 2 in pp collisions with integrated luminosity of ~ 36 pb~'. ALICE published
the results of HFM production in pp collisions at /s = 2.76, 5.02 and 7 TeV and in
A-A collisions at /syy = 2.76 and 5.02 TeV which have been discussed above. The
measurement of HFM production in pp collisions at /s = 5.02 TeV is extended upto 20
GeV/c from the earlier measurements at /s = 7 TeV which was upto 12 GeV/c. The
data sample collected in 2016 of Run 2 at /s = 13 TeV allows to obtain the transverse
momentum of heavy flavour decay muon upto pr = 30 GeV/c with high statistical
precision. The various background muons originated from the light hadron decays, J/1
decays and W*, Z-boson decays are subtracted from the inclusive muons to obtain muons
from heavy flavour hadron decays. The HFM production cross-section as a function
of transverse momentum (pr) and rapidity (y) has been reported. The pp-differential
production cross-section of HFM is obtained in the full acceptance (—4 < n < —2.5)
of the Muon Spectrometer. In addition to this, the same measurement has also been
carried out at five equal pseudo-rapidity intervals in the range of —4 < n < —2.5. The pp

integrated production cross-section of HFM as a function of rapidity has been obtained
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at two different pp-region: 2 < pp <7 GeV/cand 7 < pp < 30 GeV/c. The experimental
measurement of HFM in pp collision by ALICE at this high energy /s = 13 TeV provides
an important test to describe the theoretical pQCD calculations. The experimental data
for the production of HFM is compared to the theoretical model FONLL calculations.
The measurement of HFM at /s = 13 TeV is compared with the previous results of
HFM reported by the ALICE experiment at other energies (1/s = 2.76, 5.02 and 7 TeV).

In chapter 4, phenomenological studies for the production of HFM and charged par-
ticles using Angantyr model in PYTHIAS are discussed. The Angantyr model does not
assume the formation of hot and thermalised medium (QGP) in heavy-ion collision. The
simulation results of the HFM and charged particles using Angantyr have been presented
in pp and A-A (Pb-Pb, Xe-Xe and O-O) collisions over a wide range of LHC energies.
The study of HFM using Angantyr provides important understanding of the behaviour of
heavy flavour production in heavy-ion collision where no hot and thermalised medium is
created. In addition, it may be served as reference study of the non-collective background

to the observables sensitive to the collective behaviours.

In chapter 5, the Quality Assurance (QA) test of ladders for Muon Forward Tracker
(MFT) detector of ALICE is discussed. This QA test was done as a part of ALICE
service-task. The basic detection element of MFT is the silicon pixel sensor, called
ALPIDE (ALICE PIxel DEtector), jointly developed by the Inner Tracking System (ITS)
and MFT collaborations. These silicon pixel sensors are integrated on mechanical ladder
structures. The qualification tests for these ladders were carried out in the Antenna
building at CERN, Geneva. I was personally involved for the qualification tests of ~230
newly ladders. The assembled full MFT-disk was installed in ALICE cavern in November,
2020 and it started taking data from 5th July, 2022 for LHC Run 3. A brief description
of the Ladder Qualification Test benches and various testing procedure for the ladder

qualification is discussed in this chapter.

In chapter 6, the future outlook has been discussed.
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CHAPTER 2

The ALICE detector at the LHC

In this chapter, the experimental set up of the ALICE (A Large Ion Collider Experiment)
detector at the Large Hadron Collider (LHC) is described briefly. The LHC experimental
facilities and its characteristics are mentioned. The Muon Spectrometer (MS) of ALICE
detector is used to collect the data for the analysis carried out for Heavy Flavour decay
Muon production in pp collisions at /s = 13 TeV. In the later part of this chapter,
special attention is given to the Muon Spectrometer while discussing the description of

the different sub-detectors of ALICE.

2.1 The Large Hadron Collider

The Large Hadron Collider (LHC) is the world’s largest and most powerful particle
accelerator. The LHC was built by the laboratory European Center for Nuclear Research
(CERN), located on the French-Swiss border near the Geneva city of Switzerland. The
CERN accelerator complex (Fig. 2.1) is a succession of several accelerating machines [1-
3]. Each of these machines accelerates a beam of particles to a specific energy and inject
that beam into a machine of higher energy in the chain. The LHC is the last part of

this chain where a beam reaches at the highest energy. The size of the LHC tunnel is
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very large and it is approximately a 27 km ring placed at a depth of ~100 m from the
surface. This underground tunnel is filled with several superconducting magnets with
a number of accelerating structures to boost the energy of particles along the way. It
can accelerate protons or ions at a ultra-relativistic high energy. Two separate ultrahigh
vacuum beam pipes are present inside the LHC ring. The particles in each beam travels
very close to the speed of light, but in opposite direction. The two opposite beams are

made to collide at four different locations which are the positions of four different particle

detectors ALICE [4], CMS [5], LHCD [6] and ATLAS [7] respectively.
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Figure 2.1: The CERN accelerator complex.

The LHC provides two types of beam facilities: proton (p) and heavy-ion (A). So,
LHC can have pp, p-A and A-A type of collisions. So far, LHC used Lead (s,P0*")
and Xe (56X 6129> as heavy-ions in Run 1 and Run 2 periods. In addition, there is a

plan to have experiments with a short O-O collisions during LHC Run 3 [8]. For the
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ALICE experiment, one of the main objectives of heavy-ion collisions is to investigate the
evolution and properties of Quark-Gluon Plasma (QGP) which is a deconfined matter
believed to be produced in such collisions at extremely high temperature and /or density.
The significant part of LHC physics programme implies Pb-Pb collisions with a design

257!, The most massive heavy-ion source of LHC beam is Pb-ion.

of luminosity 10*"em
It is roughly 208 times massive than a proton, containing 82 protons and 126 neutrons.
The lead-ion beams of LHC are generated from a highly purified piece of lead. This lead
sample is heated to vaporize, further ionized by an electric current to create lead ions.
These lead-ions are then successively accelerated into Linac3 (Linear Accelerator), LEIR
(Low Energy Ion Ring), Proton Synchrotron (PS) and Super Proton Synchrotron (SPS).
The beam is accelerated to 177 GeV per nucleon at the SPS and finally enters into the
LHC ring. In the LHC, the Pb-ion can be accelerated to even more higher energy (up to
2.76 TeV per nucleon) and made to collide at the four locations of the particle detectors:
ALICE, CMS, LHCb and ATLAS respectively. The LHC is designed to have a maximum

possible energy of a proton beam £, = 7 TeV, which corresponds to a maximum possible

energy for a Pb-beam is Ey = (Z/A).E, ~ 2.76 TeV.

2.1.1 The LHC experiments

There are four major experimental facilities at the LHC where the collisions take place.
The name of the experiments are given as per their respective detector used. Each ex-
periment is motivated with some physics goals which include the study of QGP, searches
of Higg’s boson, to test for the prediction and limit of Standard Model, searches of

supersymmetric particles etc.

e ALICE (A Large Ion Collider Experiment) is the detector dedicated for the heavy-
ion collisions. The main focus of ALICE is to study the physics of Quark-Gluon
Plasma (QGP), a new state of deconfined matter formed in heavy-ion collisions.

It is believed that our universe also had gone through such QGP phases during its
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first few micro-second after the big bang. Hence, the study of QGP could give the
information about the early stage of our universe. A more details description of

ALICE detector is given in section 2.2.

e CMS (Compact Muon Solenoid) is one of the general-purpose particle detector at
LHC which is designed to explore the physics phenomena at the LHC energies. It
is very compact in respect of all the detector materials and contains most powerful

solenoid magnet. It is designed to identify muon particle very accurately.

e LHCDb (Large Hadron Collider beauty) detector is designed to study the matter-
antimatter asymmetry. It is also specialized to detect the rare phenomena with

decays of heavy flavours particularly B-mesons.

e ATLAS (A Toroidal LHC AparatuS) is another general-purpose detector used at
the LHC, which is the largest in the world. The ATLAS is focused with similar
physics goals as the CMS experiment. It facilitates investigation for a variety of
searches for dark-matter candidates, Higgs boson, extra-dimensions of spacetime

etc.

2.2 A Large Ion Collider Experiment

The ALICE [9] is one of the four major experiments at the LHC which focuses on the
investigation of strongly interacting matter created at high temperature and/or density
in ultra-relativistic heavy-ion collisions. ALICE has delivered runs for pp, p-Pb, Pb-Pb
and Xe-Xe collisions at various center of mass energies (/s) starting from 2.76 TeV to 13
TeV. It has plan for a short O-O collisions at /s = 6.37 TeV during the ALICE Run 3
period [8] also. The luminosity recorded by ALICE at different collision systems during
Run 1 (2009-2013) and Run 2 (2015-2018) are illustrated in Table 2.1 [10].
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Table 2.1: ALICE data taking in Run 1 (2009-2013) and Run 2 (2015-2018).

System  Year Energy (TeV) Recorded Luminosity
(Lint)
pp 2009-2013 0.9, 2.76, 7, 8 ~200 b~ ', ~100 nb ',
~15pb~ !, ~2.5 pb*
2015,2017 5.02 ~1.3 pb™!
2015,2018 13 ~36 pb~!
p-Pb 2013 5.02 ~15 nb "
2016 5.02, 8.16 ~3nb !, ~25nb !
XeXe 2017 5.44 ~0.3 ub~!
Pb-Pb  2010,2011 2.76 ~T5 b~
2015 5.02 ~250 b~
2018 5.02 ~536 pb

2.2.1 The ALICE coordinate system

The ALICE coordinate system [11] is shown in Fig. 2.2. The origin (x,y,z = 0) of the right
handed Cartesian coordinate system of ALICE is the Interaction Point (IP) where the
collision takes place. The z-axis is along the beam direction and is negative (downstream )
from the origin towards the muon spectrometer placed at side C of ALICE detector
and known as forward direction. The x-axis is perpendicular to the beam direction
and pointing towards the center of LHC. Positive x is taken from the IP towards the
accelerator center. The y-axis is perpendicular to both the x-axis and the beam direction.
The positive y is upward from the origin. The azimuthal angle ¢ is around the beam
direction and increases counter clockwise from x(¢ = 0°) to y (¢ = 90°). The full
acceptance in the azimuthal angle is ranges from 0° to 360°. The polar angle 6 increases

from z (§ = 0°) through x-y plane(f = 90°) to -z(f = 180°).

2.2.2 The ALICE detector

The schematic layout of the ALICE detector is shown in Fig. 2.3. The ALICE detector

is placed in cavern, at a depth of a ~50 m from the surface. The different sub-detectors
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| Muo‘n arm
f PHOS
ITS

Figure 2.2: Definition of the ALICE coordinate system axis, angles and detector
sides [12].

of ALICE detector are categorised mainly into three following parts:

e Central Barrel Detectors cover the pseudo-rapidity region -0.9 < n < 0.9 with
polar angle range 45° < 6 < 135°. It is composed of several detectors which
allow the reconstruction of primary vertex with a resolution better than 100 pm.
These detectors are used for Particle Identification (PID), e.g. electrons, photons
and charged hadrons. These detectors have capability of tracking charged particles
over a large momentum range from 100 MeV/c to ~ 100 GeV/c. The central barrel
consists of Inner Tracking System (ITS), the Time Projection Chamber (TPC),
the Transition Radiation Detector (TRD), the Time Of Flight (TOF), the High
Momentum Particle Identification Detector (HMPID), the PHOton Spectrometer
(PHOS), the ElectroMagnetic Calorimeter (EMCal) and the ALICE COsmic Ray
DEtector (ACORDE).

e Global Detectors are comprised of several smaller detectors placed outside the
central barrel detectors to measure the global event characteristics. These are the
Photon Multiplicity Detector (PMD), the Forward Multiplicity Detector (FMD),

the VO and TO Detectors, the Zero Degree Calorimeter (ZDC). These detectors
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are used for the centrality determination, reconstruction of event reaction plane in
heavy-ion collisions, charged particle multiplicity measurement and also triggering

a correct decision for the beam-beam interaction.

e Muon Spectrometer The ALICE Muon Spectrometer is located at the forward
side. It is designed to study the quarkonia production (J/v, ¥, 7, ', 7") via
the di-muon measurement. It also measures the semi-muonic decay of open heavy
flavour hadrons. This detector allows to investigate the weak interactions probe by
measuring the production of W= and Z-boson and the measurement of low mass

resonances (p, w, ¢) using muonic channel.

In the following sections the brief descriptions of the central barrel and global
detectors are given while the Muon Spectrometer is elaborated in details in section

2.2.5.

2.2.3 Central Barrel Detectors

Inner Tracking System (ITS)

The ITS [13] of central barrel is the innermost detector. ITS consists of six cylindrical
layers of silicon detectors and covers the rapidity range of |n|< 0.9. A schematic view
of ITS is shown in Figure 2.4. The radius of the innermost layer is 3.9 cm and the
outermost layer is 44 cm. The two innermost layers are made of silicon pixel detectors
(SPD), the two intermediate layers are consist of drift detector (SDD) and the two outer
most layers are built of strip detectors (SSD). ITS is dedicated for determining the
primary vertex position and could be operated at high particle density (~ 8000 per unit
rapidity) environment, since it has high granularity feature and the component detector
SDD is used for high precision spatial resolution. It can measure the secondary vertices
for the hyperon and charm decays also. In addition, it has excellent capability to track

low momentum particle (< 100 MeV/¢) and particle identification.
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SPD

SDD

87.2 cm

Figure 2.4: A schematic view of Inner Tracking System (ITS) of ALICE.

Time Projection Chamber (TPC)

The Time Projection Chamber [14] is the main tracking detector of central barrel placed
between the ITS and the Transition Radiation Detector (TRD). The layout of TPC is
shown in Fig. 2.5. The overall acceptance (|n|< 0.9) of TPC allows to study the event-
by-event fluctuations in hadronic observables such as the K /7 ratio. The TPC is of
cylindrical shape with length ~ 500 cm along the beam direction and with inner and
outer radii of about 80 cm and 250 cm respectively. The cylindrical design of TPC is
needed to cover the full azimuth and is very crucial to investigate the electron physics
with high mass and/or high-p; electron pairs. It is a gas detector filled with Ne+COy+ N,
gas (85%+10%+5%) and operated at atmospheric pressure. The conducting electrode
is charged upto 100 kV to detect charged particle trajectories inside the detector. TPC
together with other central barrel detectors, can provide particle identification and pre-

cision momentum measurement of charged particles.
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Figure 2.5: The Layout of Time Projection Chamber of ALICE.

Transition Radiation Detector (TRD)

The TRD [15] can identify the electron for momentum above 1 GeV/¢ where TPC is not
capable of rejecting pion through energy loss measurement. It consists of 18 sectors, each
having 6 individual layers and each layer is with a 5 fold segmentation along the beam
direction. Thus TRD is equipped with a total 18 x 6 x 5 = 540 detector modules. These
are placed around TPC with a full azimuthal angle coverage. Fach of these modules
consists of a radiator of thickness 4.8 cm and a multi-wire proportional readout chamber.
The Transition Radiation (TR) is used for detecting sum of ionisation loss of charged
particle and TR X-rays. A xenon riched gas mixture Xe+CO, (85%+15%) is used in
the readout chambers to optimise the absorption of X-rays. The heavier particles pions
do not emit TR below ~100 GeV/c and thus TRD could identify pions and electrons
separately. The TRD together with ITS and TPC measure the production of light and

heavy meson resonarces.
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Time Of Flight (TOF) Detector

The TOF detector [16] is a cylindrical gas detector of larger area and placed around
TRD. It covers the pseudo-rapidity region of |n|< 0.9 and have inner and outer radii of
3.7 m and 3.99 m respectively. It is comprising of Multi gap Resistive Plate Chamber
(MRPC) which provides an excellent time resolution for TOF with a high efficiency.
The TOF is dedicated for particle identification based on the measurement of time of
flight (7por) of a particle passing through the detector. The particle mass is calculated
using the time-of-flight. The particle momentum and track length are measured by the
tracking detectors. The time resolution of ~ 100 ps provides TOF to identify the ratios
/K up to 2.5 GeV/c or K/p up to 4 GeV/c respectively.

High-Momentum Particle Identification Detector (HMPID)

The HMPID [17] is designed in a single arm consisting of seven Ring Imaging Cherenkov
Counter (RICH) modules. The detector covers a pseudo-rapidity of |n|< 0.6 and an
azimuthal angle of ~ 58°. This single arm geometry covers the 5% of the central barrel
phase space and fulfils the criterion of low rate of high momentum particles in Pb-Pb
collisions at the LHC energies. The performance of this detector is optimized to enhance
the particle identification capabilities of ALICE by measuring 7/k or k/p up to 3 GeV/c
and 5 GeV/c respectively. The HMPID detector is also capable of measuring inclusive
particle ratios and transverse-momentum spectra in the region where the pre-equilibrium

stage of the nucleus-nucleus collisions is studied.

PHOton Spectrometer (PHOS)

The PHOS [18] is a high resolution electromagnetic spectrometer which includes a
highly segmented electromagnetic calorimeter made of lead-tungstate crystals and a

Charged Particle Veto (CPV) detector comprising of a Multi-Wire Proportional Cham-
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ber (MWPC) with cathode-pad readout. It covers a pseudo-rapidity range of |n|< 0.12
and azimuthal angle of 100° and placed at the bottom of the ALICE set-up at a distance
of 460 cm from the interaction point. PHOS can identify photon and the neutral meson
(7°, n) via their di-photon decay channel. In addition, it can also register charged and
neutral hadrons: pions, kaon, protons, neutrons. The CPV is an essential part of the
PHOS spectrometer and is placed in front of the PHOS for additional rejection of charged
hadrons. The CPV detector is capable for measurement with localization accuracy of

about 3 mm.

ElectroMagnetic CALorimeter (EMCAL)

The technology of EMCAL [19] is based on a layered Pb- scintillator sampling calorimeter
consisting of alternating layers of 1.44 mm of lead and 1.76 mm of polystyrene scintillator.
The pseudo-rapidity coverage of this detector is |n|< 0.7 in the azimuthal angle 107°.
EMCAL provides an enhancement for the jet quenching measurement capabilities by
ALICE. It improves the capabilities to measure the high momentum photons, neutral

hadrons and electrons, with a particular importance for tagging the heavy flavour jets.

ALICE COsmic Ray DEtector (ACORDE)

ACORDE |[20] is an array of plastic scintillator modules and placed on the top of ALICE
L3 magnet. There are such 60 scintillator modules arranged on the three upper faces
of the ALICE magnet. Each of these modules consists of two paddles (0.2 x 2 m?) of
plastic scintillators, arranged in a doublet configuration. The trigger hit is provided by
the coincidence signal in a time window of 40 ns from the two scintillator paddles of
each module. The Cosmic Ray Trigger (CRT) system acts a fast Level 0 (LO) trigger
signal to the central trigger processor when an atmospheric muon hits the detector. The
signal is used for the calibration and alignment of the TRD, TPC and ITS detectors.

ACORDE along with these detectors, allows for performance study of high energy cosmic
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rays through the detection of atmospheric muons. At least 17 GeV energy is needed for

an atmospheric muon to reach the ALICE cavern.

In Table 2.2, the geometrical acceptance, position from the interaction point and the

main function of different central barrel detectors are reported.

Table 2.2:  Summary of ALICE central barrel detectors [10].

Detector Acceptance Position (cm) main purpose
n ¢
ITS layer 1,2 (SPD) | |n|< 2.0 full r=3.9 tracking, vertex
Inl< 1.4 full r=7.6 tracking, vertex
ITS layer 3,4 (SDD) | |n|< 0.9 full r = 15.0 tracking, PID
In|< 0.9 full r=23.9 tracking,PID
ITS layer 5,6 (SSD) | |n|< 1.0 full r = 38.0 tracking,PID
Inl< 1.0 full r =43.0 tracking,PID
TPC In|< 0.9 full 8 < r < 247 tracking,PID
TRD In]< 0.8 full 290 < r <386 | tracking,e”
TOF < 0.9 Full 370 < 1 < 399 PID
PHOS In|< 0.12 | 220° < ¢ < 320° | 460 < r < 478 photons
EMCal In|< 0.7 | 80° < ¢ < 187° | 430 < r < 455 | photons and jets
HMPID In|< 0.6 1° < ¢ < 59° r =490 PID
ACORDE In|< 1.3 | 30° < ¢ < 150° r = 850 cosmic

2.2.4 Global Detectors

Photon Multiplicity Detector (PMD)

The PMD [21] is a preshower detector where granularity is optimized with low occu-
pancy and high efficiency to detect photons. It is placed at a distance of 3.67 m from
the interaction point (IP) and located in the opposite side (side-A) of the Muon Spec-
trometer. The detector has two planes and is made of several of honeycomb shaped
gaseous proportional chambers. One of the planes is for Charged Particle Veto (CPV)
and other for preshower detection. It allows the study of event shape and fluctuations

by measuring the multiplicity and spatial distributions (n — ¢) of photons in the for-
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ward pseudo-rapidity (2.3 < n < 3.5). The preshower signal of this detector helps in

estimating the transverse electromagnetic energy.

Forward Multiplicity Detector (FMD)

The FMD [22] is consisted of 5 ring counters equipped with total 51200 silicon strip
channels. The FMD together with I'T'S provide a precise measurement of charged particle
multiplicity distribution over a wide pseudo-rapidity interval (—3.4 < n < —1.7 and
1.7 < n < 5). The electronics of FMD is the integrated preamplifiers with multiplexed
readout. A readout time of ~ 13 us allows it to participate in the ALICE trigger
hierarchy at L2 level and higher. The azimuthal segmentation of FMD allows to study

the multiplicity fluctuations and flow measurement.

VO Detector

The VO detector [22] consists of 2 arrays, each of them contains 32 counters (scintillator
material with embedded Wave Length Shifting Fibers) placed asymmetrically on each
sides of the IP. The detector array installed in side-A is called VOA and in side-C is
called VOC respectively. The VOA is located at a distance of 330 cm from IP and covers
a pseudo-rapidity range of 2.8 > n > 5.1 while VOC is at a distance of 90 cm from IP
and covers —3.7 < n < —1.7. The VO detector has versatile functions. By measuring the
time of flight difference between VOA and VOC, the system can reject the background
events arising from beam-gas interaction. It provides minimum-bias trigger (MB) for
the central barrel detectors. The VO system can estimate the centrality of a heavy-ion
collision by summing up the energy deposited in the two VO disks. The sum of total
energy scales directly with the number of primary particles generated in the collision.
VO also participates to control the luminosity. It provides a validation signal for the

muon trigger to filter background in pp collision mode.
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TO Detector

The TO detector [22] consists of two arrays of quartz Cherenkov counters keeping the IP
in-between. The array located in side-A is called TOA and the other located at side-C
is called TOC. TOA is positioned at a distance of 3.6 m from IP and covers pseudo-
rapidity range of 4.5 < n < 5 while TOC is kept at a distance of 70 cm from IP with a
pseudo-rapidity coverage of —3.3 < n < —2.9. Both the T0 arrays are placed as close to
the beam pipe as possible to maximize triggering efficiency according to the transverse
direction. The detector provides fast signals to the ALICE LO trigger. This detector can
determine the vertex position with an accuracy of £ 1.5 cm with 50 ps time resolution.

In addition, it has an excellent capability to reject events from beam-gas interactions.

Zero Degree Calorimeter (ZDC)

ALICE has two sets of ZDCs [23]. The ZDC consists of two identical hadronic calorime-
ters. The ZDCs are located on both sides of the IP at a distance of ~116 m. The
insertion of ZDCs allows distance between beam pipes only ~8 cm. The ZDC detects
the energy of the spectator neucleons and hence able to calculate the number of spectator
nucleons (nucleons which are not taking part in A-A collisions) by measuring the energy
deposited in the detector for nucleus-nucleus collisions. This ZDC system is used for the

centrality estimation and determination of the reaction plane as well.

2.2.5 The ALICE Muon Spectrometer (MS)

The goal of the ALICE forward Muon Spectrometer (MS) is to study the open heavy
flavours (B & D) and quarkonia (J/\If,\lfl and Y(15),YT(2S) and Y(15)) production
via the muonic channel in pp, pA and AA collisions. These open heavy flavours and
quarkonia production could be studied as a function of charged particle multiplicity and

centrality in p-p and A-A collisions respectively using the ALICE central barrel detec-
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tors. It is located in the negative Z-direction of the ALICE detector. The spectrometer
acceptance is in the pseudo-rapidity range —4 < 1 < —2.5 and in polar angle range
170" < 6 < 178 over the full azimuthal (360°) coverage. The uniqueness of this spec-
trometer is to measure the quarkonia resonances at almost zero transverse momentum
(pr). The invariant mass resolution is ~ 100 MeV/c” for upsilon (Y) and in the order
of 70 MeV/c” for J/Psi (J/¥) region. These values are good enough to resolve and
measure the individual five quarkonia resonance states. The MS is comprised of front
absorber, a dipole magnet, a tracking system, a muon filter and a trigger system. The

layout of the Muon Spectromer (MS) is shown in Fig. 2.6.
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Figure 2.6: The Layout of Muon Spectrometer of ALICE.

Front Absorber:

The front absorber is placed at a distance of 90 cm from the interaction point (IP) and
extended upto 4.13 m before the tracking system starts. The layout of the front absorber
is shown in Fig 2.7. It is made up of several layers of carbon, concrete, tungsten, poly-

ethylene and lead. It reduces the initial flux of primary hadrons produced in heavy-ion
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collisions by a factor of 100 and decreases muon background decaying from the primary
charged pion and kaon by limiting the free path for 7, K — g in secondary collisions.
A minimum distance of 90 cm between the absorber and the IP is maintained to avoid
the deterioration of physics performance of ALICE central barrel detectors. The design
criteria of front absorber is crucial since the invariant mass resolution of the detected
particles in the muon spectrometer becomes worsen due to the straggling and multiple
scattering of particles in the absorber material. So, the design and material composition
of the absorber are optimised to ensure good shielding capabilities. This design criteria
imposes the material budget (~ 10)\,,, and ~ 60X,) optimization and requires the low-Z
material towards the IP and high-Z shielding material towards the tracking chambers of

MS.

Steel
w
Pb

(s
boronated 15%
Concrete

Figure 2.7: The Layout of front absorber of the Muon Spectrometer [9].

Dipole Magnet:

The dipole magnet [24] is placed at a distance of 7m from the IP and is shown in Fig. 2.8.
This is the largest warm dipole magnet with a size of 5 m long, 6.6 m wide and 8.6 m
high. Tt has a free gap of 3.5 m between the poles and weight of 900 tons [25]. This dipole
has a nominal magnetic field of 0.7 T and a field integral [|B|dz ~ 3 T-m between the

IP and muon filter. This magnetic field is in a horizontal plane (x-z) perpendicular to
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the beam direction. The magnetic field defines a bending plane (zy plane) by providing
the bending power to measure the momentum of muons in the tracking chambers. It

provides a non-bending plane (x-z plane) also.

Figure 2.8: The Dipole Magnet of the Muon Spectrometer.

Tracking System:

The Muon Tracking system [9] is comprised of five tracking stations, each of them consists
of two detection planes. The first two tracking stations are placed before the dipole
magnet and at a distance of 5.4 m and 6.8 m respectively from the IP. The third tracking
station is inside the dipole magnet and at a distance of 9.7 m from the IP. The last two
tracking stations are placed after the dipole magnet and at a distance of 12.6 m and 14.2

m respectively from the IP.

