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CHAPTER 1

Introduction

In this chapter, we shall address the basic concepts of Standard Model (SM), Quantum
Chromodynamics (QCD) and Quark—Gluon Plasma (QGP). The quarkonia as a probe of
the QGP, will also be discussed. In this context, the quarkonia production mechanism,
the Cold Nuclear Matter (CNM) effects and the Hot Matter effects (QGP effects) will
be described in detail. In the end, a discussion on Upsilon (1) production in relativistic

hadron collisions will be presented.

1.1 Standard Model of particle physics

The Standard Model (SM) [1] is the most successful theory of particle physics that de-
scribes the strong, the electromagnetic and the weak interactions among the fundamental
particles. The elementary particles listed in SM are shown in Fig 1.1 which can be clas-
sified into two main groups according to their spins: fermions (half-integer spin) and

bosons (integer spin).

Fermions can be further divided into leptons and quarks. There are three generations
of leptons which include electron (e™), muon (x4~ ), tau (7~ ) having one unit of negative

charge and its corresponding leptonic left-handed neutrinos (v., v,, v,). Their counter-
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Figure 1.1: The elementary particles of the Standard Model.

part anti-particles have one unit of positive charge anti-leptons (e*, u*, 71) associated
to right-handed anti-neutrino with corresponding flavour (7, ,, ;). On the other side,
there are six flavours of quarks (up u, down d, charm ¢, strange s, top ¢, bottom b) and
their anti-quarks (u, d, ¢, 3, t, b) that are grouped into three generations. The u, ¢ and t
quarks have positive electric charge +2/3 while d, s and b quarks have negative electric
charge -1/3. In addition of electric charge, the quarks have also the color charges namely
red, green and blue. In general, the quarks are confined inside the hadrons. The baryons

(e.g neutron, proton ) are made of three quarks (qqq) while mesons (e.g pions, kaons)

are made of a quark and an anti-quark (qq).

The SM includes three of the four fundamental forces:— the strong force, the electro-

magnetic force and the weak force. (Gravity is not included in the SM).
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e The electromagnetic force governs the interaction between the charged parti-
cles by exchanging photons. The photon, massless (rest mass zero) neutral boson, is the
mediator for the electromagnetic force. The branch of physics that describes this force

is known as Quantum Electrodynamics (QED).

e The weak force is the weakest force among the three forces in the SM. The
fermions and quarks can interact weakly by the exchange of massive vector gauge bosons
W# or Z. Due to the higher mass of mediator of the weak force, the range of this force
is limited to ~ 10™"® fm. The weak and the electromagnetic force are combined in the

electroweak theory.

e Strong force is the strongest force in the SM. The particle which has a color
charge (quarks and gluon) can participate in strong interaction by exchanging gluons.

Quantum Chromodynamics (QCD) is the theory that describes the strong interaction.

The basic feature of fundamental forces in SM are listed in Table 1.1.

Table 1.1: The fundamental forces in Standard Model [1] and their basic properties.

Force Range(m)  Mediators Mass of the mediators
(GeV/c?)

electromagnetic 00 photon 0

weak 1078 w*,2° 80.2,91

strong 107" gluon 0

In SM the formalism, the particle mass is generated through the interaction with
the Higgs field. The quanta of this field is known as the Higgs boson which has been
discovered in 2012 by the two experiments ATLAS [2] and CMS [3] at CERN.
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1.2 QCD and asymptotic freedom

The Quantum Chromodynamics (QCD) is a non-Abelian gauge theory that describes
the interaction of particles via the strong interaction. Unlike the QED where the photon
is neutral, in QCD the gluons are color charged and can couple to each other. Hence,
the virtual gluon can exist in the QCD vacuum. The screening caused by virtual gluons
increases the effective color charge of the screened particle and therefore the coupling
decreases with increasing momentum transfer as shown in Fig. 1.2. In the other words,
the intensity of the strong interaction grows stronger with increasing distance (smaller
@) and weaker with decreasing the distance (larger ()). When the momentum transfer
is high enough (Q— o0), the strong coupling vanishes and therefore the bound quarks
behave as free particles. This regime is known as asymptotic freedom. In this region,
the perturbative QCD is valid for describing the strong interaction. When () reaches
the QCD scale (Aqep ~ 200 MeV [4]), the coupling constant becomes large and the
perturbative QCD no longer work. This happens inside the hadrons where the coupling
becomes extremely strong and it is impossible to isolate the quarks. Therefore, the
quarks are confined inside the hadrons. This mechanism is known as confinement and in
this regime Lattice QCD (1QCD)[5], a non-perturbative technique used to describe the

QCD equations.