The tracking chambers are designed to study the various resonant states of T. A mo-
mentum resolution about 1% is needed to achieve the required invariant mass resolution
of ~ 100 MeV/ ¢ to resolve the 7T, Y and T resonances. This can be achieved by a
very good spatial resolution of about 100 um for the tracking chambers in the bending

plane. The tracking chambers are designed to operate for a maximum hit density of ~
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5%107% em™? expected from a central Pb-Pb collision. In addition, the tracking cham-
bers have high detection efficiency (> 95%) for the charged particles and low sensitivity
to photon and neutron background. FEach tracking station is basically a 5 mm drift
multi-wire proportional chamber (MWPC) with bi-cathode pad readout (cathode pad
chambers, CPC). The material budget of each chamber is restricted below 3% radiation
length to limit the mulitiple scattering effects and hence to avoid any degradation in
mass resolution. For much higher flux of particles closer to the IP, the station 1 and 2
are required to be small in size and of quadrant type with fine-granularity segmentation
in the readout pads. While stations 3, 4 and 5 are larger in size and chosen for modular
design consisting of rectangular CPC called slat. Figure. 2.9 shows the quadrant (left)
and slat (right) type geometry of detectors for station 2 and station 4 & 5 respectively.
Since the hit density of particles to the tracking chambers depend on the position of
stations and pseudo-rapidity, different pad densities are present with the distance from
the beam-pipe. The muon tracking system consists of about 10° readout channels to

limit the occupation rate to a maximum of 5% for the full set of chambers.

Figure 2.9: The quadrant type geometry of station 2 (left) and slat type geometry of
station 4 and 5 (right).

The arrangement of readout of all the stations are known as Front End Electronics
(FEE). This FEE is based on a 16 channel MANAS (Multiplexed ANAlogic Signal
processor) chip. The Indian chip MANAS was designed by SINP, kolkata and fabricated

at SCL, Chandigarh. Four such MANAS chips are mounted on an electronic board

99



Chapter 2. The ALICE detector at the LHC

named as MAnas NUmerical (MANU) card where a 12 bit ADC is present named as
Muon Arm Readout Chip(MARC). The functionalities of the MARC is for signal dig-
itization and zero suppression of data. The noise level of the full electronics chain
is ~ 1000 electrons. The data of 1.08 million channels of the full tracking system
are read by ~ 17000 MANU cards. The data is transferred from the MANU card
to the Cluster ReadOut Concentrator Unit System (CROCUS) via the Protocol for
the ALICE Tracking CHamber (PATCH) buses. Each tracking chamber is connected
to two CROCUS which concentrate, format the data and transfer them to the DAQ.
In Fig. 2.10, the readout architecture of tracking system of MS is shown. The second
tracking system is being designed, fabricated, installed and commissioned
by MUON Collaborators of India (SINP, Kolkata and AMU, Aligarh). The

second tracking system consists of total eight quadrants which are CPC detectors.
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i FEE Bowrs. | i /
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.................... e
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CROCUS: Concentrator Read Out

c\.’-‘P‘” ‘W Cluster Unit System.

I’ FRT: Frontal. :

i CRT: ConcentRaTeur. -
HIGH VOLTAGE " LOW VOLTAGE I'CI: Trigger Crocus Interface. ETHERNET

clec ats e or 1Q [~= - Monitoring
I SLOW CONTROL '7 DDL: Detector Data Link (1 per CROCUS) - Stand alone DAQ

- Test configuration

Figure 2.10: The schematic of read out for the Tracking System of the ALICE Muon
Spectrometer [26].
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Cathode Pad Chamber (CPC):

Cathod pad chamber (CPC) is a multiwire proportional chamber. It has two cathod
planes symmetrically separated (2.5 mm) from the anode wire plane. Each cathode plane
is divided into sensitive pads of different sizes, which are used to locate the position of
a particle traversing through the detector. A gas mixture of Ar (80%) and CO, (20%)
is used in CPC and it is operated at atmospheric pressure. When a charged particle
travels through the active gas volume of the chamber, it creates electron-ion pairs by
the ionization process. These produced primary electrons are accelerated by the action
of electric field towards the nearest anode wire and avalanche takes place. The induced
charges are accumulated in cathode pad and the corresponding pad coordinates are used
to measure the position (x,y) of the particle passing through the chamber. The basic

geometry of Cathode Pad Chamber is shown in Fig. 2.11.
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Figure 2.11: The basic geometry of Cathod Pad Chamber [27].

61



Chapter 2. The ALICE detector at the LHC

Muon Filter:

An iron wall of thickness 1.2 m is placed between the fifth tracking station and the first
trigger station. The thickness of the muon filter corresponds to 7.2 interaction lengths
(Aint)- It reduces the background on the trigger stations by absorbing the punch-through
hadrons (secondary hadrons produced by the primary hadrons in the detector materials)
and muons having low momentum (< 4 GeV/c¢) from reaching the trigger system. Thus,

this muon filter enhances the performance of trigger stations.

Trigger System

The Muon Trigger System consists of two trigger stations (MT1 & MT2) placed at
distances of 16 m and 17 m respectively from the IP and it is located downstream of
the muon filter. The Muon Trigger stations are operated in streamer mode and deliver
information to the central trigger processors for the generation of the ALICE level 0
(LO) trigger providing the track parameters (p, , p, , p, ) for the tracks formed in the
Trigger stations. A schematic layout of the trigger system is shown in the left panel of
Fig. 2.12. The design of this trigger system reduces the hadronic component background
which punch through the front absorber by requiring the matching condition of muon
tracks reconstructed in muon tracker and the hits in two trigger stations. Different type
of muon triggers are defined at hardware level and improves the signal to background
ratio. The active areas covered by the first and second trigger stations are 6.12 x 5.44 m?
and 6.50 x 5.78 m?* respectively. The larger dimension of the detection planes is along
the bending plane (vertical direction). The acceptance of the trigger system’s bending
plane ranges from 2° to 10° while for the non-bending plane, it is 2° to 9°. Each trigger
station is made of two detection planes perpendicular to the beam direction. Each plane
is equipped with 18 single-gap Resistive Plate Chambers (RPC) separated by 15 cm and
a total of 72 number of RPCs are there in the whole system. A schematic layout of the

RPC is shown in the right panel of Fig. 2.12. RPC is a detector of large area and made
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up of Bakelite electrodes of high resistivity (~ 3-9 x10” Qm). It is capable of having

good position (< 1 cm) and time (< 2 ns) resolution.

Resistive

% S ‘?,\ <
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Figure 2.12: The schematic layout of the muon trigger system (left) and Resistive Plate
Chamber (right).

The RPCs are gaseous detector with planner geometry, where the active gas material
is flushed through the resistive electrode plates. These detectors are positioned on a
mechanical structure with readout strips to provide a bi-dimensional information and
the design allows to avoid any inactive zones. These readout strips collect the signals
which are connected to the Front-End Electronics (FEE) consisting of a leading-edge
discriminator and a shaper. A deviation is occurred due to the dipole magnetic field
of muon spectrometer. The horizontal strips measure the position along y-direction
(bending plane) and the vertical strips measure the position along x-direction (non-
bending plane). The signals from FEE are sent to the local trigger electronics. The
whole trigger system is divided into 234 detection areas where each of this is associated

with a local trigger board.

Muon Trigger decision

The muon trigger decision in the ALICE Muon Spectrometer is done using the RPC de-

tectors of muon trigger system [28]. The trigger algorithm is performed in the electronic

63



Chapter 2. The ALICE detector at the LHC

level of four RPC detector planes following the track information obtained from trigger
system. To define a track, both the bending and non-bending planes are required to
be fired. The track deviation is computed in the bending plane while the non-bending

plane is useful for background rejection. A particle of low py have large deviation and

vice versa.
v 4 Magnetic Dipole
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Figure 2.13: Sketch to calculate track transverse momentum by ALICE muon trigger
system.

Fig. 2.13 shows the calculation of transverse momentum of the reconstructed muon
tracks by ALICE muon trigger system. In Fig. 2.13, (y;,2;) and (y,,2,) are the position
of the muon tracks at the first trigger station and second trigger station respectively. The
coordinate of the dipole is (x, y¢,2;). The deviation in the y-plane (in second trigger

station) is labelled as dy,. Using these information, one can calculate the deviation ()
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of the track as:

0, — i(zly2 - Zz?h) (2.1)
Zf Zo — 27

Under the small angle approximation, the transverse momentum (p;) can be calculated

as,
2 2
Zo — 2q ‘rf + yf
~ LB( ) v 2.9
P q - 57 (2.2)
and
ya Z1 — &
yp =1L — 5y2< : f) (2.3)
21 29 — 21

Where B and L are the magnetic field and length of the dipole magnet respectively.

The muon trigger system uses a three-level electronics to fulfil the requirements of
trigger decisions. First, local card receives information from the detector and take a
decision within 250 ns to provide a “local trigger”. This “local trigger” can be a no
trigger, a trigger for positive particle, a trigger for negative particle and a trigger without
deviation. The information of the local cards are then collected by the regional cards to
compute one candidate track, or two or more candidate tracks with like-sign or unlike-
sign. Finally, the information of the regional cards are stored by the global card and
can provide the signals of five triggers which are then further sent to the Central Trigger

Processor (CTP).

The five possible muon trigger signals for the CTP are mentioned below:

Single muon above low (high) p, cut: Muon Single Low (High).

Like-sign di-muon of low p, cut: PairLikeL.Pt

Like-sign di-muon of high p, cut: PairLikeHPt

Unlike-sign di-muon of low p, cut: PairUnlikeLPt

Unlike-sign di-muon of high p, cut: PairUnlikeHPt
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Muon trigger system uses two threshold values for low and high p,-cut. The threshold
for low p, muon trigger is 1 (or 0.5) GeV/c¢ and for high p, muon trigger is 4 GeV/c.
Since, the detector efficiency is not an ideal step function, these p, cuts for the triggers are
not sharp in practice. A p,-cut of 0.5 GeV/c is given to define All p, which corresponds

to the maximum deviation that can be measured by the local electronics.

2.2.6 The ALICE upgrade for Run 3

One of the main focus to design ALICE at the LHC is to study the QGP matter created in
high energy heavy-ion collisions along with in-depth research of several physics programs
in proton-proton and proton-ion collisions. The ALICE upgrade strategy beyond Long
Shutdown 2 (LS2) is to collect the Pb-Pb data corresponding to integrated luminosity
Lin: = 13 nb~" which is almost 10 times higher than the ALICE Run 2. Near the end of
the year 2018 during Run 2, ALICE has recorded the data samples in Pb-Pb collisions
with L;,, = 800 pb~' [29]. During Run 3, ALICE targets for data collection in p-Pb
collisions with L,,, = 0.6 pb~' which was L,,, = 25 nb~' during Run 2. However in
pp collisions, it aims to operate with a maximum integrated luminosity L;,; = 200 pb™*
compared to L;,; = 36 pb~' during Run 2 at /s = 13 TeV. There is also plan for a
short period run for O-O collisions at /s = 6.37 TeV with L;,, ~ 1 pb~' during Run
3 [8]. The ALICE upgrade programs will allow for collection and inspection of a large
data volume in Pb-Pb and p-Pb collisions with continuous readout mode using ALICE
detectors. This will enable an increase in data samples of about 100 and 1000 times more
compared to the data collected with a minimum-bias trigger during Run 2 for Pb-Pb and
p-Pb respectively. Hence, Run 3 will subsequently increase the statistical significance and
allow more precision measurements. Few of the ALICE upgrade programs are described

as following:
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Inner Tracking System (ITS)

The main tasks of ALICE ITS are to determine the interaction vertex, tracking and
identifying the particles of low transverse momentum (pr), to measure the distance
of closest approach (DCA) of charged particles with respect to the interaction vertex
etc. For the upgrade of ITS, the first detection layer becomes nearer to the interaction
vertex after the reduction of the beampipe diameter at the center of ALICE. This will
improve the measurement of impact parameter (b) resolution [30]. The use of Monolithic
Active Pixel Sensors (MAPS) as readout in new ITS, reduces the material budget. This
upgradation will significantly improve the tracking performance and the momentum
resolution. This newly designed ITS is able to read data corresponding to collision rate
of 100 kHz for Pb-Pb and 400 kHz for pp collisions which is capable by a factor of 2

higher than the ALICE Run 3 upgrade requirements.

Muon Forward Tracker (MFT)

During Run 1 &Run 2, the ALICE physics program had various limitations. One of those
are due to the multiple scattering of muon tracks by the front absorber. This results a
complete smearing of the primary vertex. As a consequence, it was very difficult to reject
the background muon coming from semi-muonic decays of pions and kaons (at low pr).
The large uncertainty of interaction vertex determination also prevents the separation
between prompt and non-prompt J/¢ production. One of the physics challenges is to
differentiate between open charm and beauty component of open heavy flavour decay

muon production.

The presence of Muon Forward Tracker (MFT) in ALICE Run 3 is expected to over-
come the limitations as discussed above. The MFT is equipped with high resolution
silicon pixel detector (jointly developed by ITS and MFT team) and is placed upstream

of the front absorber. It covers the acceptance range of —3.6 < n < —2.5 which slightly
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reduces the acceptance of muon spectrometer (MS) [31]. The presence of MFT will
significantly improve the vertexing capability (~ pm) of the muon spectrometer, which
was in the order of cm at Run 2. The pointing accuracy of muon tracks with respect
to the interaction vertex will enhance efficiently. This will be done by matching the
extrapolated muon tracks from the tracking chambers placed downstream of the front
absorber and finding the clusters in MFT. A detail description of the MFT detector will

be discussed in chapter 5.

Readout upgrade of MS

In ALICE Run 2, the Pb-Pb collision rate was 1 kHz. The basic unit of FEE of all
five tracking stations of MS was 16 channel MANAS (Multiplexed ANAlogic Signal pro-
cessor) chip. In Run3, ALICE will operate in higher collision rates i.e. at 50 kHz for
Pb-Pb collision and 200 kHz for p-Pb (pp) collision respectively. The FEE with MANAS
chip is not compatible for this high luminosity beam (L = 6x10*"em ™ ?s™"). Therefore,
the FEE of MS is re-designed and upgraded with new 32 channel SAMPA (Serialized
Analogue-digital Multi Purpose ASIC) chip replacing MANAS. The ASIC (Application
Specific Integrated Circuit) chip SAMPA will comply with this high rate collision. The
first prototype design of ASIC SAMPA was from Electrical Engineering-Polytechnical
School, University of Sao Paulo, Brazil. The SAMPA chip can read detector signal in
both the modes: external trigger and continuous self-trigger. The SAMPA chip con-

tains a common digital signal processor to provide various signal filtering operations and

improves the ability of data compression.

The parameters of the SAMPA chips for the Muon Chambers(MCH) are following [32]:

e 10-bit ADC resolution.
e 10 MHz sampling rate.

e shaping time of 330 ns.
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e noise label below 2000 electrons (large pads) and 1000 electrons (small pads).

The new Dual SAMPA (DS) boards replace the previous MANU boards. Each DS
board contains two such SAMPA chip and each board is connected to 64 readout chan-
nels of the tracking detector. The upgraded FEE will be connected via GBT (Gigabit
Transceiver) optical links to the common readout unit (CRU). The data flow will be
reduced by the online computing system before sending to the offline system. The new
FEE for second tracking station of MS is designed, fabricated, and installed in ALICE
by MUON group of SINP, Kolkata.

The upgrade strategy for Run 3 implies for no need of fast, hardware-based, pp-
dependent muon trigger signal. All muon detectors could read for each minimum bias
trigger with the goal of maximising the muon physics potential and the data can be used
in offline for further hadron rejection. The corresponding muon trigger system is called

as the Muon Identifer (MID).

Online-Offline (O?) computing system

0? is a major upgraded ALICE Online-Offine computing system which has been deployed
during LS2. The Online-Offine (O*) computing system will face more challenges during
Run 3 as the raw data shipped from the detector to online farm in triggerless continuous
mode with a rate of ~3.3 TB/s for heavy-ion runs[33]. A compression (by a factor of 6.6)
of data volume is done by baseline correction and zero-suppression for both the collision
rate 50 kHz (Pb—Pb) and 200 kHz (pp and p—Pb ) respectively. Further compression of
the data with a factor of 5.5 is done by the online calibration and reconstruction. The
reconstructed data goes to the data storage only [29]. The major role of the O? system
is to perform detector calibration and data reconstruction online in parallel with the

storage of data while replacing the original raw data with compressed data.
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CHAPTER 3

Experimental measurements of Heavy

Flavour decay Muon production in pp

collisions at /s = 13 TeV with ALICE

In this chapter, the new measurement of Heavy Flavour decay Muon (HFM) production
cross-section at forward rapidity in proton-proton (pp) collisions at /s = 13 TeV with the
ALICE detector at the LHC has been described. The measurements of HFM production
in pp collisions at /s = 13 TeV are presented as a function of transverse momentum
(pr) and rapidity (y) within the full acceptance (-4 < n < —2.5) of ALICE muon
spectrometer (MS). The measurement of pp-differential production cross-section of HFM
is also performed at five different pseudo-rapidity intervals in the range —4 < n < —2.5.
This HFM analysis is carried out by using the data sample (LHC16k) collected in the
Run 2 period of 2016. The results are obtained with high statistics data compared to the
Run 1 measurements for pp collisions at /s = 2.76 TeV [1] and 7 TeV [2] and at /s =
5.02 TeV of Run 2 [3]. This high statistics allows to measure the production cross-section
of HFM at an extended pp-range upto 30 GeV/c. It is to be mentioned that the previous
measurements of HFM in pp collisions are done at /s = 2.76 TeV upto 10 GeV /¢, at /s
= 5.02 TeV upto 20 GeV/c and at /s = 7 TeV upto 12 GeV/c respectively. The new
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measurements of the production cross-sections of HFM at /s = 13 TeV are compared
with the FONLL calculation [4]. The measured pp-differential production cross-section
of HFM at /s = 13 TeV is compared with the previous results measured by ALICE at

different center-of-mass energies.

3.1 Data Samples

ALICE collected data samples in pp collisions during the Run 2 period from the year of
2015 to 2018. This analysis is performed taking the data sample LHC16k (2016) based on
AODs (Analysis Object Data) with muon passl reconstruction. The analysis is carried
out with the minimum-bias (MB) trigger and two muon triggers having p; threshold of
1 GeV/¢ (Muon Single Low, MSL) and 4 GeV /¢ (Muon Single High, MSH) respectively.
The muon spectrometer (MS), SPD and VO & TO0 sub-detectors of ALICE participated
during the collection of data used for this analysis. The SPD is used for the primary
vertex reconstruction while the MS is used for the reconstruction of muon tracks. The
V0 and TO are used for the luminosity measurements. The 169 number of good runs
of LHC16k data set are finalised for this analysis after Quality Assurance (QA). This
QA checking is done taking the information from Run Condition Table (RCT) of AL-
ICE Grid monitoring toolset MonALISA (Monitoring Agents using a Large Integrated

Services Architecture):

The following are the good runs of LHC16k (passl, AOD) data set:

258537 258499 258498 258477 258456 258454 258452 258426 258393 258391 258388 258387
258359 258336 258332 258307 258306 258303 258302 258301 258299 258280 258278 258274
258273 258271 258270 258258 258257 258256 258204 258203 258202 258197 258178 258117
258114 258113 258109 258108 258107 258063 258062 258060 258059 258049 258048 258045
258042 258041 258039 258019 258017 258014 258012 258008 257989 257986 257979 257963
257960 257958 257957 257939 257937 257936 257932 257912 257901 257893 257892 257737
257735 257734 257733 257727 257725 257724 257697 257694 257688 257687 257685 257684
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257682 257644 257642 257636 257635 257632 257630 257606 257605 257604 257601 257595
257594 257592 257590 257588 257587 257566 257564 257563 257562 257561 257560 257541
257540 257531 257530 257492 257491 257490 257488 257487 257474 257468 257457 257433
257364 257358 257330 257322 257320 257318 257260 257224 257095 257092 257086 257084
257083 257082 257080 257077 257071 257026 257021 257012 257011 256944 256942 256941
256697 256695 256694 256691 256684 256681 256677 256676 256658 256620 256619 256591
256567 256565 256564 256561 256560 256557 256556 256554 256552 256512 256510 256506

256504

3.2 Event and track selection cuts

Various event and track selection cuts are applied to obtain the inclusive single muon. These
selection cuts are standard cuts for the single muon analysis and used in the previous measure-

ments. These selections cuts are mentioned below:

1. Event Cuts:

e Physics selection

e z-component of vertex selection within |V,|< 10ecm
2. Track Cuts:

e Pseudo-rapidity : —4.0 <n < —2.5

e Theta: 170° <6 < 178°

e track-trigger matching

e pDca: 60

An offline event selection is applied to reject any possible background events after the online
event selection at the hardware level. This offline physics event selection is known as Physics

selection (PS). This PS reproduces the online trigger conditions at the offline level in order
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to reject background events arising from incorrect trigger decisions at hardware level due to
the noise of the front-end electronics. This Physics selection also rejects beam-gas induced
background events by using the event leading time distribution in VOA and VOC detectors
respectively. The physics selection defines the minimum-bias trigger condition at the software

level as following;:

(FO>2) | (FO > 1 &(V0A | VOC)) | (VOA & V0C) (3.1)

where, FO is the number of SPD hits, VOA (VOC) corresponds to at least one hit in VOA (VOC)
detector and the leading time is located in the beam-beam interaction window of VOA (V0C).
The physics selected events are those events which pass the offline software trigger following

the Eq. 3.1.

The physics selection condition can reject part of the events without reconstructed primary
vertex. In our analysis, the reconstruction of muon tracks should be related to the primary
vertex. The heavy flavour decay muons are produced at the position of the interaction point
(about few hundred pm). So, an event with a muon tracks without reconstruction of primary
vertex is rejected in our analysis. This rejection is done when the number of primary vertex
contributors are larger than zero. The position of the primary vertex is determined using
the SPD tracklets of all the reconstructed tracks in the central barrel detector. Moreover, an
additional cut (|V,| < 10 c¢m ) is applied in the position of the reconstructed primary vertex

along the beam-axis with respect to the center (0,0,0) of the ALICE co-ordinate system.

The muon tracks are reconstructed within the geometrical acceptance of ALICE muon spec-
trometer with polar angle 170° < 6 < 178° and pseudo-rapidity coverage —4 < 7 < —2.5.
There should be a matching condition with the track candidate in the tracking system and
the tracklets reconstructed in the trigger stations. The track-trigger matching not only rejects
the punch-through hadrons, but also removes the muon of low momentum (< 4 GeV/c¢). A
data sample containing muon-triggered events requires the coincidence of the minimum-bias
condition as described in Eq. 3.1 and at least a muon track in the muon trigger system. In this
analysis for single muons, the MB trigger condition requires the coincidence of the signals in the

two VO detectors (VOA and VOC). Two single muon trigger classes based on the pp-threshold

78



Chapter 3. Experimental measurements of Heavy Flavour decay Muon production in pp collisions at
v/s =13 TeV with ALICE

has been used: Muon Single Low (MSL) and Muon Single High (MSH). The MSL (MSH) is
with a pp-threshold above 1 (4) GeV/c. These two single muon trigger classes are named as
CMSL-B-NOPF-MUFAST (MSL) and CMSH-B-NOPF-MUFAST (MSH) respectively whereas
the MB trigger for single muon is named as CINT7-B-NOPF-MUFAST (CINT). Finally, an
additional pxDCA cut of 60 is applied to remove the beam-gas induced background. The
Distance of Closest Approach (DCA) is the distance between the extrapolated muon track and
the interaction vertex in a plane perpendicular to the beam direction and passing through the

interaction vertex. p is the momentum of the reconstructed muon track.

3.2.1 Subtraction of hadronic and beam induced background

In order to study the contribution of muons from various background sources, a realistic Monte-
Carlo (MC) simulations with the full response of detector geometry using GEANTS is done. In
Figure. 3.1, the transverse momentum (py) distribution of muons from different sources using

MC simulation based on PYTHIA are shown. The muons from various sources are following:
e 1 < beauty (red) and p < charm ( ) are the muons from the semi-muonic decay
of heavy flavour hadron B and D respectively.

e primary g (blue): muons decaying from primary charged pion(r~) and kaon (K jE) pro-

duced in the collision.

e secondary p (magenta): muons decaying from secondary light hadrons produced inside

the front absorber of Muon Spectrometer.

e hadrons (cyan): punch through hadrons and secondary light hadrons escaped from the
front absorber and crossing the tracking chamber and reconstructed as muons erro-

neously.
o fake tracks (grey): tracks which are not associated to one single particle crossing the

spectrometer.

In Figure. 3.2, the DCA distribution of muons from various sources are shown for without
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Figure 3.1: pp-distribution of muons from different sources using MC PYTHIA simula-
tion.

(left) and with (right) trigger matching condition with that track in tracking system. It is
observed that, this trigger matching condition is very much effective to reject the tracks of
high DCA values. It is evident from the Figure. 3.2 that high DCA values are corresponding
to hadronic component mostly. It is also seen from figure. 3.3 that low mometum muons
corresponding to the tracks of high DCA values (left) are largely rejected after the track-
trigger matching condition (right). After applying this trigger matching condition, the hadronic
component which is basically the punch through hadron, got rejected by ~ 98.5%. In addition
to this, the contribution of primary and secondary muons is suppressed by ~ 56% and ~ 65%

respectively.

The origin of large values of DCA may be due to following reasons [5]:

e the production vertex of particles related to a given recontructed track is far from the

interaction vertex, such as for light hadron decay muons or beam induced particles.

e large scatterings of the primary and/or secondary muons inside the front absorber (this

effect mainly affects the track in the low pp region).

The correlation between momentum and DCA has been employed to remove the beam-
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Figure 3.2: DCA distribution of muons from various sources using MC simulation without
(left) and with (right) track-trigger matching condition.
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Figure 3.3: DCA distribution of muons as a function of momentum (p) before (left) and
after (right) track-trigger matching condition.

induced background muons [2]. A beam-induced background track does not point towards the
interaction vertex. Due to the multiple coulomb scattering inside the front absorber, the DCA
distribution of the tracks pointing toward interaction vertex can be described by a Gaussian

function. The width (o) of this function can be approximated by:

_ 13.6MeV

Bep X z X y/x/Xyx [1+0.038In(x/X,)] (3.2)

g

where p, B¢ and z are the momentum, velocity and charge number of the particle and x/X|, is
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the thickness of the scattering medium in the unit of radiation length respectively.

From Eq. 3.2, it is evident that the width (o) is proportional to the 1/p, where p is the
momentum of the particle. Thus it is proposed to study the variable pDCA (p times DCA) in

order to avoid the dependence on p.

The left panel of Figure 3.3 shows that the large DCA values at low momentum are associated
with the hadronic component and muons from light hadron decays. In the high pr region, the
large DCA values should not be attributed to large scatterings of light hadrons inside the front
absorber. The particles of large DCA values in the high pr regions are the background from
the beam-gas induced particles. The beam induced background becomes very important in the
high pr region where the yield of physical tracks is strongly suppressed. The pp distribution of
the beam induced background does not follow the expected trend as seen for particles produced
in the beam-beam collisions. Indeed, they do not follow the DCA distribution as described in
Eq. 3.2 and can be rejected applying a cut of 60 on pDCA. The o is extracted with a Gaussian

fit to the pDCA distribution.

To investigate the subtraction of beam-gas induced background, a study of pDCA as a
function of transverse momentum (pp) is done. A realistic MC simulation using PYTHIA
is performed with a pDCA cut of 60 after the track-trigger matching condition as shown in
figure. 3.4. It is observed in the simulation that a pDCA cut of 60 is effective to remove the
beam-gas induced background while it does not affect the yield of heavy flavour decay muons,

primary muons and hadrons except a reduction of secondary muons by about 1.5%.

The Figure 3.5 shows the effect of this pDCA cut of 60 for the data sample collected using
ALICE detector in pp collisions at /s = 13 TeV. The left panel of figure 3.5 shows a tail of
beam-gas induced background upto a large pp-range. The application of the pDCA cut removes

this beam-gas induced background very efficiently which is shown in Figure 3.5 (right).
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Figure 3.4: pDCA distribution of muons as a function of transverse momentum
before (left) and after (right) applying pDCA cut of 60 in pp collisions at /s = 13

using realistic PYTHIA simulation.
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using ALICE data sample.

3.3 Inclusive muon distribution

The study of HFM production in pp collisions at /s = 13 TeV is done by analysing the

ALICE data sample (LHC16k) as mentioned in section 3.1. The reconstruction of muon tracks

are done with the minimum-bias (MB) trigger along with two muon triggers MSL and MSH.

The statistics of the events and the corresponding reconstructed muons after applying event

and different track selection cuts are shown in Table 3.1. N,,, is the number of events and N,,,,

is the corresponding number of muon tracks after the event selection cuts applied as discussed

in section 3.2.
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Table 3.1: Number of events and tracks after various selection cuts for MB, MSL and
MSH trigger.

data sample | trigger Nyt Nk w/ n W/ O w/ trig matching | w/ p x DCA
MB | 5.395 x 10° | 3.067 x 10° | 2.518 x 10° | 2.44 x 10° 5.3522 x 107 5.339 x 10°

LHC16k MSL | 5.306 x 107 | 3.541 x 107 | 3.227 x 107 | 3.21 x 10" 2.916 x 107 2.909 x 107
MSH | 2.301 x 107 | 1.465 x 107 | 1.327 x 10" | 1.319 x 107 1.122 x 107 1.106 x 107

The pp-distribution of inclusive muons after each track selection cut applied for MB (top),

MSL (bottom, left ) and MSH (bottom, right) triggered events are shown in Figure. 3.6. The

pp-distribution of inclusive muons after applying all event and track selection cuts for MB,

MSL and MSH are shown in Figure. 3.7 (left) and the corresponding statistical uncertainties

(right) are shown also. As it is expected a higher statistical data volume at this /s = 13

TeV, the inclusive muon pp-spectra could be extended upto pr = 40 GeV/c with a statistical

uncertainties up to 21% for MSL and 5.6% for MSH respectively at the higher pp-region within

36 < pr <40 GeV/c. However, in the previous measurement of inclusive muons at /s = 5.02

TeV [3] with Run 2 data, it was possible to extend upto p; = 20 GeV/c only with a statistical

uncertainty of 16% within 18 < py <20 GeV/c for MSH data sample.
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Figure 3.6: Transverse momentum distributions of inclusive muons with different track
selection cuts in pp collisions at /s = 13 TeV for MB (top), MSL (bottom, left) & MSH
(bottom, right) triggered events.
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Figure 3.7: Transverse momentum distributions of inclusive muons after all event and
track selection cuts in pp collisions at /s = 13 TeV for MB, MSL & MSH triggered
events (left). The corresponding statistical uncertainties are also shown (right).

The pp-distribution of the inclusive muons at five equal pseudo-rapidity () intervals are
also shown for MSL in Figure 3.8 and for MSH in Figure 3.9 respectively. The corresponding
statistical uncertainties for these two muon triggers MSL and MSH are shown at the right panel
of Figure 3.8 and Figure 3.9 respectively. It is seen that a maximum statistical uncertainty of ~
57% (25%) for MSL (MSH) is associated in the case of most forward interval (—4 < n < —3.7).
It is observed a significantly large background contribution at the lower py region (< 2 GeV/c¢)
for muon decaying from primary and secondary light hadrons as described in section 3.2.1 and
low statistics at higher pr region. Therefore, the inclusive muon pp-distribution is limited
within 2 < pr < 30 GeV/c to investigate the production cross-section of heavy flavour decay

muon using this data sample at /s = 13 TeV.

3.4 Normalization procedure for the single muon trig-

gered events

This HFM analysis is carried out using two single muon triggers CMSL7-B-NOPF-MUFAST
(MSL) and CMSH7-B-NOPF-MUFAST (MSH). The data taking with MSL and MSH trigger
require one muon track fired in the trigger system in addition to the minimum-bias (MB) trigger.

However, the MB triggered events were downscaled during the data taking for allowing more
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DAQ bandwidth with the rare triggers like CMUL used for quarkonia analysis in the di-muon

channel. Hence, to measure the yield of inclusive single muons in MB triggered events, it is

required to determine the equivalent number of minimum bias events corresponding to these

two single muon triggered events. The estimation of the equivalent number of minimum bias

collisions for a given muon triggered data sample are required for the normalization of muon

triggered events. The equivalent number of minimum-bias events (Ny7 5

) corresponding to the
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muon triggered events can be calculated as :

e S S
N§p = FaISEOMSE) o Nyror sy (3.3)

F,%;grﬁ (MSH) is the normalization factor and N MSL(vsH) is the number of events for

where,
MSL (MSH) respectively. The normalization procedure is very similar analyses as done for J/¢
and single muons previously [6, 7]. Two method called offline and online(scalar) are adapted

for the calculation of FMSL(MSH)

norm . In Offline method, one applies the muon trigger condition

on minimum-bias (CINT7) events, whereas online method uses LOb trigger rate as an input

taken from Offline Conditions DataBase (OCDB).

3.4.1 Correction for pile-up events

It is possible to have several interactions during the integration time of readout detectors and
registered as one single event for all these interactions. This is called pile-up events. The
pile-up of different collisions happens in two ways: “in-bunch pile-up” where two (or more)
collisions occur in the same bunch crossing, and “out-bunch pile-up” occurs where one (or
more) collisions occur from neighbouring bunch-crossings. The influence of “out-bunch pile-
up” is more with respect to “in-bunch pile-up” on the heavy-ion data at LHC. The pile-up
events should be removed to estimate the correct number of MB events. The “out-bunch pile-
up” affect detectors differently depending on their readout time and hence the data sample is
not sensitive to the pile-up events from different bunch-crossings. So, the pile-up from same

bunch crossing is considered only.

The number of inelastic collisions in a bunch crossing follows poisons distribution as below:

n_—pu

Pn) =" ne, (3.4)
o L

= 3.5

a Ny frue (3:5)
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where, P(n) is the probability of collisions in an event and p is the mean number of collisions
per bunch crossing. L is the LHC instantaneous luminosity and o is the inelastic cross-section.
Hence, the numerator of Eq. 3.5 represents the number of interactions per unit of time. N,
is the number of bunches in the LHC ring and f; g is the LHC revolution frequency (11245

Hz). Therefore, the denominator (N, . frpc) of Eq. 3.5 is the maximum bunch crossing rate.

The probability of having at least one MB trigger (CINT) is the ratio of the MB trigger

rate (Rornr) and the rate of bunch crossing (N, . frrc), as given by

R
Porny(n>1) = ﬁ (3.6)

It is to be mentioned that Roryr < Np. So, the probability for at least one MB collision in

the case of MB trigger with offline physics selection is

PFornt - LObRornT
Ny fruc

Pornr(n >1) = (3.7)

where, PFo;n7 is the purity factor corresponding to the MB trigger CINT. The purity factor
(PF) is the fraction of events with offline physics selection to the total number of events for a
given trigger used. LObRoyt is the rate of number of MB events recorded by the LOb counter.
Now, following Eq. 3.4, the probability of having zero collisions is P(0) = 1— P(n > 1). Hence,

further using Eq. 3.7, the mean number of collisions per bunch crossing is given by

PF, . LObR
o= —ln(l _ CINT CINT) (3.8)
Ny fruc
Finally, a pile-up correction factor (CF;aile_up) is calculated run by run as,
CF]lDile—up = i (39)
1—e*

where, i stands for the run number of the selected data sample.

The pile-up correction has been evaluated also for the MB trigger from T0O (COTVX) along

with the MB trigger from VO (CINT) using the same procedure. The COTVX is used for the
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pile-up correction based on the LOb trigger rate, called online method. In Figure. 3.10, the
LOb trigger rate corresponding to CINT and COTVX, the number of colliding bunches (NV),
the purity factor (PF) corresponding to CINT and the pile-up correction factor (CF;e_y;)
are shown as a function of run numbers. The average values of CF;._,, considering all the

169 run numbers for the two MB triggers CINT and COTVX are also displayed in Figure. 3.10

(bottom, right).
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Figure 3.10: LOb trigger rates, number of colliding bunches (/NV,), purity factor (PF) and
pile-up correction factor (C'Fp;._,,) for the MB triggers (CINT & COTVX) as a function
of run numbers.

3.4.2 Offline method

The normalization factor for two muon triggers MSL (F, MSL) and MSH (F, MSH) are calculated

norm norm

run by run basis as follows:

1 i
NMB X CFPile—up

FROTfline vrory = (3.10)

Ny B&&oMsL
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FLOH i) = PG (s 5 hst 1)

where i stands for run number, C'Fp;;._,,, is the pile-up correction factor, Ny, p and Nysgp,
are the number of MB and MSL triggered events after offline selection. N,speg0rrs1 are the
number of MB events satisfying a OMSL input as well and Ny;sr.¢800m5m are the number of

MSL triggered events containing OMSH input.

The final value of the trigger normalization factor is obtained using the weighted average

where the statistical uncertainty used as weight.

FOMSL(MSH) % (o 2)MSL(MSH)
’L

FMSL(MSH) Z norm (3 12)
norm 2\MSL(MSH) '
>i1/(o7)
The statistical uncertainty in the measurement of Fé\gg{; (MSH) given by
MSL(MSH)

3.4.3 Online method

Online (scalar) method is measured with the LOb trigger (Level 0 scalar inputs of MB trigger)
rate taken from OCDB. Here, COTVX trigger is used as minimum-bias (MB) trigger. The

normalization factor in online method is measured as follows:

LObcory x X PEoorvx X CFpije_up

FROmline v ro1 I MSH) = (3.14)

LObyrsz arsm < PFast/vsa

where PFoory x, PFygr and PF) gy are the purity factors corresponding to COTVX, MSL
and MSH triggers respectively. LObcgry x, LObysgr, and LObysgy are the trigger rates at LOb
level corresponding to COTVX, MSL and MSH respectively. The final value is calculated by

the weighted average and the statistical uncertainties are calculated same as in offline method.
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3.4.4 Results on normalization procedure

The normalization factor (F),,,,,) calculated with offline and online methods for MSL (left) and
MSH (right) as a function of run numbers are shown in Figure 3.11. The final F,,,,, values
and corresponding statistical uncertainties over all the run numbers for MSL and MSH are

calculated using Eq. 3.12 and Eq. 3.13 respectively.

¢ 100 g 4000
8 2 pp Vs=13 TeV,LHC16k, MSH

Normalization F_scalar, COTVX
Normalization F_offline, CINT7

scalar, weighted value = 994.525+10.6698
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Figure 3.11: Normalization factor (F,,,,,) for muon triggers MSL (left) and MSH (right)
as a function of run number.

The cross-section (o) corresponding to MSL and MSH are also measured from the results

based on offline and online method as following

V0/T0

Of fline/Online __ OvaM
IMSL/MSH = Offline/Online (3.15)
norm(MSL/MSH)

oy a1 the visible (reference) cross-section measured in van der Meer (VAM) scan in August
2015 based on particle detection in VO and TO0 detectors. The values of the visible cross-section
measured by VO and TO detectors are oygy = (57.8+1.2) mb and oty = (30.1£0.6) mb
respectively [8]. To calculate the cross-section for the two muon triggers, the O'XSM is used
for the offline method whereas a‘:ch is used for the online method. Finally, the integrated

luminosity (L;,;) for MSL and MSH can be calculated using ot9,r as given by
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L Nyspymsa MSL/MSH
int T0 norm
OvdM
~ Nuyspymsu

Online
OMSL/MSH

(3.16)

The calculated values of the integrated luminosity corresponding to MSL and MSH triggers
are (176.85 4+ 3.54) nb~ ' and (2177.42 + 49.29) nb ' respectively. Finally, the production
cross-section of muons decaying from heavy flavour hadrons is obtained using the cross-section

calculated for the MSL and MSH triggers with the online method based on the COTVX trigger.

The normalization factor (F),,,,,), cross-section (o) for both the offline and online method

and L,,; corresponding to MSL and MSH triggers are reported in table 3.2.

Table 3.2: Normalization factor, cross-section and Integrated Luminosity for MSL and
MSH data sample.

Trigger | Fuom Frormr o7 (mb) [ "™ (mb) [ Liy(nb )
MSL | 61.17214 0.1266 | 28.1058+ 0.0523 | 0.9449+2.09% 1.071£2.0% 176.85+3.54
MSH | 2114.26+4.22949 | 994.525+10.6698 | 0.0273+ 2.09% | 0.0303+2.26% | 2177.42+49.29

3.5 Acceptance times efficiency

The Acceptance times efficiency (A X €) as a function of pp is estimated from a full realistic
Monte-Carlo (MC) simulations. The pp- and y-distribution of muons decaying from heavy
flavour hadrons based on FONLL (Fixed Order + Next-to-Leading Logarithms) calculations.
The GEANTS3 transport package has been used to incorporate the detector descriptions and its
responses. The A x e calculations are done run by run and hence the evolution of the detector
response over the time is taken into account. The parameterizations of the pr (Eq. 3.17) and y
(Eq. 3.18) distributions of muons from heavy flavour hadron decays are predicted by FONLL

as follows:

m (3.17)
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8 6 4 2
x.py+x .pg+x .p3+ a7 .py+ T.ps + g (3.18)

where a, b, ¢ and py, pa, P3, D4, P5, P are the free parameters for the given pp- and y- distribu-
tions respectively. To measure the heavy flavour deacy muon (HFM) contribution, both the c
and b-quark hadronic contributions through their leptonic decay modes are considered using
FONLL online tool [4]. The HFM have three contributions: p < ¢, p < band p < D < b. The
CTEQG6.6 is used as a Parton Distribution Function (PDF). Considering the edge effect within
the ALICE muon spectrometer acceptance, the rapidity range is broadened to —4.3 <y < —2.2.
The pp- and y- distributions are obtained according to the muon trigger conditions MSL (pp >
1 GeV/c) and MSH (pr > 4 GeV/c). The pp- and y- distributions of HFM based on FONLL
and their corresponding fits according to the Eq. 3.17 and Eq. 3.18 are shown in Figure 3.12

and Figure 3.13 respectively.
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Figure 3.12: pp-distribution in pp collisions at /s = 13 TeV corresponding to MSL
(left) and MSH (right) predicted by FONLL. The fit functions are also shown for pp
distribution.

The py-differential acceptance times efficiency (Axe) is calculated by: Axe|iyo= Nhiee/NEGen

where N;ﬁec and N%ge” are the total number of reconstructed and generated muons in the ith
pr bin. Large statistical fluctuation is visible towards the high pp-region in A x e for all the

rapidity-intervals. These fluctuations are mitigated using an Error fitting function:

a [b+Erf(pTd_ C)} (3.19)
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Figure 3.13: y-distribution in pp collisions at /s = 13 TeV corresponding to MSL (left)
and MSH (right) predicted by FONLL. The fit functions are also shown for y distribution.

where, a,b,c and d are the fitting parameters.

The A X € as a function of pp for MSL (left) and MSH (right) within the full acceptance
—4. < n < —2.5 are shown in Fig. 3.14. The pp-differential A x € at five different rapidity

intervals are also shown for MSL: and MSH in Fig. 3.15 and Fig. 3.16 respectively.
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Figure 3.14: Acceptance times efficiency (A x €) as a function of py for two muon triggers
MSL(left) and MSH (right) within the full acceptance (—4 < n < —2.5) at /s =13 TeV.
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3.6 Correction of inclusive muon ps distribution.

In section. 3.3, the pp-distributions of single muons are obtained using two single muon triggers
MSL and MSH. The normalization of the single muon triggers MSL and MSH with the equiva-
lent number of minimum-bias events are presented in section. 3.4. The A x € for MSL and MSH
triggered events are also obtained in section. 3.5. It is necessary to normalize the raw inclusive
muons spectra to the equivalent number of MB events and then corrections for the A x e. The
pr distribution of inclusive muons for MSL and MSH are normalized using the cross-sections
of corresponding triggers as reported in Table. 3.2. Figure. 3.17 shows the pp-distribution of
inclusive muon within —4 < n < —2.5 for MSL- and MSH-triggered events before and after the
normalization correction. Furthermore, the normalized pp-distributions of inclusive muons for
MSL and MSH triggers are corrected with the A x e. The results after the corrections with

A x € are shown in Figure. 3.18 for full acceptance and at different pseudo-rapidity intervals.

2
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Figure 3.17: Inclusive muons pp-distribution for MSL and MSH triggered events before
(left) and after (right) normalization correction.

Figure 3.19 presents the ratio of the corrected pp-distributions of MSH to that of MSL
triggered events in the left panel and the same at different rapidity intervals in the right
panel. It is observed that the maximum relative deviation between MSL and MSH triggered
events is ~5% for pp > 6 GeV/c within full acceptance (—4 < n < —2.5) whereas at different
sub-rapidity intervals it varies upto ~21% for pp range 20< pr <30 GeV/c. The final pp-
spectra of inclusive muons are computed mixing the MSL and MSH triggered events in the pp

range 2< pp <7 GeV/c and 7< pp <30 GeV/c respectively. This mixed inclusive muon pp
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Figure 3.18: The comparison of normalized and A x € corrected pp-distributions of
inclusive muons for MSL and MSH triggered events at different rapidity intervals.

distribution is used for the study of different background contributions and to obtain the HFM

production cross-section after subtracting the total background muons.

The final inclusive

muons pp distributions within the full acceptance and at various sub-rapidity intervals are

shown in Figure 3.20.
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Figure 3.19: The ratio of the corrected (normalized and A X ¢) py distributions of inclusive
muons of MSH with respect to that of MSL triggerd events for the full rapidity range
(left) and various sub-rapidity intervals (right).
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Figure 3.20: The p; distributions of inclusive muons obtained by mixing MSL (2< pp <7
GeV/c) and MSH (7 < pr < 30 GeV/c¢) triggered events.

3.7 Estimation of background contributions

The contributions of muons from several background sources are to be subtracted from the
corrected inclusive muons obtained in pp collisions at /s = 13 TeV. Finally the pp-differential

production cross-section of heavy flavour decay muon (HFM) is measured as following;:

“HF incl K —J ) “W/Z/y"

dNj, B dN,,“ " B ANy, " B ANy " B dNj, B dN}, v 390
d - d d d d d (3.20)
Pr PT pPr Pr Pr Pr

The contribution of secondary muon is very negligible (< 1%) for muon with p; > 4 GeVe.
However, the main background contribution towards low pp-range (2-5 GeV/c) is from the
muons decay from primary charged pion and kaon while at higher pp-region (pr > 14 GeV/c¢)
the contribution of muons from W/Z/~y" decay is more prominent. At the intermediate pp-
region (5-14 GeV/c), the J/v¢ decay muon component is found to be dominant. The contribu-
tion of upsilon (1) is not considered for this analysis because of its production cross-section is

negligible when compares with the .J/1 production cross-section.
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3.7.1 Primary charged pion and kaon decay muon

The procedure for the estimation of the backgorund contribution due to the primary charged
pion/kaon (7w/K) decay muons in this analysis is very similar to the strategy followed for the
production of muons from heavy flavour hadron decays in previously done for pp collisions at

Vs = 5.02 TeV [7].

All the steps for the estimation of muons decaying from primary ot /K * are discussed as

following:

A. Extrapolation of charged pion and kaon transverse momentum spectra

To obtain the transverse momentum (py) spectra of muons decaying from charged pion and
kaon upto 30 GeV/c or even higher, it required the pp-distribution of pion and kaon at least
upto pp = 40 GeV/c. ALICE has measured the production of 7% and K in inelastic proton-
proton (pp) collisions at a center-of-mass energy of /s = 13 TeV at midrapidity (|y|<0.5) as
a function of transverse momentum (py) upto pr = 20 GeV/c [9]. Hence, the extrapolation
is done for the measured 7 (K=) from pp = 20 GeV/c to py = 40 GeV/c to obtain the
muon decaying from 7+ and K* upto pr = 30 GeV/c. The extrapolation is done by fitting
the input r* /K = mid-rapidity pp-spectra about 5000 times with Lavy-Tsallis distribution
function (Eq. 3.21). The total uncertainties within the input pp-distributions are quantified by
adding the statistical and systematic errors in quadrature. The fit is performed in the range
12 < pp < 20 GeV/c for both pion and kaon. For each fitting, the central values and the
total errors (1lo) at a given pp bin are computed by generating random numbers according
to the Gaussian distribution in the range pr < 20 GeV/c. Finally, the central values and
the corresponding errors in the extrapolated region (20 < py < 40 GeV/c¢) are calculated by
doing average and Root Mean Square (R.M.S) of all the fits at a given pp-bin. The effect for
varying the fit range towards a lower value at pp = 7 GeV/c has been checked also. This
implementation can be found in Ref. [10]. The extrapolated pp-distribution of charged = and

K at mid-rapidity (|n|< 0.5) are shown in Figure 3.21
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Lt (mr = mp) mO)] B (3.21)

f(pT):aXPTX[ < T

where, a, n , T are the free parameters, mp = \/p2T +m(2) and mg is the rest mass of the

particle.
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Figure 3.21:  Extrapolated pp-distribution of charged pion (left) and kaon (right) at
mid-rapidity in pp collisions at /s = 13 TeV.

To quantify any systematic error from the fitting with different functions, a power law
function (Eq. 3.22) is used for this extrapolation towards higher p in addition to the Tsallis

distribution.

. Do
flpr) = P (3.22)

where pg, p1, po are the fitting parameters.

The relative uncertainties obtained for extrapolating the pion (left) and kaon (right) pp
distribution towards higher p region using Tsallis distribution and power law function are
shown in Figure 3.22. It is observed that smaller relative uncertainties are obtained while
fitting with Tsallis distribution compared to the power law function. The maximum relative
uncertainties are obtained for extrapolation of pion is ~27% (~37%) and for kaon is ~39%
(~46%) from the fit with Tsallis distribution (power law function). The relative deviation
in the uncertainties measured using these two fitting functions are considered as a source of

systematic uncertainties for the py extrapolation of pion and kaon at mid-rapidity.
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Figure 3.22: Relative uncertainties for extrapolated pp-distribution of charged pion
(left) and kaon (right) at mid-rapidity in pp collisions at /s = 13 TeV using Tsallis
distribution and power law function.

B. Extrapolation of mid-rapidity charged pion and kaon towards forward

rapidity.

In this analysis, the HFM will be measured in the forward rapidity (2.5 < y < 4) in the
acceptance of muon spectrometer. So, the background contribution of muon decaying from
parimary pion and kaon must be accounted in the forward rapidity 2.5 < y < 4. Hence, the
extrapolation of the midrapidity distribution of primary pion and kaon is to be done towards

forward rapidity. This extrapolation from mid to forward rapidity can be expressed as:

(3.23)

&2 Nﬂi(Ki) ]
Jwd—y

g Nwi(Ki) ]
dedy mid—y

= Fe;vtrap(yva) . [ dppdy

where Fi,,q,(y, pr) is the pp-dependent factor for the rapidity extrapolation. The rapidity
distributions of primary 7+ and K* for pr > 2 GeV/c are obtained by means of Monte Carlo
simulation with PYTHIA8 and PHOJET event generators. The simulated rapidity distribu-
tions (|y|< 6) of pion and kaon is fitted using a polynomial function: a:g.pl + xG.pQ + x4.p3 +
x2.p4 + z.p5 + pg. The rapidity distributions obtained from PYTHIAS (left) and PHOJET
(right) along with the corresponding fit functions are shown in Figure 3.23. The ratios be-
tween the simulated rapidity distributions of charged pion and kaon and the corresponding fits

for PYTHIAS (left) and PHOJET (right) are shown in Figure 3.24 also. The uncertainties
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for the rapidity extrapolation within |y|< 4.5 are calculated by the relative deviation between
PYTHIAS and PHOJET results as shown in Figure 3.25. The relative uncertainties are mea-

sured upto 12% for pion and 18% for kaon respectively.
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Figure 3.23:  Rapidity distributions of charged pion and kaon with py > 2 GeV/c
obtained from PYTHIAS (left panel) and PHOJET (right panel).
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Figure 3.24: Ratio of the fitted function with that simulated rapidity distributions of
charged pion and kaon with py > 2 GeV/c obtained from PYTHIAS (left panel) and
PHOJET (right panel).

C. pr -dependent rapidity extrapolation factor for charged pion and kaon.

In order to extrapolate the charged pion and kaon rapidity distribution, it must be introduced

a pp-dependent correction factor (Fiyqp(y, pr)) in the extrapolation as given in Eq. 3.23. To
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Figure 3.25: Ratio of the rapidity distributions of charged pion and kaon between
PYTHIA8 and PHOJET.

calculate this correction factor, charged pion and kaon are generated using Monte Carlo (MC)
simulation based on PYTHIAS8 with large statistics upto py = 50 GeV/c. This PYTHIAS
simulation is performed for two colour reconnection (CR) schemes based on Multi Parton
Interaction (MPI) and new QCD model [11]. These two CR tunings are used to estimate
the systematic errors corresponding to this pp-dependent correction factor measurement. The
correction factor (Fyq,(y, pr) is weighted from the ratio of the py-distribution of charged pion
(kaon) at different rapidity intervals relative to that measured at mid-rapidity (|y|< 0.5) and
then rescaled to the first py bin as shown in Fig 3.26. The pp-dependency increases towards
higher pp-region and are more pronounced for CR=1 as compared with CR=0 towards forward

rapidity.

N

Ratio
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Figure 3.26:  Generated pp-distribution of 7= (left panel) and K* (right panel) at
different rapidity intervals with respect to that at mid-rapidity (|y|< 0.5) and rescaled
to that with first p; bin for two colour reconnection schemes available in PYTHIAS.
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One can also have a look in the comparison of pp- dependent extrapolation between pion and
kaon for a given model with MPI (CR = 0) and new QCD (CR = 1) as shown in Figure 3.27. Tt is
observed from Figure 3.27 that kaon is more affected than pion towards forward rapidity region
for any given colour reconnection scheme. The details of this pp- dependent extrapolation

implementation can be found in the Ref. [10, 12].
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Figure 3.27:  Generated pp- distribution of 7% and K= at different rapidity intervals
with respect to that at mid-rapidity (Jy|< 0.5) and rescaled to that with first p bin for
two colour reconnection schemes CR=0 (left panel) and CR=1 (right panel) available in
PYTHIAS.

D. Fast simulation to generate muons decaying from charged pion and kaon

To estimate the contribution of muons decaying from charged pion and kaon, the effect of
the front absorber in the muon spectrometer is to be taken into account. A fast simulation
using the decay kinematics based on PYTHIAS event generator is utilised to generate muons
decaying from charged pion and kaon. In this fast simulation, charged pion and kaon are
generated according to uniform pp- and y- distribution and are then forced to decay into muon
using PYTHIA decayer. Considering the absorber effect, the generated decay muon ppr- and y-
distributions are weighted according to the input ppr- and y- distributions of 7% and K. The
relative production probability of muons decaying from charged pion and kaon using the fast
simulation is shown in Figure 3.28 for different p; cut of hadrons (7rjE and K jE). It is found

that the probability of muon production from a hadron is proportional to the position of the
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production vertex (V) with a cut of pr padron > 2 GeV/c as shown in Figure 3.28.
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Figure 3.28: Relative production probability of muons from charged pion and kaon decay
as a function of V, in forward rapidity (—4 < n < —2.5) with different pr y44r0n cuts.

The relative production probability of muons (pr, >2 GeV/c ) as a function of V, and
normalized to the bin content (—10 < V, < 0 cm) is obtained from the full simulation based
on PYTHIA. This relative production probability of muons decaying from pion (left) and kaon

(right) are shown in Figure 3.29.
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Figure 3.29: The relative production probability of muons from charged pion (left panel)
and kaon (right panel) decay using full PYTHIA simulation. The corresponding fit
functions are indicated (solid line) also.