1.3 Quark Gluon Plasma (QGP) Phase transition

As per the above discussion, it can be suggested that the behavior of high energy density
strongly-interacting matter is different from that of the low-energy state of ordinary
hadronic matter. The high energy density in QCD can be created by increasing the
temperature of the system and/or by increasing the baryo-chemical potential y,. If the

temperature of the system is extremely high and/or the baryon density is high enough,
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Figure 1.2: Summary of the measurements of the strong interaction coupling constant
(cr,) as a function of the energy scale @ [6]

the ordinary hadronic matter undergoes a phase where the constituent quarks and gluons
(partons) are no longer confined. Analogous to the QED plasma, the presence of color
charge generates a Debye screening effect that limits the interaction length of the strong
force and allows the deconfinement of constituent partons. This deconfined state of
quarks and gluons is known as Quark-Gluon Plasma (GQP) [7]. It is believed that the
microsecond universe has gone through this state of deconfined quarks and gluons. As
the QGP expand and cool, it undergoes the phase transition to the hadronic matter.
The QGP state may also exist in the neutron stars core where the net baryonic density

is very high but the temperature is low.

These conditions can be created at a small scale in the laboratory by colliding the
ultra-relativistic heavy-ion beams. The energy released in these collisions leads to high
energy density. Under this condition, the hardons start to overlap and the strong in-
teraction among its constituents becomes weak. Thus, the matter undergoes a phase

transition to a deconfined state of the QGP.
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1.3.1 QCD Phase Diagram

The QCD phase diagram is usually described by the T—pu,, phase space plot where T is
the temperature and gy, denote baryon chemical potential. Fig.1.3 shows a schematic
diagram of such a phase-space. The p, is the measure of the excess of baryons over anti-
baryons and is related to the net baryon density. In the early universe, an equal amount
of matter and anti-matter were produced so p,, was zero but in our current world, the
abundance of matter over anti-matter leads to u, > 0. At a particular p,, the state of
hadronic matter changes when the temperature reaches a critical value 7,. The recent

calculations from the 1QCD [8] predict T, = 156.5+1.5 MeV at py, = 0.

% 200f
= §= Quarks and Gluons
= e Critical point?
qd g f‘a;} O,
S o p E’(‘0,7,“
B ' %
A %o
9 oo} l = Hadrons %,
E : .:(:_“ 0'05/
7] z £ k.
= Qj—){’ g'b
()
& %
Color Super-
Neutronstars  conductor?
' J A
0 1 - 7/
Nuclei Net Baryon Density

Figure 1.3: A representative QCD phase diagram of nuclear matter in temperature (T')
and baryon chemical potential (uy,) plane.

The nature of the phase transition between the partonic deconfined state and the
hadronic matter is still an open question. At u;, = 0, the IQCD models predict [9] that
the transition is a smooth cross-over. But these predictions are not reliable at py, #
0. The experimental, as well as the theoretical investigations, are ongoing in order to

understand the nature of the phase transition over the entire phase-space diagram.
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1.4 Experimental study of the QGP

The region with low chemical potential and high temperature in QCD phase diagram
can be accessed by colliding heavy-ion nuclei in the particle accelerators at Brookhaven

National Laboratory (BNL) in USA and the Large Hadron Collider (LHC) at CERN in

Switzerland.