Moreover, the decay vertex (V) of pion and kaon decaying to muons can be described with

a combination of two functions. These two functions depend on the position (|V|) of the muon
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production vertex and can be expressed as:

fdecay(vz) = ff’ree(vz) X fabs(vz) (324)

where, ffp.(V,) = 1if V, > -90 cm (before the front absorber) and f,..(V,) = expo(V,) if
—503 <V, < —90 cm (inside the front absorber). However, f,;.(V,) = expo(V,) is used. The
parametrization of the absorber effect for the muons decaying from charged pion and kaon has

been estimated as shown in Figure 3.30.
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Figure 3.30: The parametrizaion for the relative production of muons from charged pion
and kaon decay as a function of V, in forward rapidity (2.5 < y < 4) for muons with
pr > 2 GeV/ec.

Results for the measurement of decay muon contribution

A fast simulation is performed to estimate the contribution of decay muons (muons decaying
from primary charged pion and kaon) in forward rapidity (—4 < n < —2.5). This fast simulation
is used to obtain the pr distribution of decay muons considering the weight according to the

following steps:
a) pp extrapolation of midrapidity 7* and K towards high pr region.
b) Rapidity extrapolation.

¢) pr- dependent rapidity extrapolation factor.
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d) Parametrization of absorber effect.

The results obtained for decay muons and the corresponding systematic uncertainties from
all the steps mentioned above have been discussed. A comparison of pp- differential distribution
of decay muons obtained using the rapidity extrapolation based on PYTHIA and PHOJET
simulation is presented in Figure 3.31. This comparison is shown for decay muons from pion
(left) and kaon (right). The bottom panel shows the ratio of the results obtained with PHOJET
over PYTHIA. The relative error for the measurement of decay muons obtained from PYTHIA

and PHOJET is almost constant and aggregate to ~ 0.3% for pion and ~ 0.8% for kaon

respectively.
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Figure 3.31: Comparison of pp-distribution of muons decaying from charged pion (left)
and kaon (right) obtained using rapidity extrapolation with PYTHIA and PHOJET.

Figure 3.32 displays a comparison in the production of muon decaying from charged pion (left
panel) and kaon (right panel) at different conditions of pp- dependent rapidity extrapolation.
The bottom panels of Figure 3.32 show the ratios of the decay muons obtained with PYTHIA
based on two CR (MPI and new QCD) schemes with respect to the results obtained without
applying CR mechanism. A maximum relative uncertainty is obtained for the decay muons
from pion (kaon) which is about 53% (54%) with MPI (CR=0) and is about 56% (59%) with

new QCD (CR=1) with respect to the decay muons obtained without applying CR.

In Figure 3.33, muons decaying from charged pion (left panel) and kaon (right panel) for

two CR schemes (MPI and new QCD) are also compared. The bottom panel shows the ratio of
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Figure 3.32: pp-distribution of muons decaying from charged pion (left) and kaon (right)
for different py-dependent rapidity extrapolation cases.

the results obtained with new QCD with respect to MPI. A maximum relative error of ~ 7%
(10%) is obtained for pion (kaon). These errors are used as a source of systematic uncertainties

for measuring the decay muons obtained with pp- dependent rapidity extrapolation.
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Figure 3.33: A comparison of py-distribution of muons decaying from charged pion (left)
and kaon (right) with CR=0 (MPI) and CR=1 (new QCD) colour reconnection schemes.

A comparative study of muons decaying from charged pion (left) and kaon (kaon) obtained
with the absorber parametrization (Eq. 3.24) and with a sharp cut on muon production vertex
(V, < 130 cm) is shown in Figure 3.34. The bottom panel of Figure 3.34 shows a maximum

relative error of ~ 20%.

The decay muons from charged pion (left) and kaon (right) obtained with the input pp-
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Figure 3.34: Comparative study of pp-distribution of muons decaying from charged pion
(left) and kaon (right) with the absorber parametrization and with vertex cut V, < 130
cm on muon production.

extrapolation at midrapidity using Tsallis distribution and a polynomial function are compared
in Figure 3.35. A maximum relative difference in the measurement of muons decaying from
pion and kaon using these two functions is ~ 10% and ~ 7% respectively. The relative error
in the measurement of decay muons using these two functions is considered as a possible
source of systematic uncertainty for the pp-extrapolation. The total systematic uncertainty
due to the pp-extrapolation process has two contributions: i) the systematic uncertainty of
the pp-extrapolated input charged pion and kaon propagated to the muons and ii) systematic
uncertainty to obtain decay muons due to the pp-extrapolation using different functions. These
two contributions are added in quadrature to calculate the total systematic uncertainty for the
pp-extrapolation process. The uncertainties for the the measurement of decay muons due to the
pr-extrapolation of input pion/kaon spectra, extrapolation with various functions (Tsallis &
power law) and the total systematic are shown for pion (left) and kaon (right) in Figure 3.36.
A total systematic uncertainty of ~ 17% for m — pu and ~ 21% for K — p respectively is

calculated.

The estimated pp-distributions of muons decaying from charged pion and kaon at forward
rapidity (—4 < 1 < —2.5) has been shown in the left panel of Figure 3.37. The open box
is representing the total systematic uncertainty. The systematic uncertainties from various
sources along with total uncertainty are presented in the right panel of Figure 3.37. The

systematic uncertainties from different sources in the measurement of muons decaying from
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Figure 3.35: Comparison of decay muons pp-distribution from charged pion (left) and
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Figure 3.36: Systematic uncertainties for the measurement of decay muons during the
pr-extrapolation process for pion (left) and kaon (right).

charged pion and kaon amounts for i) charged pion and kaon pp-spectra extrapolation towards
high pp-region: varies from <1% to ~ 17% and ~ 21% for pion and koan respectively, ii) mid
to forward rapidity extrapolation: <1% for both the pion and kaon, iii) pp-dependent rapidity
extrapolation: varies from <1% to ~ 8.5% and ~ 10.4% for pion and koan respectively, iv)
Absorber effect: not implemented. All these systematic errors are added in quadrature to
calculate the total systematic uncertainty. The total systematic uncertainty in the measurement
of decay muons varies for pion (kaon) from ~ 1.5% (1.5%) to ~ 18.5% (23%) in the range

2 < pr <30 GeV/c. Finally, this estimated total systematic uncertainty is propagated to the
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results obtained for the production cross-section of heavy flavour decay muons.
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Figure 3.37: pp-distribution of muons decaying from charged pion and kaon (left) in for-
ward rapidity (—4 < n < —2.5) and the corresponding systematic uncertainties (right).

The measurements of decay muons from charged pion (left panel) and kaon (right panel)
with respect to the inclusive muons at different rapidity intervals are shown in Figure 3.38.
The contributions are found to be very similar to both from pion and kaon. The fractional
contribution of muons decaying from pion (kaon) relative to the inclusive muons in the full
acceptance (—4 < n < —2.5) varies from ~ 15% (14%) to below 1% in the range of 2 < pp <
30 GeV/c. The fractional contributions actually started to remain below 1% for pion (kaon)
at pp ~14 (13) GeV/c. It is evident from Figure 3.38 that the fraction of decay muons
with reference to the inclusive muons at different sub-rapidity intervals decreases as one move

towards more forward regions.
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Figure 3.38: The ratio of decay muons pp-distribution from charged pion (left) and kaon
(right) with respect to the inclusive muons at different pseudorapidity intervals.
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3.7.2 Secondary Muons

There is possibility of multiple scattering when the primary particles pass through the material
of the front absorber. The secondary light hadrons are produced due to such multiple scattering
and they decay further to muons are called as secondary muons. To estimate the contribu-
tion of secondary muons, a full simulation based on PYTHIA (LHC18f1_extra) and PHOJET
(LHC17h7b_extra) have been used. The response of the detector effect is considered using the
transport code with GEANT3. The pp-distribution of muons decaying from various sources
are shown in the left panel of Figure 3.39 using full PYTHIAS simulation. The fractional
contributions of secondary muons with respect to the inclusive muons are estimated within the
full acceptance (—4 < n < —2.5) and at different sub-rapidity intervals also. These fractional
contributions are shown in the right panel of Figure 3.39. It is found that the contribution of
secondary muons is ~3.2% at py = 2 GeV/c and less than 1% for p; > 4 GeV/¢ within the full
acceptance. At different sub-rapidity intervals, it varies between 1.5% — 5% at pr = 2 GeV/c.
It is also seen that the contribution of secondary muons decreases towards forward rapidity as

well at high pp-regions and negligible for pr >8 GeV/c in the case of PYTHIAS simulation.
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Figure 3.39: pp-distribution of muons decaying from various sources using full MC
PYTHIAS simulation with GEANT3 in the range —4 < n < —2.5 (left). The frac-
tional contribution of secondary muons with respect to the inclusive muons at different
rapidity intervals (right).

In the left panel of Figure 3.40, a comparison in the production of secondary muons be-

tween PYTHIAS and PHOJET simulations with the transport code GEANT3 in the full ac-
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ceptance (—4 < n < —2.5) is shown. In addition, another simulation for PYTHIAS using
GEANT4 has been performed to check any systematic dependency in the transport codes. The
same comparison between the two transport codes GEANT3 and GEANT4 using PYTHIAS
simulation has been presented as shown in the right panel of Figure 3.40. In the legend of
Figure 3.40, “pythia8G3”, “pythia8G4” and “phojetG3” corresponds to the simulations with
PYTHIA84+GEANT3, PYTHIA84+GEANT4 and PHOJET+GEANTS respectively. A very
similar contribution of the secondary muons from GEANT3 and GEANT4 simulations are ob-
tained in the low pp region (py < 4 GeV/c). The relative difference in the py distributions of
the secondary muons in the range 2< pr < 8 GeV/c is obtained and then used to calculate
the systematic uncertainty associated to the transport codes. This leads to a systematic error

of ~70% in the measurement of secondary muons.
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Figure 3.40: Comparison of pp-distributions of seconadary muons between PYTHIAS
and PHOJET simulation using GEANTS in the range —4 < n < —2.5 (left). The same
comparison between GEANT3 and GEANT4 simulation with PYTHIAS (right).

A comparison of the secondary muons and decay muons (muons decaying from primary
charged pion and kaon) using PYTHIA8 and PHOJET simulations has been done also. In case
of PYTHIAS, the results are presented with two transport codes GEANT3 and GEANT4. The
fraction of secondary muons with respect to the decay muons for PHOJET with GEANTS3 (top),
PYTHIAS with GEANT3 (bottom, left) and PYTHIA8 with GEANT4 (bottom, right) are
shown in Figure 3.41 at the forward rapidity (—4 < n < —2.5). These fractional contributions

are very similar for all the cases upto pr = 4 GeV /¢ and does not depend much on the transport
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Figure 3.41: The ratio in the pp-distribution of secondary muons with respect to the
decay muons using the MC simulations of PHOJET with GEANT3 (top), PYTHIAS
with GEANT3 (bottom left) and PYTHIAS with GEANT4 (bottom right) at the forward
rapidity (—4 <n < —2.5).

codes as well. The ratio shows the secondary muons is about 10% of decay muons and almost

independent of pp upto ppr = 4 GeV/ec.

3.7.3 Muons decaying from W and Z/~"

The estimation of muons decaying from W and Z-boson/v" is done using a particle event
generator called POsitive Weight Hardest Emission Generator (POWHEG) [13]. POWHEG
is used to generate hard events for various processes involving heavy quarks, Higgs boson and
the electroweak bosons (W=, Z). In POWHEG, the calculation is upto NLO (Next-to-Leading
Order) and the Z°/~" interference is included. This hard event generator POWHEG is further
interfaced with a shower Monte Carlo (MC) PYTHIAG6 program adding the detector response
using GEANTS3 [14]. Two Parton Distribution Functions (PDF) CT10nlo and CTEQ6! are
used to obtain the systematic uncertainties in the measurement of W& Z/~" decay muons.

The transverse momentum (top) and rapidity (bottom) distributions of muons decaying from
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W* and Z/~* using POWHEG simulation using these two PDFs CT10nlo (left) and CTEQ61

(right) are shown in Figure 3.42. This work is presented in Ref. [15].
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Figure 3.42: pp- (top) and y- (bottom) distribution of muons decaying from W=* and
Z/~* for two Parton Distribution Functions (PDF) CT10nlo (left) and CTEQ6I (right)
respectively using POWHEG simulation.

A comparison in the ratio of W* &z /7" decay muons at different rapidity windows with
respect to the mid-rapidity (Jy|<1) between the two PDFs CT10nlo & CTEQ6!l has been
presented in the left panel of Figure 3.43. It is observed that the production of wt & 7y
decay muon decreases as one moves towards forward rapidity with reference to the mid-rapidity.
A similar comparison in the ratio of Wt &z /~* decay muons at different rapidity intervals is
done between two center-of-mass energies /s = 5.02 TeV and 13 TeV which is shown in the
right panel of Figure 3.43. It is noticed that the production of wt & Z/~" decay muons at

forward rapidity with reference to the midrapidity (|y|< 1) increases with energy.

The fraction of muons decaying from wt &z /7" relative to the inclusive muons in the

range 2 < pr < 30 GeV/c at different rapidity intervals are shown in Figure 3.44. It is seen
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Figure 3.43: Comparison of W& & Z /7" decay muons production at different rapidity
intervals with respect to the mid-rapidity (|y|< 1) for two Parton Distribution Functions
(PDF) CT10nlo and CTEQ6! (left panel) and two center-of-mass energies /s = 5.02
TeV and 13 TeV (right panel) respectively.

from the left panel of Figure 3.44 that the contribution of single muons decaying from Wt &
Z/~" with respect to the inclusive muons is increasing with increase in py and also increases as
one moves towards more forward rapidity regions. The same ratio within the full acceptance
(—4 < np < —2.5) is presented in the right panel of Figure 3.44. The fraction of Wt & 7/
decay muons to the inclusive single muons within —4 < n < —2.5 is very negligible at lower
pp-regions, it becomes at least 1% at pp = 15 GeV/c¢, about 3.2% at pp = 20 GeV/c and
then increased rapidly upto ~ 29% at py = 30 GeV/c. In different sub-rapidity regions, the

fractional contribution varies from ~ 22% to ~ 38% at pr = 30 GeV/c.
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Figure 3.44: The ratio of W* & Z/y* decay muons relative to the inclusive muons as a
function of pp at different intervals in the range —4 < n < —2.5 (left). The same is for
the full acceptance —4 < n < —2.5 (right).
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The estimation of systematic uncertainty for the measurement of muons decaying from
wt & Z/~" is done by considering the two PDFs CT10nlo and CTEQ6] using POWHEG
simulation. This leads to systematic uncertainty of ~8.1% for W decays and ~1.9% for Z decays
respectively. So, a total systematic uncertainty of ~ 8.3% is estimated in the measurement of

muons from W* & Z/v* decays.

3.7.4 Jpsi decay muon background contribution

To measure the contribution of muons decaying from J/v¢ to the inclusive single muons, a
similar approach using fast simulation has been used as described in section 3.7.1. The muons

from J/1) decays are obtained according to a fast simulation using the steps as following:

a) Generation of Jpsi with a uniform pp and y distribution.
b) Forced approach for J/1 to decay into dimuon using PYTHIA decayer.

c¢) Calculation of the weight factors for the muons decaying from J/1 according to the pr and

y extrapolated distribution of J/.

d) Correction of the pp-distribution of the muons with the branching fraction (5.96%) for the

decay of J/1 to dimuon.

In the estimation of single muons decaying from .J/1, the transverse momentum (pr) and
rapidity (y) distribution of inclusive J/1 measured with ALICE detector at forward rapidity
(2.5 < y < 4) at center of mass energy /s = 13 TeV are used as inputs [16]. The input
pp-distribution of inclusive J/1 ranges from 0 to 30 GeV/c. In order to obtain the muons
decaying from J/v¢ upto pr = 30 GeV/c, the transverse momentum (p;) distribution of J/1
is extrapolated upto 50 GeV/c. The extrapolated transverse momentum and rapidity distri-
butions of J/1 at /s = 13 TeV are shown in left and right panels of Figure 3.45 respectively.
The pr- and y- extrapolation have been done using Lavy-Tsallis distribution (Eq. 3.21) and a

polynomial function (Eq. 3.25) as following
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Figure 3.45: The extrapolated pr- (left) and y- (right) differential production cross-

section of J/1 in pp collisions at /s = 13 TeV.

The estimated pp-distribution of muons decaying from J/v and the inclusive single muons

within the full acceptance (—4 < n < —2.5) are shown in Figure 3.46. Figure 3.47 presents the

pp-differential production cross-section of muons from J/v decay (left panel) and corresponding

fraction with respect to the inclusive muons (right panel) at different pseudo-rapidity regions.

The contribution of J/1 decay muons with respect to the inclusive muons is maximum of about

7% in the pp range between 5 - 14 GeV/c¢ in the full acceptance (—4 < n < —2.5). It is noticed

that the J/v contribution decreases as one moves towards high pr region for pr >14 GeV/c.

However, the fractional contribution of J/v at different sub-rapidity intervals varies between

~ 4.5% — 9% in the pp range 5 - 14 GeV/c.

The left panel of Figure 3.48 presents a comparison in the pp-distribution of J/i-decay

muons obtained by pr-extrapolation with Tsallis (Eq. 3.21), Polynomial functionl (Eq. 3.26)

and Polynomial function2 (Eq. 3.27). The relative uncertainty between Tsallis and Polyno-

mial 1 varies upto ~ 21% while it varies upto ~ 39% between Tsallis and Polynomial 2.

The systematic uncertainty due to the input extrapolated pp-spectra of J/v is propagated

to the measurement of muons from J/¢ decay which contributes systematic uncertainty upto

~ 22%. All these systematics are added in quadrature and the total uncertainties due to pp-
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Figure 3.46: The estimated pp-differential production cross-section of muons decaying
from J/v (red line) and inclusive single muons (black line) in pp collisions at /s = 13
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Figure 3.47: The pp-distribution of muons decaying from J/v (left panel) and the cor-
responding fraction relative to the inclusive single muons (right) at different intervals in

the range —4 <n < —2.5.

extrapolation is measured upto ~ 50%. The various contributions of systematic uncertainties

in the pp-extrapolation process are shown in the right panel of Figure 3.48.

where, C, pg, p1, p2 and n

flpr)=Cx —PT
1+ ))
flpr) = m

are the free parameters.
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Figure 3.48: The pp-distribution of muons decaying from J/¢ using pp-extrapolation
with Tsallis, Polynomial functionl and Polynomial function2 (left panel). The total
systematic uncertainties with various contributions for pp-extrapolation of J/v (right
panel).

3.8 Systematic uncertainty

The various sources of systematic uncertainties are studied to obtain the differential production
cross-section of heavy flavour decay muon as a function of transverse momentum (py) and
rapidity (y). The sources of such systematic uncertainties are mainly from the measurement
of inclusive muons and various background contributions. The systematic uncertainty on the

yield of inclusive muons comes from the detector response generally.

3.8.1 Detector response

The systematic uncertainty on acceptance times efficiency (A x €) corrections includes the
systematic uncertainties associated with muon tracking efficiency and muon trigger efficiency.
A systematic uncertainty related to the matching efficiency due to the track reconstructed in
muon tracking and trigger chambers is also considered. Finally, the systematic uncertainty
on the track resolution and global alignment of the detector have been taken into account.
The systematic uncertainties on muon tracking and trigger efficiency and also for matching the

tracks between tracking chambers and trigger chambers are already measured for the production
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of J/4 in pp collisions at /s = 13 TeV [16]. These published values are normalized by a factor
of two to obtain the systematic uncertainties for single muons since J/1 is reconstructed in
dimuon channel. The following systematic uncertainties for this Heavy flavour decay muon

production measurement in pp collisions at /s = 13 TeV are discussed.

Uncertainty on track efficiency

The systematic uncertainty in the measurement of single muons tracking efficiency is calculated
by comparing the tracking efficiency obtained between data and MC simulation. The tracking
efficiency measurements are done on MSL and MSH triggered events data sample and the
corresponding tuned MC simulations. A systematic uncertainty of ~2% is observed in average

for single muons as discussed in Ref. [16].

Uncertainty on trigger efficiency

To obtain the systematic uncertainty on trigger efficiency, two contributions have been consid-
ered: one, the difference in the trigger response between data and MC simulation, the other
is the uncertainty from the intrinsic trigger chamber efficiency. The systematic uncertainty is
estimated comparing the shape of trigger response distribution obtained from data and MC.
The trigger responses have been measured for the single muon trigger Lpt (p threshold of 1
GeV/c) with that of single muon MB trigger Apt (pp threshold of 0.5 GeV/c). A total 4%
systematic uncertainty on the trigger efficiency is estimated by comparing the influence of the
two single muon triggers (Lpt and Apt) of J/¢ [16]. This total uncertainty 4% includes the
systematic uncertainty of 1.5% arising from the intrinsic trigger chamber efficiency. No sys-
tematic uncertainty measurement for the trigger response with Hpt (p threshold of 4 GeV/¢)
trigger is done in the said J/1 analysis. Therefore, the same value of systematic uncertainty
arising from the trigger response with Lpt has been used for Hpt trigger in this HFM analysis.
The systematic uncertainty of 4% on trigger efficiency is calculated for dimuon channel of J /1.
So, 2% systematic uncertainty is considered for single muon triggers (Lpt and Hpt) in this

single muon analysis.
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Uncertainty on track-trigger matching

A systematic uncertainty of 1% is reported for the precision measurement in the efficiency of
matching the tracks in the muon tracking system and the tracks in the muon trigger system
by means of simulations with respect to that data of J/1¢ measurement [16]. This uncertainty
measurement is based on the distribution of X2 used to perform this track-trigger matching
condition. Finally, a value of 0.5% is considered as systematic uncertainty on track-trigger

matching for this HFM analysis.

Uncertainty on tracking resolution and misalignment of detector

The estimation of the systematic uncertainties on the cluster resolution for reconstructing
muon tracks and a correction for the global misalignment of detector are done using a Al-
iMuonTrackSmearing analysis task. The cluster resolution of the muon chamber is corrected
by means of simulation in order to match the observed track resolution during data taking. A
parametrization using Crystal Ball (CB) functions in the distribution of cluster and the recon-
structed track positions on each chamber is applied. The parameters are obtained originally by
tuning the CB on the data in pp collisions at /s = 5.02 TeV. Since, the resolution is enough
stable in Run 2, this parametrization in case of pp collisions at /s = 13 TeV could be used.
The following parameters used in the analysis task of Ref. [14] have been used further for this

HFM analysis :

e Data-tuned CB parameters:
AliTaskMuonTrackSmearing *muonTrackSmearingTask = new AliTaskMuonTrackSmear-
ing (“TaskMuonTrackSmearing”, AliMuonTrackSmearing::kCrystalBall);
muonTrackSmearingTask— >GetMuonTrackSmearing().SetSigmaxChSt1(0.000430);
muonTrackSmearingTask— >GetMuonTrackSmearing().SetSigmayChSt1(0.000095);
muonTrackSmearingTask— >GetMuonTrackSmearing().SetSigmayCh(0.000125);
muonTrackSmearingTask— >GetMuonTrackSmearing().SetCrystalBallParams(1.907786,

1.846464, 1.587050, 1.750238, 1.331549, 1.941949);
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The global misalignment shift is taken into account by measuring the ,u+ /p ratio in the pp
distribution of inclusive single muons. The measurement is done in the pp-range where the
contribution of heavy flavour decay muons is supposed to be maximum. For this, two pp
regions: 10 < pp < 20 GeV/c and 10 < py < 15 GeV/c have been selected in the data sample.
In this regard, a MC simulation is performed for the production of heavy flavour decay muon.
The ppr- and y- differential production cross-section are obtained by the prediction of FONLL

(Fixed-Order + Next-to-Leading Logarithms) calculations [4].

In order to match the u+ /u ratio obtained in data, the tuning of the smearing parameter
(0shift) is done in addition to the CB resolution parameters in the simulation. The w
ratio is evaluated at various ogp; s values in the simulation which are listed in Table 3.3. A
comparison in the /ﬁ /.~ ratio for both the selected pr ranges is done. Since both the selected
pp ranges are used for the MSH triggered data sample, the matching of this u+ /u ratio is
done only for MSH triggered events. Table 3.3 summarizes the ,u+ /p ratios obtained in data
and for various tuning of o, ¢ used in simulation. The o7 = 3.25 is found to be the best
value to reproduce the p* /p - ratio obtained in data and does not differ in the two selected pp

ranges as indicated in Table 3.3.

Table 3.3: The comparison of u*/u~ ratio obtained in data (LHC16k) and in FONLL
based full MC simulation for various tuned values of o, in two selected p; ranges.

W data | 3.1 | 32 | 325 | 34 | 355 | 3.6
10 < pr <20 GeV/e | 0.787 1 0.794 | 0.79 | 0.787 [ 0.778 | 0.775 | 0.773
10 < pr < 15 GeV/c | 0.801 | 0.808 | 0.805 | 0.801 | 0.795 | 0.799 | 0.791

Finally, the systematic uncertainty due to the track resolution and misalignment is estimated
from the difference of the muon pr spectra based on simulations with o, =0 and o4, ¢ =
3.25. The ratio of the transverse momentum (py) distribution of muons using simulation with
Oshife = 3.25 with respect to that measured with og;¢, = 0 is shown in Figure 3.49. This leads
to systematic uncertainties vary from a small value (< 1%) to a maximum of ~7.7% at pp =
30 GeV/c in the full acceptance (—4 < n < —2.5). Whereas, at different sub-rapidity intervals,

it varies from ~2.1% to ~18.2% at the highest pr bin (pr = 30 GeV/c¢).
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Figure 3.49: Ratio of the pp-distribution of muons using og,;¢ = 3.25 with respect to
Ognipe = 0 at forward rapidity (—4 <n < —2.5).

3.8.2 Systematic uncertainty from background sources

In section 3.7, the various sources of background contribution for the measurement of heavy
flavour decay muon production in pp collisions at /s = 13 TeV have been discussed. The esti-
mated production cross-sections of muons decaying from various background sources (left) and
their corresponding ratio with respect to the inclusive muons (right) as a function of transverse
momentum at forward rapidity (—4 < n < —2.5) have been presented in Figure 3.50. The
vertical error bars and open boxes are representing the statistical and systematic uncertainties

respectively.
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Figure 3.50: The estimated background contribution from various sources (left) and
their corresponding ratio with respect to the inclusive muons (right) as a function of
pr at forward rapidity (—4 < n < —2.5). The vertical error bars and open boxes are
representing their corresponding statistical and systematic uncertainties respectively.
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The systematic uncertainties associated with the various contributions in the measurement
of the pp-differential production cross-section of heavy flavour decay muons in —4 <7 < —2.5
are mentioned in table 3.4. The total systematic uncertainty is obtained by the quadratic sum
of each of the systematic uncertainty from various sources as listed in table 3.4. The total
systematic uncertainty along with the contributions from various sources are presented as a
function of transverse momentum in Figure 3.51. The contribution of 2.1% systematic uncer-
tainty on the integrated luminosity has been excluded from the total uncertainty measurement
considering the fact that it is fully correlated with pr. The total systematic uncertainty varies
from a minimum value of ~3% to maximum of ~9% in the range 2 < py < 30 GeV/c. The
maximum contribution in the high py region (26 < ppr < 30 GeV/c) is from the uncertainty

measured due to track resolution and misalignment.
Table 3.4: Systematic uncertainties associated to the various sources in the measurement

of pp-differential production cross-section of heavy flavour decay muons at —4 < n <
—2.5 in pp collisions at /s = 13 TeV.

Source Uncertainty vs pp
Tracking efficiency 2%
Trigger efficiency 0-2%
Matching efficiency 0.5%
Resolution & alignment 0-7.7%
T — [ 0-2.2%
K—pu 0-2%
Secondary 7, K decay muons 0-2.2%
J/ = u 0-1.4%
W/Z/y" — u 0-2.4%
Integrated luminosity 2.26%
0.2
pp, Vs =13 TeV

0.18
u* < HF in -4.0< n <-2.5

relative error

0.16

—— total
misalignment
detector response
—— W,Z/y decay muon
—— Jhp decay muon
—— secondary hadron decay muon
kaon decay muon
pion decay muon

0.14

0.12

0.1
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|
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Figure 3.51: Contribution of systematic uncertainties from various sources as function
of pr in the full acceptance (—4 < n < —2.5).

125



Chapter 3. Experimental measurements of Heavy Flavour decay Muon production in pp collisions at
v/s =13 TeV with ALICE

3.9 Results

In this section, the transverse momentum and rapidity differential production cross-sections of
Heavy Flavour decay Muon (HFM) at forward rapidity in pp collisions at /s = 13 TeV are
presented. The results for the pp-differential production cross-section of HFM are shown at
different rapidity intervals also. The new measurement of pp- and y- differential production

cross-sections of HFM are compared with the FONLL calculations [4].

In FONLL calculations, the different contributions of HFM from heavy quarks (c and b) are

considered as following;:

1. muons decaying from charm quarks (¢ — D — pu)
2. muons decaying from beauty quarks (b — B — u)

3. muons decaying indirectly from beauty quarks (b - B — D — u)

The uncertainties at quark level are propagated at the lepton (muon) level and the additional
uncertainty on the fragmentation process is included also. In the calculations, the uncertainties
on quark masses (o), QCD scales (0,,) and PDFs (oppp,) are considered. The upper (¢*")
and lower (o*mm) uncertainties on these parameters are obtained with different values of quark
masses, QCD scales and PDFs. Finally, the uncertainties in production cross section of muons

decaying from heavy flavour are obtained adding the uncertainties on quark masses, QCD scales

and PDF's in quadrature.

The pp-differential production cross-section of muons decaying from heavy flavour hadrons
in the full acceptance of muon spectrometer (2.5 < y < 4) is presented in Figure 3.52. The
statistical and systematic uncertainties are represented by the vertical error bars and the open
boxes respectively. The systematic uncertainty includes all the sources as described in Table 3.4
except the systematic uncertainty of 2.26% on trigger normalization. This analysis work in
pp collisions at the highest center-of-mass energy /s = 13 TeV allowed to extend the pp-
differential production cross-section of HFM towards high pr region upto py = 30 GeV/c¢ with

high precision measurement. A higher precision measurement on statistical and systematic
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uncertainties is reached compared to the previous analysis performed at /s = 2.76 and 7
TeV with Run 1 data and at /s = 5.02 TeV with Run 2 data. The improvements in the
results are coming from the precision measurement of muons decaying from light hadrons in
high pr region, high integrated luminosity and the uses of single muon triggers (MSL and
MSH). The study of HFM is done from pp = 2 GeV/c to pp = 30 GeV/c and compared
with the FONLL calculations. This FONLL calculations [17, 18] include the non-perturbative
fragmentation of heavy quarks into open heavy flavour hadrons and their semi-leptonic decay
into final-state leptons. At each pp-bin, the central value of the FONLL prediction using the
CTEQG6.6 PDF is shown by the black solid line and the corresponding systematic uncertainty
by the shaded band. The systematic uncertainties are computed using the minimum and
maximum uncertainties on quark masses, QCD scales (renormalization and factorization scales)
and PDFs. The FONLL predictions for muons decaying from charm and beauty hadrons are
displayed separately. The latter includes the muons from direct decay of B-hadron and indirect
decays via D-hadrons. The bottom panel of Figure 3.52 presents the ratio of data with respect
to the FONLL calculations. The new measurement with ALICE is well described by the FONLL
prediction within uncertainties, although a smaller deviation from FONLL is observed at the
highest pp-bin (26 < pr < 30 GeV/c). The ratio varies from ~1.08 to ~1.2 for 2 < pp < 20

GeV/c and then increases upto ~1.37 at the highest py-bin (26-30 GeV/c).
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o 3
5 :
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Figure 3.52: The pp-differential production cross-section of muons decaying from heavy
flavour hadrons at forward rapidity (2.5 < y < 4) in pp collisions at /s = 13 TeV and
compared with FONLL calculations. The bottom panel presents the data to FONLL

ratio.
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The high statistics of muons using the two muon triggers allow to perform the measurement
of pp-differential production cross-section of HFM in five equal rapidity intervals in the full
range of 2.5 < y < 4. These results are presented in Figure 3.53 and compared with the FONLL
predictions. The ratios between the data and FONLL calculations are shown in the bottom
panels at each rapidity interval. A good agreement between the data and FONLL is observed

within experimental and theoretical uncertainties where data exhibit some fluctuations at high

pp-region.

A study on the pp-integrated production cross-section of muons from heavy flavour hadron
decays as a function of rapidity is done. This study is performed for two pp-ranges 2 < pp < 7
GeV/c (left) and 7 < pr < 30 GeV/c (right) as displayed in Figure 3.54. The measurement at
these two pp intervals are compatible with the FONLL predictions. In the lower pr interval 2
< pr < 7 GeV/c, the HFM predominantly comes from the charm hadron decays, while in the
higher pr region 7 < pr < 30 GeV/¢, the HFM from beauty hadron decays dominates over
the charm hadron decays. The ratio of the data to FONLL predictions lies in the range of ~

1.13-1.25 depending on the rapidity region.

Figure 3.55 displays the pr-differential production cross-section of HFM in pp collisions at
/s = 13 TeV performed in this work. This result is compared with the results from the previous
ALICE measurements at /s = 2.76 TeV [1], 5.02 TeV [3] and 7 TeV [2] respectively. The result
at /s = 13 TeV has been extended upto pr = 30 GeV/c whereas the previous measurement
at /s = 5.02 TeV was upto pp = 20 GeV/c. The ratio of the heavy flavour production cross-
section between different centre-of-mass energies is a powerful observable to test the sensitivity
of pQCD calculations. The absolute production cross-section of heavy flavour predicted by
FONLL is associated with large systematic uncertainties where the uncertainties from the
QCD scale parameters are most dominating. The ratio of the production cross section of HFM
at forward rapidity (2.5 < y < 4) in pp collisions at /s = 13 TeV with respect to that at /s

= 5.02 TeV (left) and at /s = 7 TeV (right) are presented in Figure 3.56.

The systematic uncertainties between the measurements at two different center-of-mass en-
ergies are considered as uncorrelated when the ratio is computed. The calculation of ratio

using FONLL is done considering the maximum and minimum uncertainties associated to the
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Figure 3.53: The pp-differential production cross-section of muons decaying from heavy
flavour hadrons for five rapidity intervals in the full range of 2.5 < y < 4. The results
are compared with FONLL calculations. The bottom panel presents the ratios of the
data to FONLL.

QCD scales, PDFs and quark masses. Indeed, the predicted FONLL ratio could be computed
assuming the correlation between the systematic uncertainties at different centre-of-mass ener-
gies. In Ref [18], the ratios of heavy flavour production cross-section at different centre-of-mass

energies are predicted with high accuracy. In this ratio calculation, such correlation between
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Figure 3.54: Production cross section of muons from heavy flavour hadron decays as a
function of rapidity for the py intervals 2 < p; < 7 GeV/c (left) and 7 < pr < 30 GeV/c
(right). Statistical and systematic uncertainties are represented by the vertical bars
(smaller than symbols) and open boxes respectively. The production cross sections are
compared with FONLL predictions (top). The ratios of the data to FONLL calculations
are shown also (bottom).
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Figure 3.55: The production cross section of muons from heavy flavour hadron decays in
forward rapidity (2.5 < y < 4) at /s = 13 TeV. The result is compared with the previous
ALICE measurements at /s = 2.76, 5.02 and 7 TeV respectively. The statistical and
systematic uncertainties are represented by the vertical bars and open boxes respectively.

the systematic uncertainties at different energies have not been implemented. When computing
the ratio between the measurements at different centre-of-mass energies, the systematic uncer-
tainty on the correlated integrated luminosity is not considered while the other sources are
considered as uncorrelated. Both the ratios of the HFM production cross-section (13 TeV/5.02

TeV & 13 TeV/7 TeV) from the measurements are increasing smoothly with increaseing prp.
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Figure 3.56: The ratio of production cross section of muons from heavy flavour hadron
decays in forward rapidity in pp collision at v/s = 13 TeV with respect to that at /s =
5.02 TeV (left) and at /s = 7 TeV (right) respectively. The statistical (vertical bars)
and systematic (open boxes) uncertainties are indicated. The results are compared with
the FONLL calculations.

The ratio with respect to the /s = 5.02 TeV ranges between ~2.6-8.6 in the 2 < pp < 20
GeV/c¢ and with respect to the /s = 7 TeV, it is between ~1.8-3 in the 2 < pp < 12 GeV/c.

Both the measured ratios are well reproduced by FONLL predictions within uncertainties.

3.10 Summary

The new measurement of the production cross-section of muons from heavy flavour hadron
decays in pp collisions at the highest available energy /s = 13 TeV with the ALICE detector
in Run 2 at LHC has been presented. The present result for the production cross-section of
HFM as a function of py in the forward rapidity (2.5 < y < 4) has an extended pr coverage
2 < pp < 30 GeV/c compared to the previously published measurements. The pp-differential
production cross-sections are also measured at five equal subrapidity intervals in the range
2.5< y <4. The y-differential production cross-section of HFM is obtained at two different pp
region: 2 < pp <7 GeV/cand 7 < pr < 30 GeV/c in the range 2.5< y <4. The measurements
of both the differential production cross-sections are compared with FONLL calculations and
found to be in good agreement almost over the full p; range. The central values of the HFM

production cross-section using FONLL prediction seems to underestimate the ALICE data
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over the whole pp range. Comparisons for the production cross-section of HFM measured at
Vs = 13 TeV are done with the previous ALICE measurements at /s = 2.76, 5.02 and 7
TeV. The systematic uncertainty due to the track-resolution and misalignment will be updated
in the near future and an improved modified uncertainty is expected especially at high pp-
region. An update in the measurement of systematic uncertainty for the trigger efficiency with
Muon Single High (MSH) trigger could improve the overall systematic uncertainties to some
extent. The addition of systematic uncertainty for the measurement of muons from primary
pion and kaon decay due to the absorber effect parametrization, could improve the precision
of measurement. All of these updates together are expected to improve the total systematic
uncertainties and better results can be foreseen for comparison of this ALICE data at /s = 13

TeV with theoretical model FONLL calculations within uncertainties in the whole pp range.
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CHAPTER 4

Heavy Flavour decay muon and charged
particles production using Angantyr model

at LHC energies

In this chapter the discussion on the production of Heavy Flavour decay Muons (HFM) at
forward rapidity (2.5 < y < 4) and the charged particles in proton-proton (pp) and heavy-ion
(A-A) collisions using Angantyr model in PYTHIAS at LHC energies is done. These studies are
done in small (pp), intermediate (Xe-Xe) and large (Pb-Pb) colliding systems. In pp collisions,
the works have been performed with /s = 2.76, 5.02, 7.0 and 13 TeV. These studies are
also carried out in Xe-Xe collisions at /syy = 5.44 TeV and in Pb-Pb collisions at /syn =
2.76 and 5.02 TeV. For each case, the standard statistical uncertainty is calculated as /Ny;c1q
where N, ;.4 is the yield of the particles. The production of HFM as a function of transverse
momentum (pr) and rapidity (y) at forward rapidity (2.5 < y < 4) has been investigated. On
the other hand, the production of charged particles is measured at mid-rapidity (|n|< 0.8) as
a function of py. The simulation results for both HFM and charged particle productions are
contrasted with the available ALICE data. The study of pp-differential productions of HFM
and charged particles show agreement with the experimental ALICE data reasonably well for

both pp and A-A collisions. In the case of HFM, the simulation results for y-distribution have

been compared with ALICE data in pp collision at /s = 5.02 and 7.0 TeV respectively. Apart
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from the study of charged particles pp-spectra, the results of average transverse momentum
(< pp >) as a function of charged-particle multiplicity (N,;,) at mid-rapidity |n|< 0.3 (0.15
< pr < 10 GeV/c) are shown in both pp and A-A collisions. In addition to the particle
spectra, the study of the observable R 4 4 is done, which can provide a more quantitative model-
to-data comparison. So, the calculations of R4, of HFM and charged particles at |/syy =
2.76 and 5.02 TeV are presented. Comparison of this simulated R4 4 has been done with the
experimental data measured by ALICE. In view of the foreseen O-O collisions during ALICE
Run 3, predictions for the production of HFM and charged particles have been performed with
Angantyr model in O-O collisions at /syy = 6.37 TeV. The details of the results for HFM

and charged particles are discussed in sections 4.3 and 4.4 respectively.

In high energy nucleon-nucleon and heavy-ion collisions, the heavy quarks (charm (c) and
beauty (b)) are produced at the very early stage of the collisions. These heavy quarks are
mostly produced by initial hard parton-parton scattering with high momentum transfer (QQ).
In relativistic heavy-ion collisions, these heavy quarks are produced much before the formation
of the deconfined medium (QGP). A QGP is phase of strongly interacting matters, consisting
of quarks and gluons. Hence, the heavy quarks experience a full evolution while propagating
through QGP and lose energy by successive collisions and gluon radiation. Thus, heavy quarks
are very sensitive probes to study the parton energy loss mechanisms, hadronisation and the
transport properties of the medium produced in high energy heavy-ion collisions. Whereas in
pp collisions, we do not expect the formation of QGP medium and the production of heavy
quarks can be described entirely via theoretical models based on perturbative Quantum Chro-
moDynamics (pQCD). Interestingly, many features are seen in high multiplicity proton-proton
collisions at the LHC energies which are very common observables in heavy-ion collisions [1, 2].
The experimental measurements at relativistic heavy-ion collider (RHIC) and the LHC exhibit
the evidence that the medium formed in these collisions undergoes collective expansion and it
is comparable to a fluid flow [3, 4]. In general, the formation of QGP is not expected in small
systems like proton-proton (pp) and proton-nucleus (p-A) collisions. Traditionally, the data
collected from such collisions of small systems are utilized to construct a baseline reference to
find the signature of the hot QGP medium produced in heavy-ion (HI) collisions. Hence, we

must understand whether a HI collision is simply a collection of multiple nucleon-nucleon colli-
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sions or there is a transition from a hadronic state to a new state of matter (QGP). Therefore,
the observables used to investigate the existence of hot QGP medium in heavy-ion collisions
may not be explained by a theoretical model which does not include the assumption of a hot

thermalised medium.

4.1 Angantyr model

A heavy ion (nucleus) contains multiple number of protons and neutrons collectively known as
nucleons. A nucleus-nulceus collision leads to many simultaneous sub-collisions. A substantial
amount of energy involves in these sub-collisions and as a result, the number of particles
produced in a HI collision is an order of magnitude higher than in a pp collisions. Usually,
phenomenological models are based on the theoretical understanding. In addition, the free
parameters of these models as predicted by the theories and are tuned by the experimental data.
Thus, phenomenological models makes a link between theory and experiment. These models
often provide information in terms of physics observables using random number generation.
Phenomenological models based on such random generators are called Monte Carlo (MC) event

generators. In our case, PYTHIA [5] is one such MC event generator.

In recent times, various theoretical models have been formulated and tested by the high-
energy physics community to understand the collective behaviour in the small systems like pp
and p-A collisions [6-9]. MC models which explain the flow like observations in HI collision
experiments are based on the assumption of the hot thermalised medium. PYTHIA is a MC
model committed for simulation of small systems like pp collision. The recent observations
such as near side ridge [10] and strangeness enhancement [11] for high multiplicity pp events
at LHC experiments show features like HI collisions. These new results may indicate for
better understanding of phenomenological model. Moreover, PYTHIA or HI event generators
are not good tools to explain these results. Generally, a PYTHIA event generator performs
simulation without any assumption of thermalised medium, whereas a HI event generator is
based on the QGP formation. The results of strangeness enhancement and near side ridge in pp

collisions motivate for a common phenomenological approach to study both pp and heavy-ion
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(HI) collision in a single framework. One such phenomenological model is Angantyr Model.

Angantyr model is an extrapolation of pp dynamics to HI collisions with PYTHIA. There-
fore, this model makes a bridge between high energy phenomenology and heavy-ion collision
studies. This model does not include any thermalised medium (QGP) creation in HI collision.
Hence, Angantyr model is a non-thermal HI model similar to other conventional event genera-
tors for small (i.e. pp) collision system such as PYTHIA [5], HERWIG [12], SHERPA [13] etc.
The pictorial view of conventional heavy-ion collision including the formation of QGP is shown
on the right side of Figure 4.1 whereas QGP free Angantyr model is described on the left side
of Figure 4.1. In hydrodynamical model of collision, the post-collision scenario passes various
stages from QGP formation to hadronization. In Angantyr using PYTHIA, the event evolution

is continuous with various stages but without any thermalised medium formation [14].

time

4// and thermalization

space
& %

Figure 4.1: A Schematic representation of a heavy-ion collision using the hydrodynamical
approach considering a thermalised medium creation (right side of the figure) and the
PYTHIA /Angantyr model with no-QGP baseline method (left side of the figure) [14].

] 35774 Hard scattering

In this Angantyr model, the advanced PYTHIAS package [5] is implemented as the underly-
ing event generator. This model provides the facility to designate a nucleus instead of a hadron
as projectile and/or target [15, 16]. It performs simulation to generate absolute final states of

particles. Therefore, it provides a common platform to study pp, p-A and A-A collisions.

The aim of this phenomenological study is to see how well such extrapolation of pp dynamics
can reproduce experimental data for HI collision. Here, the study of the production of heavy

flavour decay muon (HFM) and charged particles is carried out. The study of charged-particle
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multiplicity in small and heavy-ion collision systems has been done using Angantyr model before
and compared the results with LHC experiments [15, 16]. The novelty of the present study
is to explore the sensitivity of the approach using Angantyr model to study the production of
HFM and how well the results obtained using the model explain the experimental ALICE data

for both the collision systems (pp and A-A) in a single framework.

4.1.1 Physics processes in PYTHIAS8

The Angantyr model is developed on the structure of PYTHIAS which is the advanced version of
PYTHIAG6 adding Multiparton Interactions (MPI) effects. The details of the physics programs
are available in online manual [17]. PYTHIAS is suitable for high energy particle collisions
of center of mass energy (1/s) ranges from 10 GeV to 100 TeV. The limitation in the lower
value of center of mass energy (1/s <10 GeV) is due to the unreliable results arising from the
calculation of hadron—hadron cross-section in the hadronic resonance region. After the collision,
the particles are produced in vacuum and the simulation does not include any interaction of
the produced particles with the detector material. The PYTHIA simulation adds many physics

processes internally. A brief discussion for a few of them is given below:

e QCD process: The QCD processes may govern by both soft and hard partonic scat-
tering processes. A soft QCD subprocess may be classified as elastic (AB—AB), sin-
gle diffrcative (AB—AX or AB—XB), double diffractive (AB—X) and non-diffractive.
Whereas a hard QCD subprocess is generally 2—2 processes available in PYTHIA. The
hard QCD 2—2 processes include g g 499,99 —9¢3, 99 —49,49—>44¢ qJ—>gg
etc, where q is by default a light quark (u, d, s). The heavy quarks (¢ and b ) are also
taken into account with their respective masses. In addition, there may also have contri-
bution of three-parton final states (2—3 processes) generated by showers off two-parton
processes.

The total cross-section in a hadronic collision is given by

Ttot = Oelastic + (Tsp +0pp +onp) (4.1)
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where 0,510, Osps Opp and oy p are the elastic, single diffractive (SD), double diffrac-

tive (DD) and non-diffractive (ND) cross-sections respectively.

e ISR and FSR: The other physics processes such as initial state radiation (ISR) and
final state radiation (FSR) were first introduced in PYTHIA 6.3 [18] and new features

such as v — ¢¢ and v — "1™ have been included in PYTHIAS later.

e MPI: One of the important feature of PYTHIA is the multi-parton interactions (MPI)
which are the direct consequence of the substructure of the colliding beam particles.
In hadron-hadron collisions, it is possible to have multiple parton-parton interactions
in the same event. The imposition of MPI in PYTHIA is very relevant to describe the
underlying events. The MPI formalism is associated to both soft and hard multi-partonic
interactions. Nucleon being an extended object, the nucleon-nucleon collisions may be
defined as central to peripheral. This leads to MPI an impact-parameter dependence
modeling. Therefore, if the impact parameter becomes smaller, the possibility arises
for more central hadronic collision i.e, overlap between the colliding cloud of partons.
One can expect larger average number of MPIs per collision for more central hadronic

collisions.

e Colour reconnection (CR): In PYTHIAS, the primary technique for hadron produc-
tion is the string fragmentation mechanism. The color string interaction is modified
before hadronisation. The partons belonging to two different MPIs can be connected
by color strings and then merged into one in such way that minimizes the total string
length. Therefore, CR is the rearrangement of partons at the perterbative level just
before hadronisation. After colour reconnection, the partons are connected with string
and then fragment into hadrons via the Lund string model [19]. There are three different

CR models available in PYTHIAS as described below:

a) MPI based model: In this model, the partons of a lower-p; MPI system are
merged with the partons of a higher-pr MPI. For each MPI system that undergoes
a reconnection, minimizes the total string length. The reconnection probability for
coloured partons from MPI with transverse momentum pr is calculated in Ref. [20]

and is given in Eq. 4.2.
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(RCR-pTO)2 (42)

Pogr(pr) = )
Rer-pro + pr

where, Rop is the range parameter (ColourReconnection:range) and ppq is the
pr regularisation parameter (MultipartonInteractions:pTORef). The higher value
of Ror means more reconnection probability. In PYTHIAS, its default value is
set to Rop = 1.8 whereas the default value for MultipartonInteractions:pTORef is

b) QCD based model: In this model, the reconnection is based on the SU(3) QCD
colour rules. According to the QCD colour rules, the probability to form a colour
compatible singlet state from an uncorrelated triplet and anti-triplet is 1/9 times
only. Using this model, the reconnections of dipoles can enhance the production of

baryons.

¢) Gluon-move model: In this model, the reconnections are done in the same way
as MPI based model, but only difference is that it considers only gluon for the
reconnection. Here, each gluon is not only allowed to reconnect with the softer

MPIs, but the reconnections are considered to all MPI systems.

4.1.2 Features of Angantyr model using PYTHIAS

The Angantyr model in PYTHIAS is a generalization of high energy pp collision to HI collision
to improve our understanding of the complete exclusive hadronic final states produced in such
collisions without formation of any thermalised medium [15]. In this section, the essential
features of the Angantyr model are summarized. In this model, the following aspects are
considered to generalize the formulation of pp collision to p-A and A-A collisions for the

simulation of an event generation:

e To determine the position of the nucleons within the colliding nuclei, the nuclear matter

distribution is accounted from the Woods-Saxon (WS) density distribution.
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e The geometric quantities like impact parameter (b), the number of participant (NV,-)
and nucleon-nucleon (NN) binary collisions (N,,;) are calculated by means of MC simu-
lations using Glauber formalism [21, 22]. The Glauber formalism is based on the eikonal
approximation in the impact parameter space. So, the projectile nucleon(s) are assumed
to travel along straight lines and undergo many sub-collisions with the nucleons in the
target. Hence, a nucleon state in the projectile remains in the same state during its
passage through the target nucleus and vice-versa. This non-diffractive interaction cor-
responds to the final state as a single pp event generated by PYTHIAS. Gribov made
a point for the importance of diffractively excited nucleons which are the intermediate
states in multiple NN sub-collisions [23]. The individual fluctuation in projectile and/or
target nucleon is taken into account according to the Good-Walker formalism [24]. This
diffractive excitation is a consequence of fluctuations in the substructure of projectile or
target nucleons. To estimate the number of individual NN sub-collisions, Heiselberg et
al. [25] and others studied the fluctuations in the projectile proton for p-A collisions. The
cross-section and the number of wounded nucleons are calculated by taking the average
over target nucleon states in p-A collisions. Angantyr is probably the first model to have
this feature for the generalization to A-A collisions and takes into account the individual

fluctuations for both the projectile and target nucleons.

e The Angantyr model is motivated by the old Fritiof model [26, 27] for p-A and A-A
collisions and used to estimate the contribution to the final state from each interacting
nucleon and the wounded nucleons (participants). In old Fritiof model, the event multi-
plicity is assumed to be proportional to the number of wounded nucleons calculated by
Glauber Model [16]. According to Bialas et al. [28], the number of wounded nucleons is
responsible for the production of soft particles, instead of individual NN sub-collisions.
Moreover, the latter was seen to be correlated to hard processes. In the Fritiof model, the
contribution from diffractive excitation for an interacting nucleon is close to the contribu-
tion from an average wounded nucleon. In that case, the mass distribution for diffractive
excitation is given by dP oc dM 2 /M ?. So in the modified Fritiof model, it is possible to
distinguish the wounded nucleons as diffractively and non-diffractively wounded nucle-

ons. This modification is categorized the wounded nucleons involving in different types of
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collision. In Angantyr model, an inelastic collision is described by non-diffractive (ND),

single diffractive (SD) or double diffractive (DD) collision [29].

e In high energy collisions, the hard partonic sub-collisions play a major role which are
scaled with NN sub-collisions instead of wounded nucleons. Therefore, it is important
to account those events with multiple NN collsions which are basically associated with
absorptive interaction of one projectile nucleon with several target nucleons (or vice
versa). This leads to the idea of primary and secondary absorptive interactions in events
with multiple non-diffractive (ND) interactions. In Angantyr model, the type of collisions
between ND interacting nucleons is tagged according to the impact parameter. A primary
non-diffractive (ND) interaction is defined with the smaller impact parameter for the
collision between the projectile nucleon and the target nucleon. On the other hand, all

other ND collisions are termed as secondary ND interaction.

The final state partons in nucleon—nucleon events are stacked together after generating all
NN sub-collisions. The colour strings generated in a nucleon-nucleon collision are allowed
to colour re-connection (CR) within the same sub-collision as described in PYTHIAS8. The
colour flow between any two different sub-collisions is restricted. After CR within the same
sub-collision event, these strings hadronise by string fragmentation mechanism where each
string breaks independently. Finally the hadrons are produced and travel freely without any
interactions further. Moreover, the unstable hadrons decay and stable hadrons propagate
further. In this present Angantyr model, the final state hadrons do not exhibit any long-range

collectivity and no final state hadron-hadron interaction is considered.