1.4.1 Evolution of heavy-ion collision

A schematic view of heavy-ion collisions and it’s space-time evolution are depicted in

Fig.1.4. We shall briefly explain the dynamics of each stages of evolution:

) n, K p, ...
i 1 P e time
< out

Mid Rapidity

Hydrodynamic

Evolution Pre-Equilibrium

Phase (< 1p)

a) without QGI/ \ b) with QGP z
A B

Figure 1.4: The space-time evolution of the matter produced in ultra-relativistic heavy-
ion collisions.

e Pre-equilibrium: The collision takes place a 7 = 0. At this stage, the large
momentum transfers between the partons of the nuclei take place by the multiple
hard scatterings, which lead to the creation of electroweak bosons and heavy flavor

quarks.
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e Thermalisation: The strong interaction between the partons, created in these
collisions of the two nuclei, leads to the thermalization of the system in a time
scale 1 < 7 < 10 fm/c. If the system has high energy density and it is in thermal

equilibrium, then the QGP may be formed.

e Chemical freeze-out: As the system expands and cools, the quarks and gluons
start to form the hadrons once the temperature reaches below the T;. The chem-
ical freeze-out can happen when there is no more inelastic scattering between the

hadrons and therefore the number of different hadrons become constant.

e Kinetic freeze-out: At 7 > 20 fm/c, the hadrons gas continue to expansion.
When the density of the medium becomes too low that the elastic scatterings

among the hadrons stop and the kinetic freeze-out takes place.

1.4.2 Observables of the QGP

Since the QGP fireball produced in the heavy-ion collisions is extremely short-lived
(~ 10~ sec.), it is experimentally impossible to directly detect and measure the prop-
erties of the QGP. Thus, indirect observables are used to probe the QGP. Based on the
momentum transfer associated with the probes, they can be classified into two main

groups.

e Soft probes involves low momentum transfer process and therefore it is likely to
be created at different stages of the evolutions. The modification of particle yields and
ratios, anisotropic flow, electromagnetic probes, strangeness enhancement are listed in

this group.

e Hard probes are created in the hard scattering during the early stage of the col-
lisions through the process of high momentum transform. Examples of hard probes are

jets quenching, heavy flavour, quarkonia and weak boson productions.
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This thesis focuses on the Upsilon (bb, a quarkonia) production in hadron collisions.
The description of all above mention probes are beyond the scope of this thesis and only

the quarkonia production will be discussed in the following section.

1.5 Quarkonium and the Nuclear matter effects

Quarkonia are the bound state of heavy quark ¢ and its anti-quark ¢, namely, charmonia
(ce) and bottomonia (bb). In the high energy collisions, the quarkonia are produced in the
initial hard scattering of partons where a large amount of momentum is transferred. At
the LHC energy, the gluon-gluon fusion process is the dominant source of heavy quarks
pair production [10]. Especially in bottomonium sector, the production is dominated by
the initial hard scattering process [11] in hadron collisions. Due to their long lifetime,
the quarkonia are able to experience all the stages of the medium evolution of the p—Pb
or Pb—PDb collisions. However, the presence of a dense and deconfined medium can affect
the hadronization of the qq pair. Hence the modification in the quarkonium production
cross-section is an important probe to study the matter produced in Pb—Pb and p—
Pb collisions. The evaluation of a bottomonium state produced in heavy-ion collisions
is pictorially shown in Fig. 1.5. A bb quark pair is produced during the initial hard
scattering and hadronizes into an Upsilon(Y, bottomonium state) at the beginning of
the collision. The T afterward passage through the QGP which develops around it.
Unless the T is explicitly broken up by the QGP, it remains intact in the medium as the
system evolves and eventually hadronizes into particle species. At the LHC energy, the

regeneration of T from free q and ¢ is expected to be negligible.

Hence, by measuring the production of quarkonium states in the hadron collisions one
can explore how they have been affected by the medium and learn about the medium

itself.
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Figure 1.5: A pictorial representation of a bottomonium and it’s passage through the

QGP [12].

1.5.1 Hot Nuclear Matter or QGP induced effects on the Quarko-

nia

In the following section, the various effects of QGP on quarkonia production in nucleus-

nucleus collisions will be discussed.

Color screening mechanism and sequential suppression

T. Matsui and H. Satz predicted that the production of the quarkonium can be sup-
pressed in the deconfined QGP medium due the presence of color screening effect [13].
The debye screening of color charge is analogous to the well-known electric charge screen-
ing process in quantum electrodynamics. In the presence of color charge in the deconfined

medium , the effective potential [14] of a quarkonia can be expressed as:

1
Vo(r, T) = —g%e—’"/%m (1.1)

where
a, = strong interaction coupling constant

rp = Debye screening radius, depend on the medium temperature

10
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when the rp is larger than the binding radius (r,g) of quarkonium state, it survives
in the QGP while the state break up when r, < r,. The temperature at which the

Tp = Ty, 1s known as the dissociation temperature (7p).