The Angantyr model in PYTHIAS is a direct extrapolation of high energy pp collisions
to p-A and A-A collisions for describing the features of hadronic final states. This model
provides a facility to combine many nucleon-nucleon collisions into one heavy-ion collision.
Heavy nuclei such as He47 Li6, 012, 016, Cu63, Xe'* and Ph*® may be chosen using their
respective PDG code in the form of 100ZZZAAAI. For example, Pb§88 is of Z=82 and A=208.
Hence, one can designate a Pb nucleus with a PDG number “1000822080” using the function

pythia.readString(“Beams:idA = 1000822080”) to define a Pb beam (beam-A) for collision.
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4.2 Centrality Class using Monte-Carlo Glauber (MCG)

Model

In heavy-ion (HI) collisions, the two colliding nuclei are longitudinally Lorentz contracted. The
impact parameter (b) is the perpendicular distance between the centers of two nuclei at the
time of collision. The overlap region of the two colliding nuclei is described by b. Therefore,
b=0 corresponds to a complete head-on collision while increasing value of b describes central to
peripheral collision. A schematic representation of a HI collision is shown in Figure 4.2. In HI
collision, the nucleons within the overlap region of two colliding nuclei are often participate in
the collision. Whereas nucleons outside of that overlap region continue to move away in their
respective beam directions and do not take part in the collisions. The nucleons which take part
in the collisions are called participants and which do not are called spectators. In HI collisions,
the initial geometric quantities such as impact parameter (b), the number of participant (Npart)
and nucleon-nucleon binary collisions (N,,;) are not directly determined from experiments.
Rather these geometrical parameters are estimated from phenomenological models. The Monte
Carlo Glauber (MCG) model is one of such model used for the calculation of these geometric
quantities [30]. The MCG model is based on Eikonal approximation assuming straight-line
trajectories of the nucleons along the beam axis from the two colliding nuclei [21, 22, 31].
However, Ny, or Ny calculated from MCG can be correlated with the event multiplicity
in HI collisions. The event multiplicity distribution is described with centrality bins. Each
of these centrality bins corresponds to certain interval of the impact parameter (b) depending
on the overlap region of the collision. In HI collision, the centrality is usually defined as a
percentage of the overlap region (described by b) to the total nuclear interaction cross-section
as given below

¢~ —~, for b <R (4.3)

where ¢; is the percentile of the centrality corresponding to impact parameter b; for i-th bin.
0 44 is the inelastic nucleus-nucleus cross-section and R’ is the sum of the radii of two colliding

nuclei. In the calculation of centrality(c), a maximum value of impact parameter (b,,,,) is

144



Chapter 4. Heavy Flavour decay muon and charged particles production using Angantyr model at
LHC energies

considered which is larger than twice the nuclear radius. The choice of b,,,, is large enough
to simulate collisions until the interaction probability becomes zero. For each centrality class,
the mean of these geometric quantities (N4, and N,y;) are calculated over many events
using MCG. Each centrality class corresponds to a certain interval of impact parameter with
minimum (b,,;,,) and maximum (b,,;,) values. In ALICE, there are two observables related to

the collision geometry: one is the average charged-particle multiplicity (N,,) and another is

¢
E;pc, energy deposited in Zero-Degree Calorimeters (ZDC) by the particles close to the beam
direction [32]. The average N, is assumed to increase with decreasing b. The E,p is directly
related to the number of spectator nucleons (Ng..). The experimental results [33] describe that
the rate of hard interactions is proportional to the N,,;, while the charged-particle multiplicity
scales with N4, In ALICE experiment, the “centrality” is defined as the percentile of the
hadronic cross-section corresponding to particle multiplicity above a threshold (Ng;LHR) or an

energy deposited in the ZDC below a given threshold (E%g ) in the ZDC energy distribution

do JdEype.

lm—axis

Figure 4.2: A schematic representation of a HI collision at an impact parameter (b).
The two colliding nuclei A and B are Lorentz contracted [29].

Following the Monte Carlo Glauber (MCG) model [21], the nucleons in each colliding nucleus
are positioned stochastically by using the nuclear charge density function parameterized by the

following Fermi distribution
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_ 1+w(r/R)’
p(r) = PO s eap(=E) (=) (4.4)

where pg is the nucleon density, R is nuclear radius, a is skin depth and w measures the
deviations from spherical shape. In this phenomenological work, the results have been shown
for Pb-Pb and Xe-Xe collisions. The nuclear radius (R) is 6.62 + 0.06 fm for ***Pb and is
5.36 & 0.10 fm for '*Xe [30]. The skin thickness parameter (a) is 0.546 4+ 0.010 fm for
208 pp and is 0.590 & 0.070 fm for '** Xe. For this MCG calculation, a minimum inter-nucleon
separation (d,,;,) between the centers of the nucleons are used. The value of d,,;, for 208 pyy
and ?? Xe nuclei have a default value of 0.4 fm. A maximum value of the impact parameter
binaw =~ 20 fm > 2R is selected, which is larger than twice the nuclear radius. The inelastic
nucleon—nucleon cross section (o) is obtained from pp collision and it depends only on the
collision energy. A value of oy = 61.8 mb, oy = 67.6 mb and oy = 68.4 mb have been
used for MCG calculation at /sy = 2.76, 5.02 and 5.44 TeV respectively. A more technical

details for MCG calculations can be found in Ref [30, 34].

Table 4.1 and Table 4.2 present the values of geometric parameters (N, and Ny;) with
their corresponding Root Mean Square (RMS) values for a given centrality class with a certain
impact parameter interval (b,,,;,, t0 b,,,q.) for Pb-Pb collisions at /syy = 2.76 TeV and 5.02 TeV

respectively. These values are obtained from Monte Carlo Glauber (MCG) model calculation.

Table 4.1: Various geometric quantities in Pb-Pb collisions at ,/syy =2.76 TeV obtained
with the MCG model for the centrality class used in this work.

centrality  b,in O < Npgrt > < Neouy >
(fm)  (fm)

0—5% 0 3.49 381.18+£17.14 1626.07+141.97
5—10% 349 4.93 327.844+17.93 1272.52+111.72
10 —20% 4.93 6.97 258.55+26.93 892.05+139.08
20 —30% 6.97 854 184.314£22.35  539.19496.98
30 —40% 854 9.86 127.18+18.83  310.27+68.32
40 —50% 9.86 11.03 83.80+£15.95  166.63+46.65
50 —60% 11.03 12.08 51.80£13.30  82.39 4+30.03
60 — 70% 12.08 13.05 29.36+10.58 37.09+£18.00
70 —80% 13.05 13.95 15.18+7.65 15.46+9.99

Similarly, the geometric parameters N, and N,; with their corresponding RMS values
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Table 4.2: Various geometric quantities in Pb-Pb collisions at /syy =5.02 TeV obtained
with the MCG model for the centrality class used in this work.

centrality  bpim  Omax < Npgrt > < N.oy >
(fm)  (fm)

0—5% 0 3.49 383.85 + 16.52 1775.89+152.94
5—10% 3.49 494 331.704+ 17.81 1389.47£119.69
10 —20% 4.94 6.98  262.70+27.00  973.40+150.73
20 —30% 6.98 855  188.18422.55  587.86+104.84
30 —40% 855 9.88  130.50+19.06  337.93+73.71
40 —50% 9.88 11.04  86.50+16.22 181.31 £50.27
50 —60% 11.04 12.10  53.85+13.59 89.64 +£32.31
60 —70% 12.10 13.06  30.78+10.86 40.38 +£19.32
70 —80% 13.06 13.97  16.02+ 7.94 16.79 +£10.72

for a given centrality class in Xe-Xe collisions at /sy = 5.44 TeV are obtained. These values

are illustrated in Table 4.3.

Table 4.3: Various geometric quantities in Xe-Xe collisions at /syy =5.44 TeV obtained
with the MCG model for the centrality class used in this work.

centrality  b,,in bomax < Npgrt > < Ny >
(fm)  (fm)

0—5% 0 2997 23727 £9.91 961.41+£92.39
5—10%  2.997 4.239 206.98+ 11.59 746.57+73.74
10 —20% 4.239 5995  164.8+£17.79  514.69+87.36
20 —30% 5995 7.342  117.844+15.6  302.55+60.62
30 —40% 7.342 8478  81.424+13.76  170.11+£42.52
40 — 50% 8.478  9.479 53.754+12.1  90.84 4+29.18
50 — 60% 9.479 10.384  33.474+10.27  45.58 £19.04
60 —70% 10.384 11.216  19.45+8.27  21.69 £11.94
70 —80% 11.216 13.989  10.93+ 6.06 10.25 £7.14

The centrality of a given HI collision in Angantyr is assigned by applying a sharp cut on

the N+ obtained from MCG and is used as input to the Angantyr simulation. Furthermore,

p

the mean of N, N,y obtained from Angantyr simulation are compared with that obtained
from MCG and the published ALICE data. It is to be noted that for a given centrality, the
parameters < Np,,.. >, < N > and 044 are important quantities to control the behavior of

different collision systems in heavy-ions.
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4.3 Production of Heavy Flavour decay muon using

Angantyr model

4.3.1 Event generation for HFM simulation

Following the section 4.1.1 described above, the main processes of heavy quarks production (c,

b) in PYTHIAS are given below:

i) Initial ¢ or b quarks are produced via the hard 2—2 partonic interactions (e.g., ¢q¢ —
é(b)e(b), gg — &(b)c(b)) and the same mechanism is used from the subsequent hard pro-

cesses in MPI for the finite production probability.

ii) The gluon splitting hard processes (e.g., g — ¢(b)c(b) ) are used for heavy quark produc-

tion [35].

iii) These gluons may originate from the Initial State Radiation (ISR) and Final State Radi-
ation (FSR).

The MPI model is one of the various models which can explain multiple parton-parton
interactions in pp collisions at LHC energies. The MPI model influences light flavour production
and it could also be applied in the Angantyr model for the understanding of the charged-particle
multiplicity as well as the heavy flavour production [36, 37]. In this simulation work to study
the HFM production, the following tuning has been done in Angantyr model using PYTHIAS

(version 8.235):
a) HardQCD:all=on : the common switch for the group of all hard QCD processes including
heavy flavour subset.

b) PhaseSpace:pTHatMin=5: the base class for all hard-process phase-space generators

for cuts in 2—2 processes.

c) PhaseSpace:pTHatMinDiverge=0.5: the extra py cut to avoid divergences of some

QCD processes in the limit pp — 0 .
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d) Multi-Parton Interactions bProfile=3: the inclusion of the varying impact parameter

to allow all incoming partons to go through hard and semihard interactions.

e) Pythia8HeavylIons.h: the inclusion of Heavy-ion class for the extension of pp analysis to

heavy-ion study.

f) Tune:pp=5 Tune to pp data. The tuning is done mainly for the initial state radiation,

multi-parton interactions and beam-remnants aspects of PYTHIA.
g) Heavylon:mode=1: Heavy-ion collision mode in Angantyr using PYTHIAS

h) Heavylon:mode=2: pp collision mode in Angantyr using PYTHIAS

4.3.2 Results on HFM simulations

In this work, we have studied the production of HFM as a function of transverse momentum
(pr) in pp collisions. This study is also extended to heavy-ion (Xe-Xe and Pb-Pb) collisions in
the forward rapidity (2.5 < y < 4) domain. 1000 million events are generated both at centre-
of-mass (cm) energies y/s= 2.76 TeV and 5.02 TeV in pp collision. However, 100 million events
are simulated in pp collision at /s= 7 TeV and 13 TeV respectively. Due to computational
limit, it could only be possible to generate 15 million and 10 million events for Xe-Xe at /syn
= 5.44 TeV and for Pb-Pb collision at /syy = 2.76, 5.02 TeV respectively. All the studies
for the HFM production using Angantyr are compared with the published ALICE data in
LHC energies. Note that the ALICE results for HFM at /s = 13 TeV in pp collisions is not

published yet.

In this section, the simulation results with Angantyr model are presented [38]. A com-
parative study has been done between the standalone PYTHIA8 and Angantyr results for pp
collisions at LHC energies. The comparison for HFM p4 distribution in forward rapidity 2.5
<y < 4at /s =276,502 7and 13 TeV in pp collisions is shown in Figure 4.3. The re-
sults suggest that the HFM pp distributions at forward rapidity in pp collision with default
PYTHIAS are well reproduced by HI collision model Angantyr. This comaprison between de-

fault PYTHIAS8 and Angantyr in pp collision allows to perform simulation for pp collision using
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Angantyr model in addition to the default PYTHIAS. Hereafter, the Angantyr model is used

irrespective of the size of the collision system in the analysis.
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Figure 4.3: Comparison of the HFM pp-spectra in p-p collisions at /s = 2.76, 5.02, 7
and 13 TeV between default PYTHIAS and Angantyr model calculations.

In Pythia8, PhaseSpace is a base class for all hard-processes either for 2—1 or 2—2 and
also specialized for elastic and diffractive scattering. It is possible to constrain the kinematics
of most of the hard subprocess. The cross section of a process in PYTHIAS is adjusted only to
the allowed phase space corresponding to the cuts applied. The more number of particles are
generated in the final state for an application of more higher value in the PhaseSpace cut [5, 17].
Hence, the production of heavy flavour decay muon at forward rapidity (2.5 < y < 4) is studied
in pp collisions at /s =5.02 TeV with different PhaseSpace cuts using the function PhaseS-
pace:pTHatMin available in PYTHIAS8. The results with the tuned PhaseSpace:pTHatMin
are compared with the ALICE data[39] as shown in the left panel of Figure 4.4. A similar
comparison is done for Pb-Pb at most central (0-10%) collisions with the tuning of pTHatMin
values 5 and 20 at /sy =5.02 TeV as shown in Figure 4.4 (right panel). The left panel of
Figure 4.4 suggests that PhaseSpace:pTHatMin=5 describes the ALICE result comparatively
well in pp collision and also consistent with FONLL. However, Figure 4.4 (right panel) suggests
no such dependency on PhaseSpace:pTHatMin for HI collisions. Therefore, the simulations are

carried out for all collision systems with PhaseSpace:pTHatMin=5.
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Figure 4.4: The pp-distribution of heavy flavour decay muons at forward rapidity (2.5
< y < 4) in pp collisions (left panel) and for most central (0-10%) Pb-Pb collisions (right
panel) at /s = 5.02 TeV respectively. The results with different PhaseSpace:pTHatMin
cuts are compared.

Now the analysis program is described in more detail. The following two subsections are
devoted for describing the production of HFM in three collision systems (pp, Xe-Xe and Pb-
Pb). The productions of HFM are presented in the py range from 2 to 20 GeV/c¢ and compared
with the corresponding available ALICE data. The results obtained from Angantyr simulation
are normalized with the yield obtained at py = 5 GeV/c. In addition, a nominal average
scale factor 0.4 at all energies is used for better visualization and in compliance to the slope
of pp-distributions with experimental data. These simulation results have been compared with
the published ALICE measurements at their respective collision energies. The statistical errors

are represented by vertical error bars in all the figures.

pp collisions

The pp-differential production cross-sections of HFM at forward rapidity (2.5 < y < 4) in
pp collisions at /s = 2.76 TeV, 5.02 TeV, 7 TeV and 13 TeV are shown in Figure 4.5. The
simulation results are compared with ALICE data [39-41] at their respective collision energies.
The published ALICE data for HFM at /s = 13 TeV is not available yet, so the simulated
pr-differential cross-section of HFM is compared with the Fixed Order + Next-to-Leading-

Logarithms (FONLL) calculations at this y/s = 13 TeV. The prediction for the cross-section
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of HFM is obtained from the heavy quark (charm (c) and beauty (b)) decay into lepton. In
this Monte Carlo (MC) simulation, heavy-quarks are produced via the elementary reactions:
p+p — charm + X and p + p — bottom + X where the parton distribution function (PDF)
CTEQG6.6 is used.

The simulation results are presented upto py = 20 GeV/c for all the four energies as shown
in Figure 4.5. However, the ALICE experimental data are available only upto pr = 10 GeV/c¢
and pr = 12 GeV/c at /s = 2.76 TeV and 7 TeV respectively. The ALICE measured the
production cross-section of HFM at /s = 5.02 TeV with more higher statistics at Run 2
compared to the Run 1. This allows to measure the HFM at /s = 5.02 TeV upto pp = 20
GeV/c. Tt is to be noticed that the simulation results describe the ALICE data reasonably
well. In the middle panel of Figure 4.5, the ratio of the simulation results with respect to the
ALICE data are shown at /s = 2.76 TeV, 5.02 TeV and 7 TeV respectively. The most bottom

panel of Figure 4.5 shows the ratio of simulation with respect to FONLL at /s = 13 TeV.
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Figure 4.5: The simulated pp-differential cross-section of muons from heavy flavour
hadron decays in pp collisions are shown at /s = 2.76 TeV, 5.02 TeV, 7 TeV and
13 TeV. Comparisons are done between simulation results and ALICE data [39-41]. At
Vs = 13 TeV, the comparison is done with FONLL calculation.

In order to give a complete kinematic description, the HFM rapidity (y)-distribution is

also presented in addition to the transverse momentum spectra at /s = 5.02 and 7 TeV in
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Figure 4.6. The HFM y-distributions at /s = 5.02 TeV are obtained in two different p; ranges:
2< pp <7 GeV/c (top left panel) and 7< pp < 20 GeV/c (top right panel). Scaling factors
0.8 and 0.6 have been used for the said two pp ranges respectively. Whereas, a scaling factor
of 1.05 is used for the HFM y-spectrum obtained in the pp-range 2< pp <12 GeV/c at /s =
7 TeV (bottom panel). This normalization is done for better comparison of simulation results
with experimental data [39, 41]. It is to be noted that HFM y-distribution measured by ALICE

exists only for pp collisions at /s = 5.02 and 7 TeV.
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Figure 4.6: The simulated y-distribution of HFM in pp collisions at /s = 5.02 TeV
(top) and 7 TeV (bottom) are shown. The simulated results are compared with the cor-
responding ALICE data [39, 41]. The bottom panels describe the ratio of the simulation
with respect to data.

Heavy-ion collisions

After describing the production of HFM in pp collisions, the results obtained in heavy-ion

(HI) collision using Angantyr model are presented. A sharp cut on < N, > is applied to
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define the centrality classes in HI simulation. Table 4.4 presents a comparison of mean of N,
(< Npgrt >) and the corresponding standard deviation obtained from MCG model, Angantyr

model (this work) and ALICE [42].

The pp-differential yields of HFM at forward rapidity (2.5 < y < 4) in Xe-Xe collisions
at \/syny = 5.44 TeV are shown in Figure 4.7. This figure also shows a comparison of the
simulation results with the ALICE data [43] in four different centrality classes: central (0-10%),
semi-central (10-20% and 20-40%) and peripheral (40-60%). It is seen that the simulated HFM

pr spectra in Xe-Xe collisions describe the ALICE [43] data satisfactorily.
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Figure 4.7: The pp-differential yield of HFM with Angantyr simulation at forward rapid-
ity (2.5 <y < 4) and compared with the ALICE data [43] at various centrality classes
(0-10%, 10-20%, 20-40% & 40-60%) in Xe-Xe collisions at |/syy = 5.44 TeV.

Figure 4.8 (left) displays the pp-differential yields of muons produced from heavy flavour
decay using Angantyr model at forward rapidity (2.5 < y < 4) in Pb-Pb collision at /s = 2.76
TeV. The simulation result for most central (0-10%) collision is compared with the ALICE
data [44]. A similar observation for HFM production in Pb-Pb collision at /syy = 5.02
TeV is presented in Figure 4.8 (right). The simulation results are obtained for three centrality
classes ( 0-10%, 20-40% and 60-80%). ALICE has measured the production of HFM at forward
rapidity in Pb-Pb collision at /sy = 5.02 TeV in the same three centrality classes [44]. The
simulation results are compared with the ALICE data as shown in Figure 4.8 (right). The
bottom panel of Figure 4.8 shows ratio of the simulation with respect to ALICE data. The

Angantyr model calculation reproduces the ALICE data nicely at both the energies.
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Figure 4.8: The pp-differential yield of HFM at forward rapidity (2.5 < y < 4) in Pb-Pb
collisions at \/syy = 2.76 TeV (left) for most central collision (0-10%) and at \/syy =
5.02 TeV (right) for three centrality classes ( 0-10%, 20-40% and 60-80%) respectively.
The simulated results are compared with the corresponding ALICE measurement [44].

ALICE Run3 prediction for O-O collisions

It is worthwhile to mention that a prediction is given for the production of HFM in O-O
collision at \/syy = 6.37 TeV with Angantyr model. ALICE has plan for a short period of
0-O collision at /sy = 6.37 TeV during Run 3 [45]. The study of HFM at forward rapidity
(2.5 <y < 4) in O-O system is done for both pp- and y- distributions. 100 million events are
generated at /syy = 6.37 TeV using Angantyr for the simulation with O-O collision. It is
to be noted that the Angantyr model does not incorporate any a-cluster structure during the

simulation with O-O collisions.

The pp- differential production yield of HFM for central (0-10%) O-O collision is shown
in Figure 4.9 (left). The result complies with the nature of other HFM pp-distribution at
comparatively higher mass collision system (Xe-Xe and Pb-Pb) done in this work. The right
panel of Figure 4.9 shows the rapidity distribution of HFM in O-O collision within 2 < py <

20 GeV/c as complementary kinematic description.

156



Chapter 4. Heavy Flavour decay muon and charged particles production using Angantyr model at
LHC energies

1e
E 0-O collision at {s = 6.37 TeV, Angantyr | 0-O collision at Vs = 6.37 TeV, Angantyr
10" 25<y<4, pieHF,0-10% L 25<y<4, pic HF,0-10% 2 <p_ <20 GeVic
102L 102
s F r
g7 - . F
= f e 3
50 . g [ —
§°F . - ——
S E . ——
£ e, 10° —
10° .o, E
E -y C
£ - [
106 o L
: —
107 7
T I S W N B B N B S (O R
0 2 4 6 8 10 12 14 16 18 20 25 3 35 4
P; (GeV/c) y

Figure 4.9: The pp differential yield of HFM using Angantyr simulation at forward
rapidity (2.5 <y < 4) for 0-10% central O-O collisions at /sy = 6.37 TeV (left). The
rapidity distribution for 0-10% central collision within 2 < py < 20 GeV/c (right).

Nuclear Modification Factor (R,,) of HFM

The profile of HFM pg distributions between simulation results and the published ALICE
measurement for both pp and HI collision have been compared so far. It has been discussed in
section 4.1 that the present Angantyr model does not include any thermal medium formation
in HI collision. This model excludes hadronic rescattering effects also [46]. In addition to the
particle spectra, a more quantitative model-to-data comparison can be done by calculating the
observable nuclear modification factor R 44. Traditionally, R 4 4 is used as a probe to investigate
the hadron production in HI collision compared to the pp collision. The R 44 is defined as the
ratio of the yield in A-A collisions to that in pp collisions scaled by the corresponding average
number of nucleon-nucleon collisions (< N,,; >). So, the transverse momentum (py) dependent

R 44 is given below by Eq. 4.5

d*Naa
dprd
Raa = Ly (4.5)

d”N,
pbp
< NCO” > dedy

In the previous section, results for Pb-Pb and Xe-Xe collisions have been presented assuming
no creation of thermal medium in HI collisions. Here, an attempt is done to investigate the

pr dependence of R 44 for the production of HFM using Angantyr model. The pr dependent
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R 4 4 calculations are performed in Pb-Pb collisions at the centre of mass energies 2.76 and 5.02
TeV respectively. The observations of R4, in Pb-Pb collision are done only for most central

(0-10%) collisions at both /s = 2.76 TeV and 5.02 TeV.

To overcome small statistics specially at high py region (pp >12 GeV/c¢), the HFM pp-
spectra obtained with Anagntyr simulation are fitted both in pp and Pb-Pb (0-10%) collisions.
The fitting is performed with a polynomial function f(p7) as given in Eq. 4.6. p; (i = 0,1...7)
are the free parameters of the fit function. The HFM pp-distribution is fitted in the pr range
from 2 to 20 GeV/c in pp collisions and within 3 < py < 20 GeV/c in Pb-Pb collisions (0-10%).
Using this parameterized fit function for HFM pp-spectra in pp and Pb-Pb collisions, we have

evaluated the R4 4 as given in Eq. 4.5.

_eP2P 1
f(pr) = pePrPrl=e? 1) 4ps) 7 (s + (po.pr) + (pr-p>)) (4.6)

T

Figure 4.10 presents the simulated R 44 as a function of py in 0-10% central Pb-Pb collisions
at forward rapidity. The simulation results at /s = 2.76 (left) and 5.02 (right) TeV are
compared with the corresponding ALICE measurements. It is observed that the obtained R4 4
in simulations overestimate the ALICE measurements but with values remain below unity. The
simulated R 44 is found to be almost independent of pr whereas ALICE has measured R4 4
as a pp dependent observable. The simulated R 44 is found close to unity at the lower energy
Vs = 2.76 TeV (left panel of Figure 4.10) whereas it is substantially lower than unity at the

higher energy /s = 5.02 TeV (right panel of Figure 4.10).

Similar feature has also been observed in Ref. [14] for the R4, of charged-particles using
Angantyr+UrQMD model in the absence of any hadronic interactions in Pb-Pb collisions at
VENN= 2.76 TeV for two centrality classes 0-5% and 50-60%. It is reported that the An-
gantyr+UrQMD model overestimates the Ry, at mid-py region (4 < pp < 10 GeV/¢) for
peripheral collisions (50-60%) and in the range 4 < py < 20 GeV/c for central collisions
(0-5%). In addition, Ref. [14] also shows that a cascade of hadronic interactions can signifi-
cantly impact on R4 4 causing more suppression up to 50%. These results put an agreement

between simulation and experimental data only up to ~15 GeV/c. In view of our present study
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Figure 4.10: Angantyr simulation results for R4, of Heavy Flavour decay Muons at
forward rapidity (2.5 < y < 4) in central (0-10%) Pb-Pb collisions at /sy = 2.76 TeV
(left) and 5.02 TeV(right). The simulated R4, are compared with ALICE data [44].

of HFM and Ref. [14], it is noted that the simulated results on R, deviates from the typi-
cal results for particle production in experimental HI collision due to the non-inclusion of final
state effects in the existing Angantyr model. The Angantyr simulation is based on the wounded
nucleon model and does not incorporate any concept of binary N,,; scaling. The study of the
simulated R 44 using Angantyr model suggests that a separation scale (py 4,) between soft and
hard components expected for N,; scaling. However, the choice of the pr g, would impact
on the simulated R4, results. A higher value of pr ., leads hard component to take over at
higher py region. Note that, the normalisation on the ppr-spectra of HFM done in our analysis
could impact on the suppression of R4 4. Regardless of the normalization, Figure 4.10 shows
that the simulated R 44 is overestimated compared to the ALICE data and almost independent

of transverse momentum over a large pp-range (upto 20 GeV/c).

4.4 Charged particles production using Angantyr model

The study of charged particles in pp and A-A collisions using the default settings of Angantyr
model in PYTHIAS is done. The default settings in the model adds the colour reconnection
(CR) mechanism based on multiple-parton interactions (MPI). In the default PYTHIAS, the

colour strings only interact among themselves during the colour reconnection (CR) process and
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hence a rearrangement of colour strings takes place just before the hadronisation. Recent LHC
results in pp collisions show the signatures of near side ridge and strangeness enhancement
similar to the features of HI collision [10, 11]. Therefore, the phenomenological understanding
of hydrodynamics in HI collision experiments introduces new challenges. In the view of these
new observations, an attempt to modify the colour string interactions is done in PYTHIAS. It
is believed that a crowd of many colour strings due to high parton density environment in high
multiplicity events can modify their effective string tension. The rope hadronisation [47, 48]
and string shoving [49, 50] mechanisms have been implemented in PYTHIAS for pp collisions
to understand these flow-like effects observed in small systems. The rope hadronisation meach-
anism in PYTHIA modifies effective string tension with string density and affects the relative
production probability of strange (s) quarks. On the other hand, string shoving mechanism
allows PYTHIAS to provide ridge like effects in pp collisions. However, these two new fea-
tures of PYTHIAS are not utilised for simulation in pp collisions rather the application of CR
is done. In Angantyr model, the reconnection of colour is only allowed between the partons
within the same nucleon-nucleon sub-collisions and is restricted between any two such sub-
collisions. In this study of charged particle with Angantyr, the effect of CR mechanism has

been demonstrated to test the qualitative evolution of the spectral shapes.