The rp is inversely proportional to the temperature of the medium. Hence, the
effective interaction range of a heavy quark decreases with increasing temperature and
higher radius quarkonium state (less bound) melt first. A state can survive in the QGP
above the critical temperature (7,) but dissociate once the temperature exceeds the
Tp. The survival probability of quarkonium state in the QGP depends on its radius
and binding energy. In Table 1.2 the binding energy, radius and Tp/T, of different

quarkonium state are listed.

Table 1.2: The binding energy(FE;), radius (r) and Tp /T, of different quarkonium states.

State E, (GeV) r (fm) Tp/T.
/0 0.64 0.25 2.10
»(29) 0.05 0.45 1.12
1(18) 1.10 0.14 >4
T(29) 0.53 0.28 1.60
1(39) 0.20 0.39 1.17

If the temperature of the QGP is gradually increased above the T, the quarkonia
states will dissociate one by one and a hierarchy in the suppression of different quarkonia
states will be observed according to their binding energy and radius. This is known as

sequential suppression.

(Re)generation

At the high energy nucleus-nucleus collisions, the large number of produced heavy
quark and anti-quarks in the medium may recombine together to form quarkonium
states [15, 16]. This phenomenon is known as regeneration or recombination. Apart

from the density of heavy quarks, the rate of regeneration also depends on the expansion

11
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of QGP and the kinematic distribution of these heavy quarks. The regeneration mecha-

nism for J/¢ at the LHC energy is illustrated in Fig. 1.6.
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Figure 1.6: A sketch of the re(generation) mechanism for J/1 in heavy-ion collisions at
the LHC energy [12].

In the ultra relativistic heavy-ion collisions at LHC, a large number of c¢ pairs (~116)
are produced in one collision and get defused to free ¢ and ¢ in the deconfined medium.
This uncorrelated ¢ and ¢ may form a bound state at the hadronization stage (some

model suggests this process continues throughout the medium evolution).

Interaction with constituents of the medium

Besides the color screening and (re)generation effects in the heavy-ion collisions, the
quarkonium yields may get modified compared to pp collisions due to the interaction
with the constituents (comovers) of the QGP [17, 18]. The comovers can scatter with
the qq and as a consequence, the quarkonium state may dissociate. This dissociation of

qq increases with increasing energy density.

1.5.2 Cold Nuclear Matter effects on the Quarkonia

The cold nuclear matter (CNM) effects that are not related to the QGP formation may
also modify the quarkonium production. In order to disentangle the CNM effects from
the hot nuclear matter effects, the quarkonium production is studied in p—Pb collisions

in which the QGP is not expected to be formed. The CNM effects can be classified into

12
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two groups i.e initial state effects and final state effects.

1.5.3 Initial-state effects

The initial state effects are linked to the early stages of the collisions (before the hadroniza-
tion of the qq ). The degree of modification due to these effects are same for all the char-
monium states. Similarly, all the bottomonium states will be affected identically but the
extent is different from charmonium family because of the mass difference between the

two quark flavors (¢ and b). These effects are discussed below.

Modification of nuclear parton distribution functions

Parton Distribution Functions (PDFs) represent the density of partons with a particular
flavor carrying a fraction of momentum z of the total nucleon’s momentum. The PDFs
are global and obtained through fitting the experimental data taken from deep inelastic
scattering (DIS) experiments as well as Drell-Yan (DY) production. An example of
PDF for an energy transfer of Q* = 10 GeV? with H1 experiment at HERA is shown in

Fig. 1.7.

The deep inelastic scattering off nucleons has revealed that the inelastic cross section
of the nucleons are modified in the nuclear environment compared to the nucleons in

isolation. The modified PDFs can be expressed as [20]:

A 2
R, @?) = 110 @) (1.2)

file, Q%)
where

Z-A(x, Q?) is the PDF for a parton of flavor 4 in nucleus A

13
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Figure 1.7: The parton distribution functions of HIPDF 2012 at the energy transfer
scale of Q* = 10 GeV? [19].

fi(x, Q%) is the isolated proton PDF of parton flavor i

In absence of any nuclear effects, the Rf (z, QQ) should be equal to 1. The schematic
distribution of the nuclear modification R;A (z, QQ) is shown in Fig. 1.8. In this figure,

three different regions can be identified corresponding to three different effects [21]:
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Figure 1.8: An example of nuclear modification function as a function of x in the EPPS16
parametrisation [22].

e Shadowing corresponds to the low-z ( < 0.03) where Ri'(z, Q%) < 1. In this

14
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region the number of partons in bound state decrease compared to the number of
free protons. These effect arise due to the recombination of gluons because the

large phase-space density.

e Anti-Shadowing corresponds to the intermediate = (0.03 < x < 0.1) where
Rf (x, QQ) > 1. This is opposite to the shadowing effect which leads to excess

in this region.

e EMC effects correspond to the high-z (0.3 < z > 0.7) where R:'(z,Q?) < 1 and
was first proposed by the European Muon Collaboration (EMC). This effect is not
fully understood and may be interpreted as the modification in parton distribution

in bound nucleons by the nuclear environment [23].

Apart from these three effects, the Fermi-motion region corresponds to the large
value of z where R (z,Q%) > 1. This effect is explained by the Fermi motion of the

nucleons [21].

Different parameterization of Rf‘ (z, QQ) has been performed. Fig. 1.9 shows such a
parameterization (EPSO9), which is applicable for Pb nucleus at Q* = 1.69 GeV? and
100 GeV? [24].

EPSOONLO

EPSOONLO

10" 10° 10% 10" 10* 10° 10% 10" 10* 10° 10° 100 1
xT x x

Figure 1.9: The nuclear modifications for the lead ions at energy scale Q* = 1.69 GeV?

(top) and 100 GeV? (bottom). The left, middle and right column represent R*(z, Q?)
for the valence quarks, sea quarks and gluons, respectively.
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At the LHC energies, the dominant source for the creation of heavy quark pairs is
the gluon fusion gg— QQ. Hence the quarkonium production is sensitive to the gluon
nuclear modification function. The small-z region is accessible at the LHC energies and

therefore one can expect the dominance of the shadowing effects.

Gluon saturation

At low-z region the gluon PDFs indicate an increase of gluon density with the energy.
As the density of gluon increases, the distance between the gluon decreases. The indi-
vidual gluons begin to overlap and they can no longer be resolved. Once the maximum
occupancy is achieved, no further increase of gluon density is possible. This is known as
gluon saturation and it is characterized by a saturation scale ();. When Q; >> Aqcp,

the saturation can be studied within the framework of effective field theory known as

the Color Glass Condensate (CGC) [25].

At LHC energies, the J/1¢ production in mid and forward rapidity can be fairly re-
produced by employing the CGC+NRQCD formalism for pr < 5 GeV/c [26]. However,

for the T production the gluon saturation is not relevant as Q* >> Q2 [27].

Coherent Parton Energy Loss

A high energy parton traveling through the nuclear environment is expected to experience
multiple scattering with the constituents of matter and lose energy by emitting the soft

gluons.

The quarkonium production in a p—A collision at LHC is schematically shown in
Fig. 1.10 wherein the target rest frame (nucleus), the energy available for the hard
scattering is sizeably greater than the mass of the QQ pair. The QQ pair is produced
through the splitting of a gluon from proton followed by the scattering of a gluon in the

nucleus. The long-lived QQ allows the two gluons to interfere and resulting in coherent

16
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Figure 1.10: The J/v production in a p—A collision at different time scales [28].

energy loss of the parton [28].

Cronin effect

In high energy p—A collisions, an incoming parton can undergo multiple scattering in
the nucleus before the hard process. Thus, a parton can acquire an extra transverse
momentum which may be inherited by the quarkonium formed from this parton. This
lead to the broadening of transverse momentum distributions of the quarkonia in p—A
collision with respect to that for the pp collisions. This effect is known as the Cronin

effect [29].