4.4.1 Event generation for charged particle

For this study of charged particles, 1000 million events for pp, 10 million events for Xe-Xe and
Pb-Pb collisions respectively are generated. The default settings of Angantyr model use the
tuning “SoftQCD:all=on” with MPI which produces the inelastic, non-diffractive component
of the total cross-section. The Colour Reconnection (ColourReconnection:mode=0) mechanism
based on MPT is used here. The multiplicity distribution has dependency on MultiParton Inter-
actions (MPI). In PYTHIAS, the average multiplicity distribution increases with the average
number of MPI [51]. Colour Reconnection (CR) together with MPI in PYTHIAS have special
importance to describe underlying event (UE) observables [20]. A sharp cut is applied on the
< Npgr¢ > obtained by MCG as discussed in section 4.2 to define a centrality class for the

simulation with HI collisions.
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4.4.2 Results on charged particle

In this section, the results of the simulations for charged particles production using Angantyr
model are presented. To begin with the Angantyr model for simulation in pp and HI collisions,
a comparative study for charged particle production between the standalone PYTHIAS8 and
Angantyr model for pp collisions is needed. So, charged particle multiplicity (N,;,) distribution
in pp collision at /s = 2.76 TeV has been compared between default PYTHIA8 and Angantyr
model as shown in Figure 4.11. It is observed that the charged particles in pp collisions are
qualitatively reproducible using the HI model (Angantyr) in PYTHIAS. Therefore, the simu-
lation for charegd particles using the default Angantyr model has been carried out irrespective

of the collision systems.
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Figure 4.11: A comparison of charged-particle multiplicity distribution (N.,) at mid-
rapidity (Jy|< 0.5) in pp collisions at /s = 2.76 TeV between the standalone PYTHIAS
and Angantyr model.

Transverse momentum spectra of charged particles

In Figure 4.12, the pp-differential yields of charged particles in pp collisions at mid-rapidity
In|< 0.8 in /s = 2.76, 5.02 and 13 TeV using Angantyr model are presented upto pp = 50
GeV/c. The simulated results (full circle) are compared with the available ALICE data (open
circle). The bottom panel of Figure 4.12 shows the ratio of the simulated results with the

ALICE data. It is seen that the Angantyr result agrees well the ALICE data above pp > 1
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GeV/c. The charged particles pp-distribution in pp collision at /s = 7 TeV using Angantyr
model has been compared with ATLAS data in Ref [15]. No data is available for this energy
in ALICE and the simulation result at /s = 7 TeV is not shown in Figure 4.12. An arbitrary
factor 0.84 is used to scale the simulated results in order to match the spectral shape with
ALICE data. This scaling factor bears no physical significance and only shows the agreement
of the spectral shape. It is to be noted that ALICE has measured the charged particle pp-
spectra upto pp = 50 GeV/c¢ for both /s = 2.76 and 5.02 TeV whereas it is only upto pp = 20
GeV/c at /s = 13 TeV. Regardless of the ALICE measurement, the simulation is performed
for the charged particle spectra upto pr = 50 GeV/c and ratios are shown upto py ranges

measured by the ALICE at their respective center of mass energies.
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Figure 4.12: Transverse momentum spectra of charged-particle in pp collisions at /s
=2.76, 5.02 and 13 TeV with Angantyr model. A comparison of model results (full
circle) and ALICE data (open circle) [52] is done for /s =2.76 TeV (red), 5.02 TeV
(blue) and 13 TeV (magenta).

Figure 4.13 shows the transverse momentum spectra of charged particles at mid-rapidity
In|< 0.8 in Xe-Xe collisions at /syy = 5.44 TeV. The simulation results are shown for nine
different centrality classes from most central (0-5%) to peripheral (70-80%) with pp-range upto
50 GeV/c. The simulation results are compared with the experimental data measured by
ALICE [53]. The bottom panel of Figure 4.13 shows the ratio of the simulated results with the
ALICE data. It can be seen that the Angantyr simulation describes the ALICE data better
from peripheral to central collisions. Moreover, the model-to-data ratio shows humps around

pr = 7 GeV/c and height of these humps increases towards more central collisions.
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Figure 4.13: Transverse momentum of charged particles at mid-rapidity |n|< 0.8 in Xe-
Xe collisions at /syy = 5.44 TeV for nine centrality classes. Comparisons are done
between the simulation (full circle) and ALICE data (open circle). The centrality classes
are described with different colors.

ALICE and ATLAS have measured the pp-differential production yield of charged particles
in Pb-Pb collisions at /syy = 2.76 TeV. In Ref. [54], the comparisons between Angantyr
simulation with ALICE data are shown for two centrality classes (0-20% and 40-60%). However,
the comparisons with ATLAS data have been shown for four centrality classes (0-5%, 10-20%,
30-40%, 60-80%) in Ref. [15]. In this work, the simulation results are extended for nine different
centrality classes from most central (0-5%) to peripheral (70-80%) collisions at /syy = 2.76
and 5.02 TeV. In Figure 4.14, the transverse momentum spectra of charged particles at mid-
rapidity (|n|< 0.8) in Pb-Pb collisions at /sy = 2.76 TeV (left panel) and 5.02 TeV (right
panel) are shown. These simulation results are compared with the ALICE measurements for
all nine centrality classes upto pr = 50 GeV/c at both the energies. The bottom panels of

Figure 4.14 shows the model-to-data ratio. The results are similar as found in Xe-Xe collisions.

A study on the total charged particle multiplicity (Nﬁzt) as a function of collision centrality
in Xe-Xe and Pb-Pb collisions are performed. The collision centrality of a HI collision is

described by the number of participating nucleons (N,

part) and the number of binary nucleon-

nucleon collisions (N,,;). Figure 4.15 represents the Niﬁt per nucleon—nucleon pair as a function
of Npqr¢ in Xe—Xe collisions at /syy = 5.44 TeV and in Pb-Pb collisions at /syy = 2.76

and 5.02 TeV respectively. The simulation result in Xe-Xe collision at /syy = 5.44 TeV is
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Figure 4.14: Transverse momentum of charged particles at mid-rapidity |n|< 0.8 in Pb-
Pb collisions at \/syy = 2.76 TeV (left) and 5.02 TeV (right) in nine centrality classes
respectively. Comparisons are done between the simulation (full circle) and ALICE data
(open circle). The centrality classes are described with different colors.

compared with the experimental data measured by ALICE [55]. For the comparison of the
spectral shape, the simulated results are scaled by 1.07 for Xe-Xe and 1.29 and 1.08 for Pb-
Pb collisions at /syy = 2.76 and 5.02 TeV respectively. The simulation results describe the
ALICE data reasonably well in Xe-Xe collisions for central collisions but deviates largely for
peripheral collisions (N, < 120). The simulation results show the increasing trend of NIt
per participants pair from peripheral to the most central collision as found in ALICE data.
Figure 4.15 also indicates that Nzﬁt depends strongly on geometrical properties of the collision

zone than on the size of the collision systems.

Nuclear Modification Factor (R,4,) of charged particles

In addition to the study of transverse momentum spectra of charged particles discussed in
previous section, the study is extended for the nuclear modification factor (R44) as a function
of pp. Figure 4.16 shows the pp-dependent R 44 for the production of charged particles in Pb-
Pb collisions at /sy = 2.76 TeV (left) and 5.02 TeV (right). The simulated R 44 are shown for
three centrality classes (0-10%, 10-20% and 50-60%). The simulated R 44 has been compared
with the experimental results by ALICE [55]. Figure 4.16 indicates that the simulated R4, of

charged particles remain almost constant over the whole pp-region after a sharp rise at lower
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and Pb-Pb collisions at /syy = 2.76 TeV and 5.02 TeV respectively. The comparison
of Angantyr model calculation are done with ALICE data [55].

pr (pr < 2 GeV/c). However, it is noted that the simulation results overestimate the ALICE
data upto pr < 15 GeV/c for the two central collisions but underestimate the ALICE data
in the case of peripheral (50-60%) collision. The R4 characteristics are similar for all the
three centrality classes at both the center of mass energies except a slightly more suppression

towards higher py region at /syy = 5.02 TeV.
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Figure 4.16: R 44 of charged-particles as a function of p; at mid-rapidity (|n|< 0.8) in Pb-
Pb collisions at /syy = 2.76 TeV (left) and 5.02 TeV (right) respectively. Comparison
of simulated R4, are done with ALICE data at three centrality classes (0-5%, 10-20%
and 50-60%).
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Multiplicity dependence mean transverse momentum

In PYTHIAS, Colour Reconnection (CR) is a mechanism which reconnects the partons by
colour strings just before the hadronisation. This can be attributed as a similar effect of
flow where the partons are boosted just prior to the hadronisation in events with several
multipartonic interactions (MPI). The CR is a microscopic process introduced in PYTHIAS
and does not need for a hot thermalised medium to be formed. The CR mechanism is very
important ingredients in PYTHIAS8 which could possibly explain the flow-like patterns observed
in pp collisions [10, 11]. The inclusion of MPI in PYTHIASR allows qualitative good description
of the multiplicity distributions. The study of MPI in small system, provides the correlation
between the number of MPI and the hardness/multiplicity of the event [56]. The other features
like multiplicity dependence mean transverse momentum could be described by the colour
reconnection. The modeling of CR is the probability of joining low and high pp partons

following the mechanism present in soft and hard QCD processes.

In this work, the CR effect in Angantyr model has been demonstrated in compliance with
the observed experimental results. The simulation results are shown in Figure 4.17 for the
mean transverse momentum (< pp >) as a function of charged-particle multiplicity (N,;,) at
mid-rapidity |n|< 0.8 (0.15 < py < 10 GeV/c¢) in both pp and HI (Xe-Xe and Pb-Pb) collisions.
The comparison of these simulation results are also done with the ALICE data in pp collisions

for energies at /s = 0.9, 2.76 and 7 TeV and only at /s = 2.76 TeV in Pb-Pb collisions.

Figure 4.17 (left) shows the comparative study of the mean pr (< py >) with charged
particle multiplicity (V) between Angantyr simulation and ALICE data [57] in pp collisions
at three energies /s = 0.9, 2.76 and 7 TeV respectively. The steep rise of < pp > with N, is
observed for each energy. The bottom panel of Figure 4.17 (left) presents the ratio of simulation
to data. It is seen that the simulation results are in compliance with the ALICE experimental
data reasonably well in the multiplicity range of 5 < N, < 20 for all the three energies. A
more qualitative study of this < py > with N, has been performed for five LHC energies
(v/s = 0.9, 2.76, 5.02, 7 and 13 TeV) as shown in Figure 4.17 (right). The bottom panel of

Figure 4.17 (right) shows the ratio of the observables using the simulation at different energies
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with respect to the highest energy /s = 13 TeV. The results provide a knowledge of the energy
dependency of < pp > in pp collision. It is noticed that a feeble effect on the < pp > induces
by the collision energy. A maximum of 15% increment in the < pp > for the highest energy /s
= 13 TeV is observed with respect to the lowest energy /s = 0.9 TeV. Figure 4.17 (right) also
illustrates that the < pp > have the tendency to merge together towards higher multiplicity

(N, 2 30) irrespective of collision energy.
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Figure 4.17: Mean transverse momentum (< pp >) as function of charged particle
multiplicity (N.,) in pp collisions at /s = 0.9, 2.76 and 7 TeV. Comparison of simulations
with ALICE data are done (left). Simulation results at /s = 0.9, 2.76, 5.02 and 7 TeV
are compared with respect to the result of 13 TeV (right).

The same study of < pp > with N, is done for Xe-Xe at /s = 5.44 TeV and Pb-Pb
collisions at /s = 2.76 and 5.02 TeV respectively as shown in Figure 4.18. The simulation
result for Pb-Pb at /s = 2.76 TeV is compared to the corresponding ALICE data [57] and the
bottom panel of this figure shows the ratio of simulation to the ALICE measurement. This
comparison describes a qualitatively good agreement with experimental observation. Compar-
ing the simulation results for Xe-Xe and Pb-Pb collisions from Figure 4.18, it seems there is
no strong multiplicity dependence of < pp > above N, = 10. Moreover, the < pr > is also

found to be independent of the system of HI collisions at a comparable collision energy.

ALICE Run3 prediction for O-O collisions

In view of the foreseen O-O collisions during ALICE Run 3, predictions for the transverse

momentum distribution and mean transverse momentum as a function of charged particle
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Figure 4.18: The mean transverse momentum (< py >) as function of charged particle
multiplicity (N,,) in Xe-Xe at /sSyy = 5.44 TeV and in Pb-Pb collisions at \/syx =
2.76 and 5.02 TeV respectively. Comparison of simulation with ALICE data [57] (Pb-Pb

at \/SNN — 2.76 TGV)

multiplicity are given in Figure 4.19. The left panel of Figure 4.19 presents the differential
ppr-distribution of charged particles in O-O collisions at /s = 6.37 TeV at mid-rapidity (|n|<
0.8) for four centrality classes: 0-5%, 5-10%, 10-20% and 20-100%. The < py > with N, at
mid-rapidity (|n|< 0.3) for integrated pr range from 0.15 to 10 GeV/c is shown in Figure 4.19
(right). These results are very similar as obtained in the case of Xe-Xe and Pb-Pb collisions

(Figure 4.18).

103 - = 0.8 |
102 — ©O-O collision at Vs = 6.37 TeV, Angantyr = [ O-O collision, charged particles, Angantyr]
e — charged particles, n|<0.8 So0.75/~ M|<0.3,0.15 < p_ < 10.0 GeV/c =
10" T, . = k E
T — Y o7k —
<1 0%= . .. T, e E a
= - - ... - 0.65/— —
S0 . T - E ]
= - .. - C i
an . e T . 0.6 =
S10%— . e ~ F & B
&z L Tl el - L e ]
< S - T 0.55— —
% 10°— - +’+ ., B
: F - 05%x10° . 0.5= —
r 5-10% = 10° T g 3]
102 1020% =107 0.45— —
[ - 20-100% x 10° = ]
104k Ll L L 04—, \ \ \ \ L
1 10 0 20 40 60 80 Joo

P, (GeV/c)

o
5

Figure 4.19: The profile of the charged-particles production at mid-rapidity (|n|< 0.8)
in O-O collisions at \/syy = 6.37 TeV for four centrality classes: 0-5%, 5-10%, 10-
20% and 20-100% using Angantyr simulation (left). The < py > as a function of N,
(0.15< py <10 GeV/c) at mid-rapidity |n|< 0.3 (right).
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4.5 Summary

In this simulation work, we have studied the production of HFM and charged particles in pp
and HI collisions using the Angantyr model with PYTHIAS event generator. For the first time,
the production of HFM has been presented using a QGP free HI model such as Angantyr.
The description of the HFM and charged particles productions using Angantyr Model agrees
with the experimental ALICE data at various LHC energies fairly. The simulated R 44 for the
production of HFM overestimates the ALICE data at /sy = 2.76 and 5.02 TeV for the most
central Pb-Pb collision. It is observed that the simulated R4, in a QGP free HI collisions
behave almost independent of py whereas the traditional results of HI experiment show pp-
dependent R44. An attempt may be done to investigate the HFM analysis using Angantyr
with the new features of PYTHIAS like CR mechanism to check any flow like effect and also
an impact on R4 4 measurement. On the other hand, the simulated R 44 of charged particles
in Pb-Pb collisions overestimate the ALICE data for two central (0-5% and 10-20%) collisions
but underestimate in the case of peripheral (50-60%) collision. The similar behaviour of R 44

(independent of pr) is seen for both HFM and charged particles.

The study of charged particles in pp and HI collisions using the Angantyr model with
a combined configurations of multiparton interactions and colour reconnection is done. The
effect of CR has been demonstrated to add any possible flow like effect with no thermal medium
formation. The simulation results shown for py distribution of charged particles in pp collision
agree with the experimental ALICE data almost over all pr region. The discrepancy in the
low pr region (pr < 1 GeV/c) could be originated from the differences of Angantyr and
the default PYTHIAS8 minimum bias machinery. All semi-inclusive cross-sections in hadron-
hadron collisions could not be exactly reproducible using Angantyr model since there are basic
operational differences in Angantyr from the default PYTHIAS. In default PYTHIAS, the
choice of impact parameter is according to an exponentially falling overlap function, while it
is determined by the fluctuations and opacity functions using Angantyr [15]. Therefore, the
deviation towards low pp region in Figure 4.12 is observed. In HI collision, the results for

the charged particles are quite satisfactory for all centrality classes. However, we have seen
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humps around pr = 7 GeV/c¢ in the model-to-data ratio and these are getting stronger as we
move towards more central collisions. This relates as an effect of CR and may indicate a sign
of collectivity. The mean transverse momentum (< pr >) as a function of charged-particle
multiplicity (N,,) in pp and A-A (Pb-Pb & Xe-Xe) collisions have been presented. This study
found in agreement with the ALICE data in the multiplicity range 5 < N, < 20 in case of pp
collisions over wide range of LHC energies from /s = 0.9 TeV to 7 TeV. It is also found in
pp simulations that the < pr > as a function of N, has a very weak dependency on collision
energy for N, < 30. The same study in case of HI collisions shows that the < pp > is

independent of collision systems for a comparable collision energy.

The simulated results of R4 4 for HFM and charged particles in Pb-Pb collisions are found
to be independent of py. This could be an interesting feature of HI collision assuming no ther-
malised medium formation. Traditionally, R 44 value below unity may indicate the formation
of QGP in HI collisions. Though the present Angantyr model does not assume any QGP for-
mation but several other effects would contribute to describe the simulated R4 4. As explained
before, the Angantyr model is based on the wounded nucleon model and does not scale binary
collision N, accordingly. In Angantyr, the nucleon-nucleon interactions with different particle

dynamics lead to an disagreement of R 44 below unity towards the high pp.

It is to be noted that part of the discrepancy in the HI simulation results with data could
originate from the implementation of different method centrality calculation with respect to
experimental definition. Recently, the high energy physics community encourages for RIVET
(Robust Independent Validation of Experiment and Theory) analysis [58] specially for HI colli-
sions. RIVET is a framework to make direct comparison between Monte Carlo event generators
and experimental results in pp, p-A and A-A collisions. RIVET is enable to provide calibra-
tion framework to define centrality classes based on the requirement of different experiments.
Overall, the Angantyr model provides a common platform to exercise the phenomenology of

high energy collisions in pp, p-A and A-A systems.
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CHAPTER 5

MFT-Ladder Assembly and Quality

Assurance Test

In chapter 2, we have discussed the Muon Spectrometer (MS) of ALICE detector and the
upgrade program of ALICE detector for Run 3. In the upgrade program of ALICE, the new
Muon Forward Tracker (MFT) is installed upstream of the front absorber of Muon Spectrometer
during the long shutdown 2 (LS2). The MFT has added to improve the vertexing capabilities
of muon tracks to the existing muon spectrometer during Run 3 experiment. In this chapter,
the assembly of MFT-ladders and their Quality Assurance (QA) tests are discussed. A detail

description of the procedures of QA test for the qualification of ladders has been presented.

During Run 3, the ALICE will operate at higher integrated luminosity of L;,; = 13 nb
for Pb-Pb collision which is almost 10 times higher than the ALICE Run 2. It has planned
to collect data with L;,, = 200 pbi1 in pp collision at /s = 13 TeV also. Consequently, the
electronics readout of ALICE detectors are upgraded to comply with high luminosity data
responses. In Run 3, the data recording is 100 times more than the volume of data recorded
by the Run 2 (2018). Therefore, the data-taking rate of ALICE detector has to be increased
significantly to record this huge amount of data. The muon physics program with the existing
Muon Spectrometer (MS) suffers several limitations, specially due to the multiple scattering
experienced by the muon tracks inside hadron absorber [1]. So, the vertex region smears

and it prevents to disentangle prompt and b-decay J/1 as well as open charm and beauty
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measurement. This smearing of vertex adds large systematic uncertainties which could not be
explained well even with the available theoretical models. In addition, the limitation is also
present in the rejection of muons coming from semimuonic decays of pions and kaons in the front
absorber of MS and these create important background in the analyses using single muons and
dimuon for the studies of low masses and low pp. Finally, the hadron absorber is responsible
for the degradation of kinematics to determine the mass resolution for resonances, especially
for low masses. These limitations are to be overcomed integrating a mere transparent detector
between interaction point and the front (hadron) absorber of MS. This new detector Muon
Forward Tracker (MFT) will put more pointing accuracy promising a reliable measurement
of the offset with respect to the primary vertex of the interaction. This accuracy could be
achieved by matching the extrapolated muon tracks coming from the muon tracking chambers
after the front absorber with the clusters measured in MFT planes before this front absorber.
So, this muons’ offset could allow the limitations of muon physics such as (i) disentangle prompt
(quarkonia, thermal photons) from displaced (open heavy flavour) dimuons, (ii) open charm
and open beauty dimuons can be distinguished, (iii) extension of study of heavy flavour (HF)
using single muons down to pr ~ 1 GeV /¢, and the most interesting study beauty production
down to zero pp via J/1 from b, a unique feature at the LHC in heavy-ion (A-A) collisions.
Moreover, a possible improvement could be reached by rejecting a large fraction of background
applying required cuts for matching the extrapolated muon tracks and the MFT clusters.
This will allow a substantial reduction of background from semimuonic decays of primary and
secondary pions and kaons, as well as punch-through hadrons arriving at the tracking chambers

of MS escaping the front absorber.

5.1 The basic structure of MFT

The MFT consists of two identical conical halves placed coaxial to the beam pipe. Each of
the conical structure is composed of five half disks with detection planes at both sides. A
schematic layout of MFT integrated at the ALICE is shown in Figure 5.1. The MFT is placed

upstream to the front absorber and inside the acceptance of Muon Spectrometer. The MFT
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along with Muon Spectrometer will be an unique subset which allows a pseudo-rapidity coverage
—3.6 <n < —2.45. The MFT is placed between the ITS (Inner Tracking System) inner barrel
and the front absorber of MUON Spectrometer along the beam direction. The two conical

halves of MFT surround the beam-pipe and is placed inside the ITS outer barrel.

Hadron absorber

- H

Muon Forward Tracker

Figure 5.1: The schematic layout of MFT integrated with ALICE.

In Figure 5.2, a schematic view of the MFT detector is shown. The five half disks of each
MEFT half-cone are positioned at the distances 460 mm, 493 mm, 531 mm, 687 mm and 768
mm respectively from the interaction point (IP) along the beam direction. The top and bottom
MFT half-cones are called as Top MFT (H1) and Bottom MFT (HO). The first two half-disks
from the IP are identical (DO & D1) while the remaining three are all different (D2, D3 & D4).
The basic detection element of MFT is silicon pixel sensor which is integrated on a mechanical
ladder structure. Each of the MFT half-disk is equipped with a specific number of ladders.
However, a ladder may consist of 2 to 5 sensor chips bonded to a Flex Printed Circuit (FPC).
The FPC is equipped with a connector and SMD (Surface Mounted Device) components such
as decoupling capacitors and terminating resistors. The sensors in ladder are mounted on
FPC using a glue of non-conducting type. The ultrasonic wire bonding is used for electrical

inter-connection. In Table 5.1, the geometrical parameters of each half-disk are summarised.

The ladders are glued on each face of half disk. Each face of the half-disk is divided into 4
different zones called zone-0, zone-1, zone-2 and zone-3. The arrangement of ladders for each

half-disk at different zones are shown in Figure 5.3.
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Disk 3

Disk 4
(z=-76.8 cm)

Disk 0
(z=-46 cm)

-36<n<-245

Figure 5.2: The schematic view of MET detector [2].

Table 5.1: Various geometrical parameters of each half-disk of MEFT [3, 4].

Half-disk 0 1 2 3 4 Full MFT
Inner radius (mm) 25.0 25.0 25.0 382 39.2 -
Outer radius (mm) 92.6 98.0 104.3 130.1 143.5 -

z-position (mm)  -460 -493 -531 -587  -768 -

No. of ladders 24 24 26 32 34 280
No. of ladders:
2 sensor 6 6 4 0 0 32
3 sensor 18 18 14 10 8 136
4 sensor 0 0 8 22 18 96
5 sensor 0 0 0 0 8 16

No. of sensors 66 66 &2 118 136 936

5.2 ALPIDE sensor

The basic detection element of the MFT is a silicon Monolithic Active Pixel Sensor (MAPS)
and it is named as ALPIDE (ALice PIxel DEtector) [5, 6]. ALPIDE is developed by the
ALICE Collaboration for both the MFT and the ITS. The TowerJazz 180 nm Complementary
Metal Oxide Semiconductor (CMOS) imaging process [7] technology has been chosen to develop
ALPIDE chip. This technology allows a maximum thickness of 50 um of a chip. Figure 5.4
shows a schematic view of a CMOS pixel sensor using TowerJazz technology. A pixel sensor
consists of a p epitaxial layer which is used as sensitive volume and a highly p-doped (P++)

substrate allows to integrate necessary circuitry on metal layer on the surface of chip.
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DO D1 D2

Figure 5.3: The arrangement of ladders and chips at different zones of MFT half-disks [4].

NWELL NMOS PMOS
DIODE TRANSISTOR TRANSISTOR

NWELL

DEEP PWELL

Epitaxial Layer P-

Figure 5.4: A Schematic cross-sectional view of a pixel of ALPIDE chip with TowerJazz
CMOS technology.

When a charged particle passes through the sensitive volume, it creates electron-hole pairs
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which drift towards the electrode due to the field generated in the depletion region (white
region in Figure 5.4). After that, the electrode collects the part of the charges and registers
this as a hit. The amount of charge deposition depends on the type and momentum of the
particle passes through the detector. One of the main advantages of ALPIDE architecture is
the digitization of signal produced inside the pixel and saving the hit information until the

readout operation is performed.

A schematic of the ALPIDE chip architecture is described in Figure 5.5 (left). ALPIDE
chip has a dimension of 15x30 mm? and a thickness of 50 pm. An ALPIDE chip is organised
by 512 rows and 1024 columns of pixel sensors and it comprises of total 524288 pixel sensors.
Each pixel has the size of 29.24 ym x 26.88 um. Figure 5.5 (right) describes a schematic of full
pixel matrix block diagram of ALPIDE chip. The full pixel matrix is grouped in 32 different
regions and hence each region is designated by a sub-matrix of 512 x 32 pixels. The in-pixel
multiple event memory reads using a priority encoder associated with each double column in
each sub-matrix of 32 regions. The 32 Region Readout Units (RRU) in the chip periphery are
connected with each sub-matrix which execute reading the response from each region. It is to
be mentioned that the reading of the 16 double columns in each region are done sequentially
while all the 32 region pixel-matrix are reading in parallel. The priority encoder logic ensures

the reading only from the pixel when a signal generates.

Matri;
1024 pixel columns s
— p— — — 16 doubl lums
UL OO o
U0 Ol -+ OU0 0D D D ﬂ
0 0 0 0
D%D D%DD%D D%D THR 8b DACs Pixels Config BEEE EE
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Y0H0 00 DEOOED  lmfatn wox [l
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Figure 5.5: The Architecture of ALPIDE pixel-matrix (left) and ALPIDE readout block
diagram (right).
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5.3 Ladders Assembly

The ladders are the basic structures of MFT-disks and a composite unit of ALPIDE chips.
These chips are placed in series along the length of the ladders. The ALPIDE chips are mounted
on FPC using a non-conductive glue and allows the interconnection between the chips and the
Front End Electronics (FEE). The FPC is made of aluminum foil of thickness 25 pym on a
polyimide substrate of thickness 75 pm. Each FPC associated with a ladder has a constant
width of 16.7 mm and its length changes depending on the number of chips mounted on the
ladder. The FPCs were manufactured at CERN and then sent to Italy and Nantes in France for
laser-drilling, cabling and connector installation. Thereafter, they are thoroughly inspected for
quality check of the welding, positions of all the SMD components and to remove any unwanted
substances. Then, a series of deep cleanings are followed by using ultrasonic baths based on
alcohol, water with industrial detergent and demineralized water at the Department of Silicon
Facility (DSF), CERN. After drying, the FPCs are again reinspected for any possible defects

and contamination and also for flatness and size of the interconnection pads to the sensors.