1.5.4 Final-state effects

The final state effects are those which affect the heavy quark pair (QQ) during the
formation of the bound state or after the bound state has been formed [30] and may
modify each state by a different extent. These effects are discussed in the following

section.
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Nuclear Absorption

While traversing through the nuclear medium, the quarkonium may be absorbed. This
is called nuclear absorption. The probability of a quarkonium state to survive in the
p—A collision, can be express as P° ~ exp(—pa0asL), where py is the density of normal
nuclear matter, o, is the absorption cross section that represents for the probability
of inelastic scattering with a nucleon and L is the mean path length of the QQ in the
nuclear matter. This absorption effect is expected to be negligible at LHC energies
as the collision time 7, is much smaller than the formation time of the quarkonium
state. Fig. 1.11 shows the J/i absorption cross section as function of center of mass
energy (,/snn) and it can be observed that the cross section decreases with increasing

the collision energy [31].
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Figure 1.11: The collision energy dependence of the J/i absorption cross section for
nDSg PDF [31].
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Comover Interactions

The quarkonium states produced in p—A collisions may interact with other comoving
particles available in the collision to produce the secondary particles. The decrease in
the quarkonium production cross-section depends on the interaction cross section of the
quarkonium state with surrounding comover particles and the density of the comover
particles. The higher excited states experience stronger comover suppression due to

their larger size, which increases their interaction cross section with comovers.

1.6 Quarkonium Production

We have already mentioned that the measurements of quarkonium production yields
in pp collisions are used as a baseline for understanding QGP (Pb-Pb) and CNM (p—
Pb) effects. Apart from this, the measurements of the production cross section are
also an important tool to investigate the perturbative and non-perturbative aspects of
the Quantum Chromodynamics (QCD) [7, 32] at the LHC energies. The production is
treated as the result of an initial hard scattering of partons which produces the heavy-
quark pair (QQ) followed by the formation of a QQ colorless bound state. The former
stage can be described by means of perturbative quantum chromodynamics (pQCD). The
latter step is a non-perturbative process as it involves long distances and soft momentum
scales. The steps involved in the production of a J/¢) meson in pp collisions is shown in

Fig. 1.12.

There are several models available to describe quarkonium production in pp colli-
sions, namely, the Color Evaporation Model [33, 34], the Color Singlet Model [35] and
Non-Relativistic QCD [36]. The most recent theoretical development is to combine the

NRQCD with the Color Glass Condensate(GCG + NRQCD) [37] which leads to a better

description of the experimental results. Hence, the measurements of quarkonium in pp

19



Chapter 1. Introduction

= Q>Aqcp )
do_pp—»cc-i—X ~ Z fE(QZ) ® fg(QZ) ® do_?lg—mc+x

n, X’
cC production parton distribution functions perturbative
cross section (nonperturbative, from DIS e-p) cross section
fple)
P —— D

open charm
g; ¢ /

D

g e \ charmonium
p Iy

fp(@)

doPP)/¥+X o qgPP—ec+X ® (K] (0|Os(lso)|0) L K2(0|08(]P0)|0) e )

Jly production  cc production non-perturbative matrix elements for
cross section cross section transition to bound state

Figure 1.12: The factorization scheme for the J/v production in a pp collisions [12].

collisions help to constrain the various theoretical models.

1.7 Advantages of bottomonium study

We have already discussed the advantages of using the quarkonia as a tool to study
the matter produced in high-energy collisions, due to their heavy mass, short formation
time and long lifetime. The quarkonium state electromagnetically decay to two lepton
pairs. The QQ bound state annihilate to a massive photon that produced a leptons pair,
I*17. As the leptons do not interact with matter via the strong interaction, they are
well-suited for studying the dense medium created in Pb—Pb collisions as well as the

medium produced in p—Pb and pp collisions [38].

Apart from this, the study of bottomonium has some advantages over the charmoniu-
min in heavy ion collisions. The large difference of binding energies in the bottomonium
excited states and their higher dissociation temperatures make them for better suited for

an effective field theory approach. The constituent b quark is more massive, hence the
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CNM effects such as shadowing effect, are expected to be small in bottomonium than
for chamonium [11, 32]. At the LHC energies, the (re)generation effects are expected to
be negligible as smaller number (by an order of magnitude) of b quarks are produced

compared to ¢ quarks.

The feed down is a key factor for the study of the sequential melting of quarkonia.
Fig. 1.13 shows the bottomonium family and their decay patterns. The decay paths
are shown with arrows. The recent theoretical developments and experimental evidence
suggest that the Y (3S) state is almost directly produced and provide a clean probe for

studying the medium produced at high temperatures [7, 39)].
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Figure 1.13: The mass order and feed-down pattern [4] of the bottomonium family.

1.8 Goal of the thesis

In this thesis, the T production cross section measurements in pp, p—Pb and Pb-Pb
collisions in Run 2 with ALICE-MS at LHC energies will be reported. The main goal of
this thesis is to explore the properties of the deconfined medium created at the LHC via
measuring the modification of Upsilon yields in Pb—Pb collisions with respect to binary

scaled pp collisions. In order to describe the observed yields, new phenomenological
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models are being developed. The implementation of the rate equations and transport
model [17, 40-43] using a wide range of approaches for the creation of a thermody-
namic system and its interaction with the bb quark pair, has been undertaken. The
numerical results have been compared with the experimental observation. The statisti-
cal hadronization model, commonly applied to the charm sector, has been also proposed

as a scenario for the production of bottomonia [44].

The modification to the bottomonium production might also be induced by CNM
mechanisms, which are not related to the formation of the deconfined matter. For a
better understanding of the Y suppression in Pb—Pb collisions, one needs to separate
the CNM effects from the hot matter effects. The magnitude of the CNM effects is
usually estimated from the p—Pb collision. This also allows for the investigation of any
additional final state mechanisms, which may modify the production of the more loosely

bound resonances [17, 18, 45].

The bottomonium production in pp collisions leads to a stringent test for models and
in particular, for the investigation of the non-perturbative aspects. These measurements
also provide a reference for the study of the properties of the deconfined matter produced

in the Pb—Pb collisions and CNM effects in p—Pb collisions at LHC energies.

Selective previous measurements

The production of T states have been measured by the CMS [46, 47] and ALICE [48]
experiment at the LHC in Run 1 Pb-PDb collisions at center of mass energy ,/syy = 2.76
TeV in the mid-rapidity range |y|< 2.4 and forward rapidity range 2.5 < y < 4.0, re-
spectively. The suppression relative to the pp collisions scaled by the number of binary

nucleon-nucleon (NN) collisions increase for more central collisions in both the rapid-
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ity interval. A large suppression of T(2S) and Y(3S) was observed by the CMS [49],
hence indicating the sequential suppression of quarkonium states in the QGP. Moreover,
the suppression of T(1S) at the forward rapidity, measured by ALICE was found to
be larger than the mid-rapidity CMS measurements. This provides new constraints for
theoretical calculation [40, 41, 48]. The Run 2 measurements of Y in Pb—Pb collisions
by both ALICE [50] and CMS [51] experiments confirm the results of Run 1 and provide
more precision measurements. The zero elliptic flow coefficient (v,) for T(1S), recently
measured by both ALICE [52] and CMS [53] experiments, clearly indicates different in-

medium effects for the charmonia and the bottomonia in the heavy-ions collisions.

At Relativistic Heavy Ion Collider (RHIC) the inclusive T (1S+2S+3S) production
has been also measured at central rapidity by the STAR [54] and PHENIX [55] Collab-
orations in Au—Au collisions at ,/syy 200 GeV. The extent of suppression was found to

be consistent with the melting of the T(2S) and T(3S) states.

To study the CNM effects, T production were measured in p—Pb at the LHC. The
measurements by ALICE [56], ATLAS [57], CMS [58], LHCD [59] suggest a suppression
of T(nS) production in p—Pb relative to scaled pp collisions, which seems to be more
pronounced for the higher T states. These effects have been explored with higher preci-

sion measurements using Run 2 data sample during the course of this thesis work.

In Fig. 1.14, the differential cross section times branching ratio for Y (nS) states to-
gether with the theoretical model predictions based on [60, 61] are shown. The measure-
ments from CMS [62] and LHCD [63] are in fair agreement with the NRQCD predictions.
The new results on T (nS) cross-section in the pp collisions during Run 2 will be presented

in this thesis.
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Figure 1.14: The differential cross section times branching ratio for the Y(nS) states
measured by the LHCb [63] (top) and CMS [62] (bottom). The experimental results
have been compared with NRQCD predictions [60, 61].
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CHAPTER 2

The LHC and the ALICE detector

The experimental results reported in this thesis have been obtained from the data taken
by ‘A Large Ion Collider Experiment’ (ALICE) detector at the Large Hadron Collider
(LHC) in ultra-relativistic collisions. In this chapter, the LHC and ALICE detector will
be discussed in brief. The sub-detectors of ALICE related to the analysis will be discussed
in more detail. A short discussion on the particle trajectory and the reconstruction of

the track will also be presented.