Ladders of different lengths depending on the number of ALPIDE chips are assembled in
a clean room of DSF at CERN. An automatic three-axis assembly machine called ALICTA
(ALice Integrated Circuit Inspection and Assembly machine) is used to assemble the ladders
in DSF. The ALICIA allows the positioning of the sensors with a high precision of the order
of 5 pm. Each ALPIDE chip is positioned on Pre-Position Chuck (PPC) to test the quality
and initial alignment of the chip. All the assembly operations for each ladder performed by
ALICIA are recorded and/or photographed and assigned an unique identity number for future
reference. After inspection, the chip on the PPC is placed on the HIC-Assembly Table (HAT)
using gripper for the final assembly. The process is repeated for all the chips in the assembly
process. All the chips placed on the HAT are mounted on the FPC with the help of glue
(Araldite-2011) with a definite glue thickness of 50 pym. The volume of glue depends on the
ladder size. The ladders under suction on the FPC jig are kept for 12 hours and then they are
ready for the interconnection between the FPC and the chips. The interconnections are made

by ultrasonic wire bonding on the metallic pads of the FPC. Soon after the bonding, a pull
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test is carried out to measure the strength of the interconnections and hence it provides the

information on the bonding quality.

In Figure 5.6 (top), a sample of ladder equipped with 4-chips after assembly along with the
FPC side is shown. The opposite side of the same ladder equipped with the chips is shown in

Figure 5.6 (bottom).

0 uwwun

Figure 5.6: A view of ladders equipped with 4 chips along with FPC (top) and the back
side of the same ladder with the integrated chips (bottom).

The wire bonding of the ALPIDE chips connected to the FPC is very fragile and may be
broken for any irresponsible handling, touching or falling from any height. Therefore, the
integrity of all wire bonds of a ladder should be preserved well so that they could function
for a long period very reliably. Hence to avoid any damages, the ladder is placed inside a
transportation box as shown in Figure 5.7. An ICL (Intermediate Card for Ladder) is mounted
on the transportation box to perform the ladder qualification tests safely for multiple times
(Figure 5.7 (bottom)). After the assembly at DSF, the ladders kept inside the transportation

box are sent to the grey room of CEA Antenna building at CERN for the qualification tests.

5.4 Ladder Qualification Test

A series of different tests are carried out for the quality assurance (QA) of ladders at CEA

Antenna building, CERN. The ladders which failed to qualify at any stage of these sequence
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Figure 5.7: The Lid of a transportation box (upper). A ladder including an ICL board
inside the transportation box (lower).

of tests are set aside and labeled as non-conformal ladders. 1 was involved in the ladder
qualification activities at CERN for six months in two visits during April-June, 2019 and
October-December, 2019 respectively. The workspace at the grey room of Antenna, is organised
with two independent test benches for ladder qualification: Smoke Test and Functional Test.

In the following sections, these two testing facilities are discussed.

5.4.1 Smoke Test

The first step for qualification test of a ladder is the smoke test. This test determines whether
a ladder has adequate electrical connections with the nominal voltages applied to the analogue
(AVDD), digital (DVDD), and back-bias (VBB) lines. This is done by gradually increasing the
AVDD (Analog Voltage Drain-to-Drain), DVDD (Digital Voltage Drain-to-Drain) simultane-
ously upto the nominal value 1.80 V and then it is repeated with a VBB (Voltage in Back-Bias)
ranging from 0 to -3.0V. In the following section 5.4.1, the basic arrangement for doing smoke

test is described.

Arrangement for smoke test-bench

Figure 5.8 shows the basic arrangement for the smoke test bench. A HIROSE connector is
used from FPC to the MFT-PCB to ensure a signal integrity at very high speed (1.2 Gb/s).
However, the qualification of this HIROSE connector is limited for plug-in and plug-out only
for 10 times. Hence, there is a possibility of a direct damage of the connector of the ladder

which is under test. To avoid this, an ICL is connected to the ladder placed in a transportation
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box. This ICL card can be used many times and hence no direct damage of the ladder during
the test is expected. An ICL is equipped with decoupling capacitors of 10 puF and 100 nF
compatible for AVDD, DVDD and VBB. The CAEN SY4527 low voltage power supply is used
to provide all the voltages (AVDD, DVDD and VBB) to the ICL connected to the ladder via
ICMpy (Intermediate Card for MOSAIC with FireFly connector). In this case, the jumpers on
the IC My board are tuned in such a way that all the voltages from CAEN could be provided
externally. Thus, the ICMp board serves as a passive adaptor board between the CAEN &
ICL during the test. The CAEN is connected with a PC which can control the power supply

remotely.

Transport box

Figure 5.8: Basic arrangement of smoke test bench [8].

Principle of smoke test

The whole smoke test process is fully automatic and controlled by the PC based on GUI
(Graphical User Interface) software. The visualisation of the GUI based software to perform

the smoke test is shown in Figure 5.9 (left).

During the smoke test, AVDD and DVDD simultaneously start ramping up from 0V to the
nominal voltage 1.8 V. The current consumption for the AVDD and DVDD start to increase and
reach different values after a certain voltage depending on the number of chips in the ladder.
As soon as the AVDD and DVDD reach its nominal values, the VBB is supplied slowly in a
decreasing mode down to -3.0V. During any stage of the test, if any over current flows through
any of the lines, the test process stops automatically. A maximum of 10 mA current per chip is
accepted during the back-bias voltage. Any over current flows through these lines can damage
a chip permanently. However, there may be a transient high current due to the burning of

contamination in the power lines which usually occurs before reaching the nominal value. Any
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Figure 5.9: Visualisation of the GUI based software (left) and activity diagram (right)
for smoke test [8].

over current on AVDD, DVDD or VBB during the smoke test operation is considered as a
non-conformal (failed) test and the corresponding ladder is assigned to be a non-conformal

ladder. In Figure 5.9 (right), the activity diagram for the process of smoke test is described.

5.4.2 Functional Test

Functional test is the next step for a ladder qualification after a successful smoke test. The
functional test allows to check the performance of each constituent ALPIDE chips of a ladder
when they are in active mode. During the test, the performance of the chips of a ladder
can be checked simultaneously or one by one. The functional test is very crucial for a ladder
qualification because this test describes the performance of the constituent chips when it will
have a hit by charged particle passing through the pixel sensor. The ALICE-MFT group has

designed various strategical steps for the functional test of a ladder qualification.

Functional test is performed with the AVDD and DVDD voltages of nominal value 1.8 V
along with two back-bias conditions. First, the test is done without any back-bias voltage and
then repeated for a reverse-bias of -3.0 V. A functional test of a ladder is said to be conformal if
it qualifies both the back-bias conditions. In the following sections, the functional test without

back-bias and with back-bias are discussed.
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5.4.3 Basic Arrangement of Functional Test Bench

Figure 5.10 (top) shows the basic arrangement of functional test when no back-bias voltage
is applied. The IC M}y board is organised as an active component during the functional test.
An active ladder is required to feed a very stable and low noise voltages during operation.
To do this, the IC My is powered with a lab power supply (5V) and the jumpers for AVDD
and DVDD voltages are set on ‘on board” which allow to generate low noise and stable AVDD
and DVDD by the ICMp. As the ladders on MFT-disks operate in a very high-hit rate
environment, the MOdular System for Acquisition Interface and Control (MOSAIC) is used
for the ladder qualification tests. MOSAIC is a multi device testing platform based on a single
Field Programmable Gate Array (FPGA) chip and used as a readout board dedicated to the
ladder qualification tests. It is internally equipped with FPGA which is a generator of data
and a pulser. MOSAIC is capable to read data at a high rate of 1.2 Gb/s through high speed

serial links.

Lab power
supply

Acquisition

. Transport box
he il ‘ ‘ board £ Clock =
& H ata

Lab power
supply
Transport box
Acquisition

i , ICM_F
<)
Clock

ICL

FIREFLY
HIROSE

MOSAIC
wI /Lir\ board

Data
AVDD
DVDD
VBB

Figure 5.10: The basic arrangement of Functional Test without back-bias voltage (top)
and with back-bias voltage (bottom).

During the functional test, MOSAIC plays an important role for sending clock, slow control
and the data to the ladders through the ICMy board. The ladders are powered on with the
nominal voltages using lab power supply. The MOSAIC board sends the clock to the chips
so that the chips remain in active mode. However, the slow control is bidirectional and used

to write and then read the chip-registers. The MOSAIC is used to read the high speed (1.2
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Gb/s) serial data sent by each chip on the ladder. There are one such data line for each chip
on the ladder. The MOSAIC is connected with an Ethernet to provide the high speed data
transmission, control of operation and also IP address configuration. The whole functional
test is controlled by a Linux PC via the local network remotely. A LEMO resistor of 0 € is

connected to the IC M board which ensures the reverse-bias is zero.

After a successful test without back-bias voltage, the ladder is tested through the same
procedure with the nominal back-bias voltage of -3.0 V. The basic arrangement for the func-
tional test is shown in Figure 5.10 without back-bias voltage (top) and with back-bias voltage
(bottom). In this case the LEMO resistor is removed and the ICMp board is feeded by the

required reverse-bias voltage provided by the lab power supply.

5.4.4 Steps of Functional Test

A functional test is a process of several successive steps which are described as the following:

Electrical Test

Electrical test allows to check the electrical connections to all the components in the functional
test bench. This is a set of observations in the power consumption for the ladder when it
is powered on (test A), receives clock (test B) and is in active mode (test C). The power
consumption of each ladder is proportional to the number of constituent chips. An adequate
increment in the current ensures a proper functioning of the digital part of the chip when the

clock is started. During the active mode of the ladder, a higher current is expected.

In Table 5.2, the nominal power consumption of ladders during the electrical test is illus-

trated.
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Table 5.2: The nominal power consumption of ladders during electrical test.

Ladder Current (in mA) Current+Clock (in mA) Current+Clock+Active mode(in mA)

2-chip ~ 82.5 ~ 155.0 ~ 245.0
3-chip ~ 105.0 ~ 212.5 ~ 351.0
4-chip ~ 136.5 ~ 279.5 ~ 461.0
5-chip ~ 156.0 ~ 338.0 ~ 5H7.5

Readback Test

Readback test is done automatically by the software along with the electrical test. This test
allows to check the functionality of slow control sent by MOSAIC. When the clock is on, the
chips on the ladder start communicating via the slow control. The MOSAIC attempts to write
in the chip-Configuration-Registers and then it is read back again by the MOSAIC. A Readback
test is said to be successful if all the chips on the ladder are succeeded in this write and read

operations.

At the end of a successful readback test, a complete investigation of all the chips with the
performance of the full pixel-matrix of a chip are carried out. This is a set of observations

automatically done step by step by a single click using the GUI software.

FIFO scan

A FIFO (First In, First Out) scan is a quick process to test the functioning of all the DPRAMSs
(Dual Ported Random Access Memory) associated with each region of the ALPIDE-chip. FIFO
uses an algorithm to organise and instruct a data buffer, in which the first entry in the chip-
register is read first in a similar fashion to a queue with first come, first serve. There are four
different patterns instructed consecutively by the MOSAIC to write into the DPRAM of each
32 RRU of a chip. Then they are read one by one with First In, First Out algorithm. A FIFO

scan is successful if all these four instruction patterns are exactly read sequentially.
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Digital Scan

Digital scan is the follow up process after the completion of FIFO scan. During this scan, all
the pixels in the matrix of a chip start their activities when receive clock sent by MOSAIC.
Therefore, a digital scan is used to get the information about the number of bad pixels over
the full matrix of each chip on the ladder. However, a bad pixel may be a dead pixel (DP), hot
pixel (HP), inefficient pixel (IP) and stuck pixel (SP). The scan quality is classified for each

individual chip depending on the number of bad pixels relative to the full pixel matrix.

Threshold Scan

It is evident that the detection efficiency of a pixel sensor increases with the decreasing value in
threshold, but due to this low threshold, the fake hit rate increases simultaneously. Moreover,
the threshold value can change from pixel to pixel. During this step, a scan is organised over
the whole pixel matrix and allows to optimize the threshold and noise of each pixel in unit of
electrons or in DAC units. This scan provides the information of properties of each ALPIDE-
chip such as mean and RMS value of threshold, number of dead pixels, pixels without threshold,

noisy pixels and also the mean and RMS of noise.

Noise Occupancy

A fake-hit rate ( or noise occupancy) is an important parameter for qualification test of an
ALPIDE-chip. This is the probability for a pixel to register a hit when there is no ionizing
particle passing through the pixel sensor. A Noise occupancy is a measure of the number of
fake hits divided by the number of pixels times the number of triggered events for a given chip.
A noise occupancy is expected to be less than 107° /pixel /event for the MFT detector which

designates as about 5 fake hits per event per chip.
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5.4.5 Eye diagram scan

An eye diagram represents the average statistics of the high speed digital signal and provides
the quality of serial digital signal transmission. The eye diagram scan is performed to check
the transmission speed of the data in the MFT detector. During this measurement, the sensors
are put in a specific test mode called PRBS (PseudoRandom Binary Sequence) mode where
its Data Transmission Unit (DTU) sends a pseudo-random sequence of bits to the chip. The
eye diagram scan is obtained by folding a digital waveform to each individual bit into a single
graph and repeated this construction over many sample of the waveforms. The resultant graph

represents the average statistics of the signal and shape of the graph looks like an eye.

The eye opening corresponds to one bit period also known as unit interval (UI). However,
an ideal digital waveform of constant amplitude with sharp rise and fall edges should result
an eye diagram as shown in Figure 5.11. But, in practice, the high speed digital signal suffers
considerable impairments due to attenuation, noise, crosstalk, clock jitter etc. The eye diagram
obtained for a typical high speed digital signal during the qualification test of a ladder is shown

in Figure 5.12.

Bl nmEER

Amplitude

Time

Figure 5.11: The Eye diagram for ideal high speed digital waveform signal.
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Figure 5.12: Two examples of Eye diagram obtained from the eye diagram scan of ladder.

5.5 Ladder qualification analysis

Each scan including eye diagram discussed above is assigned with a qualification grade based
on the performances with respect to standard specifications of a chip. At the end of each scan,
individual chip on the ladder is classified as gold, silver or bronze based on their performance
during the scan. A good ladder is qualified in all the steps during the test processes and labelled
as a conformal ladder. A bad ladder is the one which is failed for all or any constituent chip at
any specific stage during the functional test and labelled as non-conformal ladder. However, a
labelling of global classification of a ladder is done after the completion of the functional test
based on the worst performed chip of the ladder. The classification parameters of a chip for all

the scans during functional test are described in the Figure 5.13.

I have actively participated for the qualification tests of ~ 230 ladders. The bonding lab
were closed from mid-November to mid-December of 2019 due to renovation work. During this
period, we investigated the non-conformal ladders available at Antenna building, CERN. Many
of them were recovered and considered as conformal after performing specific qualification tests.
Table 5.3 illustrates the summary of 472 number of assembled ladders which are undergone for
the qualification tests at Antenna building, CERN. Moreover, a span of about two years took
to manufacture 500 ladders for the MF'T which are subsequently tested and qualified under the

responsibility of the Irfu Antenna team at CERN. The qualification rate of ladders with gold
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Figure 5.13: Classification cuts during functional test.

and silver categories is around 91% which justifies the success for the project [9].

Table 5.3: Summary of the assembled and tested ladders.

Ladders 2-chip | 3-chip | 4-chip | 5-chip
total 57 236 158 21
conformal 45 176 134 18
conformal yield | 79% | 75% | 8% | 86%

An online database for MFT ladder assembly modules is created to store all the information
and the updates of ladder manufacture, assembly and test. The characteristic plots in the

following sections are based on the conformal ladders as described in Table 5.3.

5.5.1 Electrical Test characteristics

In figure 5.14, the power consumption of the conformal ladders normalised to the number of
chips are shown during electrical test. A contribution of 30 mA current consumption by the
I1C My is subtracted from all the results as described in Table 5.2. We observed few ladders
with a current of 50-55 mA when clock was started during test B. This may come from the

test of ladders with two MOSAICs in two different functional test benches.
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test A: power only

Mean 25.68

Std Dev  1.643
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Figure 5.14: Power consumption of ladders per chip during electrical test A (left), B
(middle), and C (right).

5.5.2 Threshold-Noise scan characteristics

It has been checked that the threshold and noise distributions for the chips on all ladder types
(2,3,4,5 -chip ladders) are similar. Therefore, we present these two distributions by considering
the results from all the chips irrespective of ladder type. In Figure 5.15, the mean (top) and
rms (bottom) distributions are shown for no back-bias voltage (left) and with back-bias voltage
of -3 V (right) respectively for threshold scan. In Figure 5.16, the mean (top) and rms (bottom)
distributions are shown for no back-bias voltage (left) and with back-bias voltage of -3 V (right)
respectively for noise scan. It is noticed from Figure 5.15 and Figure 5.16 that the application
of back-bias voltage makes the threshold distribution more narrower and the average value of

noise goes down to ~ 4 electron from ~ 6 electron compared to the case of no back-bias.
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Figure 5.15: Statistics on threshold values: mean without back-bias (top left), mean
with back-bias (top right), rms without back-bias (bottom left) and rms with back-bias
(bottom right).
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Figure 5.16: Statistics on noise values: mean without back-bias (top left), mean with
back-bias (top right), rms without back-bias (bottom left) and rms with back-bias (bot-
tom right).
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5.5.3 Dead and noisy pixel

A detail analysis on the dead and noisy pixels are done in both digital scan and the threshold
scan separately. During the digital scan, each pixel is pulsed for 50 times. Depending on the
response from the digital part of each pixel, dead, inefficient and noisy pixel are detected. A
dead pixel does not respond for any of the pulses. An inefficient pixel can not respond for 50
times. A noisy pixel responds for more than 50 times. During threshold scan, the analog part
of each chip is tested using a pulse at a pixel while the rest of the pixels in the chip are masked.
This is repeated for the full pixel matrix of a given chip. In this scan, a dead pixel corresponds

to an unrealistically high threshold whereas a noisy pixel is with extremely low threshold.

5.6 Full MFT installation

Finally, the best 280 qualified ladders with 936 number of ALPIDE chips took part in the
fabrication of 10 MFT half-disks for full MFT assembly. The installation and commissioning
of full MFT in ALICE cavern was done in December 2020. Figure 5.17 (left) shows a rear view
of the half-disks of the MFT detector in the MFT half-cone assembly and Figure 5.17 (right)

shows the MFT detector in its final position after the installation in ALICE cavern (P2).

Figure 5.17: The rear view of MFT half-cone assembled inside the barrel (left). The MFT
detector in at final position where the beam pipe goes in the center of MFT (right) [2].
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5.7 Summary

The Muon Forward Tracker (MFT) is the new addition to the muon spectrometer of ALICE
detector motivating from some interesting physics program expected to achieve during the
Run 3 experiments. In this chapter the basic structural configuration of MFT-disk of ALICE
detector has been discussed. Each face of the MFT half-disk has four different zones and consists
of certain number of ALPIDE chips and ladders depending on the size of the disk. A brief
description of the ALPIDE chip pixel-matrix architecture and the block diagram of ALPIDE
readout have been discussed. The basic arrangements of the qualification test benches are
described. The ladders assembly and the procedures for the quality assurance (QA) tests of
the ladders conducted at the Antenna building of CERN have been given. The QA tests of the
ladders at CERN was done by me as a part of the ALICE service task. Finally, few characteristic
results based on the 472 number of conformal ladders after the successful qualification have
been presented. The assembled full MFT detector is placed inside the ALICE cavern and then
integrated with the ALICE detector. The MFT starts functioning to record physics data from

5th July, 2022 for the ALICE Run 3.
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CHAPTER 6

Outlook

In high energy hadron-hadron and heavy-ion collisions, heavy quarks (charm and bottom) are
copiously produced. These heavy quarks are produced in the very early stage of the collisions
mainly through the hard parton-parton scattering with large momentum transfer (Q2). The
study of heavy flavour production in proton-proton (pp) collisions at LHC energy regime pro-
vides an important test for perturbative Quantum Chromodynamics (pQCD). Furthermore,
the measurement of heavy flavour production in pp collisions serves as a necessary baseline for

the same measurement in proton-nucleus (p-A) and nucleus-nucleus (A-A) collisions.

The study of heavy flavour production in proton-proton and heavy-ion collisions by ALICE
experiment have played a significant role to describe the theory of Quantum Chromodynamics.
ALICE has measured the heavy flavour hadron decay muon (HFM) production cross-section
at forward rapidity (—4 < n < —2.5) in pp collisions at /s = 2.76 TeV, 5.02 TeV and 7 TeV
respectively. The new measurement of the production cross-section of HFM presented in this
dissertation is crucial to describe the QCD at /s = 13 TeV which is the highest center-of-mass

energy in pp collision achieved by a particle accelerator till date.

The LHC started taking data for physics in Run 3 after an extensive upgrade program
for about three years during the long shutdown 2. In ALICE Run 3, the presence of Muon
Forward Tracker (MFT) at ALICE detector will significantly enhance the vertexing capabilities

(5um) to the existing Muon Spectrometer (MS) and enable to separate the open charm and
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beauty components. Very exciting and high-precision measurements such as separation of .J/
from various sources, in medium charmonium dynamics, the medium density and the mass
dependence of in-medium parton energy loss are expected with the addition of MFT with
the Muon Spectrometer at ALICE during Run 3. As an extension to this work, the heavy
flavour decay muon (HFM) production as a function of charged particle multiplicity (N,,) in
pp collisions at LHC energies could be a very interesting study. This measurement of HFM as
a function of N, could provide more insight of the interplay between the soft and hard physics

and may help in understanding the phenomenological model to explain the underlying physics.

In chapter 4, the phenomenological study for the production of heavy flavour decay muons
and charged particles in small to heavy-mass collision systems (pp, O-O, Xe-Xe, Pb-Pb) us-
ing Angantyr model have been investigated. The development of this model is based on the
dynamics of pp collisions. The final state partons in nucleon-nucleon (NN) events are stacked
together after generating all NN sub-collisions in a heavy-ion collision. The results presented
in this dissertation suggest that the model reproduces transverse momentum (pr) distribution,
mean pp as a function of charged-particle multiplicity (N,;,) in pp collisions very well. Al-
though the model reproduces the mean py vs Nch reasonably well in case of A-A collisions,
it could only provide an overall description of the transverse momentum distributions at all
centrality bins. The qualitative study of the nuclear modification factor of HFM and charged
particles show the suppression of particle yields even in the absence of medium formation in the
heavy-ion collisions. The disagreement of R 44 below unity could be from several effects such
as different contributions to the particle dynamics at high py from different types of inelastic
NN sub-collisions. Thus, at this stage the model can not reproduce the expected behaviour of
R 44 about unity in the absence of thermal medium formation in the collision. The production
of Heavy Flavour decay Lepton (HFL) as a function of charged particle multiplicity (N,) in

pp and heavy-ion collision systems may be a future scope to study using Angantyr model.

After the observation of the “flow-like” effect in small systems like pp collisions, it is being
thought that there may be new kinds of hadronization mechanisms might exist when huge
kinetic energy is involved in a collision irrespective of the colliding system sizes. So, interest

has grown among the physics community to study the HI collisions without considering any
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thermalised medium formation. Recently, the “string shoving” and “rope hadronisation” are
introduced in PYTHIAS to explain the “ridge like effects” and “strangeness enhancement” in
high multiplicity pp events. This concept may also be applicable to the Angantyr model for
HI events to explain similar observations while we approach for a model with a QGP free HI

collision.

The ingredients like multiparton interactions (MPI) together with colour reconnection (CR)
mechanism plays significant role to describe the final hadronic state of the underlying events
(UE). In PYTHIAS, the colour reconnection occurs among the partons generated within the
same NN sub-collision only and hence the same is for Angantyr model. The CR mechanism can
not generate long-range collectivity among the produced hadrons. Therefore, a modification in
the CR mechanism using Angantyr model is expected in such way that the colour reconenction
occurs among the partons generated from all different sub-collisions in a HI events. This
modification of colour flow among all the partons generated in a HI events could produce the

effects similar to the collectivity in HI collisions.

It is seen that Angantyr provides an overall good description of general final state proper-
ties like multiplicity and transverse momentum distributions both in pp and A-A collisions.
However, it is noted that the model description has large dependence on centrality and is very
sensitive to the experimental definition of centrality. The measurement of centrality, trigger
selection, primary particle definition etc. play major roles to improve the precision measure-
ment by the current model. All these improvements are the key features of RIVET analyses.
As RIVET provides a direct comparison between Monte-Carlo event generators (PYTHIAS,
EPOS-LHC, Herwig, JEWEL, ThePEG) and experimental data, it is being used as a part of
analysis and interpretation toolkit within LHC experiments. Therefore, the development of
Monte Carlo event generators like Angantyr using RIVET is very crucial for the heavy ion

physics to describe the experimental data.

Finally, the Angantyr model opens up a wide range of phenomenological understanding and
explanation for QGP free HI collisions. The study of the collective effects from string-string
interactions using Angantyr may allow to compare the hydrodynamic description of particle

production and the transport mechanism in HI collisions. At present, the model should be
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considered as a baseline for understanding the non-collective background to the observables

sensitive to collective behaviour.
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The new measurement of the production cross-section of single muons decaying from heavy flavour hadrons
(HFM) in pp collisions at the highest available energy /s = 13 TeV with the ALICE detector in Run 2 at LHC
has been reported. The results are important to describe the theoretical pQCD calculations. The measurement
of production cross-section of HFM has been presented with an extended transverse momentum (pr) upto 30
GeV/c with respect to the previous published ALICE results. The production cross-section of HFM as a func-
tion of rapidity (y) at two different pr regions: 2 < pT < 7 GeV/c and 7 < pT < 30 GeV/c are also shown. The
measurements of pr- and y- differential production cross-sections of HFM are compared with the theoretical
model FONLL calculations. These comparisons are found to be in good agreement almost over the whole pr
range within the theoretical uncertainties. However, the central values of the experimental data for measuring
the HFM-production cross-section with ALICE overestimate the theoretical FONLL predictions.

A phenomenological study of HFM and charged particles have been presented using Angantyr model in pp and
A-A collisions at LHC energies. The features such as near side ridge and strangeness enhancement in heavy-
ion (HI) collisions are observed in high multiplicity pp events at LHC energies recently which indicate for better
understanding the phenomenology of hadronization mechanisms. The Angantyr model of HI collisions is the
extrapolation of the pp dynamics into the HI collisions using PYTHIA event generator and does not include the
assumption of QGP medium produced in high energy HI collisions. The study using Angantyr model could serve
as reference of the non-collective background to the observables sensitive to the collective behaviours. The sim-
ulations are performed for pp, 0-0, Xe-Xe and Pb-Pb collisions over a wide range of LHC-ALICE energies. The
novelty of the present phenomenological study of HFM and charged particles production is to explore the results
using Angantyr model that how well they describe the experimental ALICE data for various collision systems in
a single framework. The transverse momentum distribution of HFM using Angantyr Model agrees fairly with the
experimental ALICE data for various collision systems. The simulated R 44 as a function of pr for the production
of HFM overestimates the ALICE data at /s = 2.76 and 5.02 TeV for the most central Pb-Pb collisions. The study
of charged particles has been done applying the colour reconnection mechanism. The simulated pr distribution
of charged particles in pp collision agree with the experimental ALICE data almost over all pr region. However,
the pr distribution of charged particles in HI collisions (Xe-Xe and Pb-Pb) describes the ALICE data fairly at nine
different centrality classes. The mean pr (< pr >) as a function of charged-particle multiplicity (V) agrees the
ALICE data well in the range of 5 < N, < 20 for pp collisions and also found to be dependent very weakly for
N¢p, < 30. The same study of < pr > in case of HI collisions is found to be almost independent of collision systems
when the collision energies are in a comparative range. The simulated R 4 4 for the charged particles production
overestimates the ALICE data for the central Pb-Pb collisions (0-10% and 10-20%) upto pr ~ 15 GeV/c but
underestimate for the peripheral collision (50-60%). The simulated R 4 4 for both the HFM and charged particles
production are found to be independent of p in Pb-Pb collisions.

The basic detection element of ALICE-MFT detector is the silicon pixel sensor and called as ALPIDE (ALice PIxel
DEtector). These silicon sensors are integrated on a mechanical ladder structure. In this thesis, the assembly of
MFT-ladders and their Quality Assurance (QA) tests are discussed. The basic arrangements of the qualification
test benches for the QA of ladders are described.