2.1 CERN and the Large Hadron Collider

The European Organization for Nuclear Research also known as CERN [1], is an inter-
national research laboratory for particle and nuclear physics. It was established in 1954
at the Franco—Swiss border. Currently, it is supported by 23 member states and over

600 institutes and universities around the globe use, CERN’s experimental facilitates.

The Large Hadron Collider (LHC) is the world’s largest and most powerful particle
accelerator build by the CERN. It is a two-ring superconducting hadron collider placed
in the pre-existing 27 km tunnel of the Large Electron Positron (LEP) collider. The

superconducting magnets with several accelerating structures boost the energy of the
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Chapter 2. The LHC and the ALICE detector

beam of particles. The beams coming from two opposite directions are allowed to col-
lide at four interaction points. The four main experiments located at each interaction
point are A Large Ion Collider Experiment (ALICE) [2], A Toroidal LHC Apparatus
(ATLAS)) [3], Compact Muon Solenoid (CMS) [4] and Large Hadron Collider beauty
(LHCD) [5]. The LHC collides the proton as well as the heavy-ion (Pb, Xe) beams. The
maximum possible energy to which a proton beam may be accelerated is £, = 7 TeV.

In case of Pb, the maximum possible energy per nucleon is £y =(Z/A).E,=2.75 TeV.

The CERN accelerator complex is schematically shown in Fig. 2.1. The proton beam
is produced by knocking off the electrons from the hydrogen atoms. The beam is then
injected into the PS Booster (PSB) from LINAC2 at an energy of 50 MeV. The PSB
accelerates the protons up to 1.4 GeV and injects them into the Proton Synchrotron
(PS) where they are accelerated to 25 GeV. After that, the protons are injected to Super
Proton Synchrotron (SPS) and accelerated to 450 GeV. Finally, at LHC the protons have
been accelerated to 6.5 TeV. In addition of the proton beam, the LHC also collides the
heavy-ions. In Pb—Pb collisions, the Pb ions are produced by ionizing the highly purified
vaporized lead. The lead beam is injected to the Low Energy lon Ring (LEIR) through
the LINAC3 and accelerated to 72 MeV /u (per nucleon). The beam then follows the
successive acceleration chain as for protons. Finally, in the LHC, the Pb beam has been

accelerated up to 2.56 TeV /u.

The LHC has delivered pp, p—Pb, Pb-Pb and Xe-Xe collisions at various center
of mass energies during Run 1 (2009-2013) and Run 2 (2015-2018) operations. The
different collision systems with approximate luminosity recorded in ALICE are reported
in Table 2.1. The next proton beams will be injected in the summer of 2022 after the
rigorous upgrade activities during the Long Shutdown 2. The Covid-19 pandemic has

induced an one year delay in the schedule.
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Figure 2.1: The schematic view of the CERN accelerator complex system.

2.2 A Large Ion Collider Experiment (ALICE)

ALICE [2], one of the major experiment at LHC, aims to study the properties of QCD
matter at the high temperature and energy densities. ALICE has the capability to mea-
sure the particle tracks in a wide range of momentum and charge particle multiplicity
up to dN/dn ~ 8000. The schematic view of the ALICE experiment is shown Fig. 2.2.
ALICE is made of 18 subsystems which can be classified into two broad groups: (a)
the Central detectors which include Inner Tracking System (ITS) [6], the Time Pro-
jection Chamber (TPC) [7], the Time Of Flight (TOF) [8], the Transition Radiation
Detector (TRD) [9], the High Momentum Particle Identification detector (HMPID) [10],
the Electromagnetic Calorimeter (EMCal) [11], the Di-jet Calorimeter (DCal), the Pho-
ton Spectrometer (PHOS) [12] and the Photon Multiplicity Detector (PMD) [13] and (b)
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Table 2.1: ALICE data taking in Run 1 nd Run 2 (2009-2018).

System  Year Energy (TeV) ~ Recorded Luminosity
PP 2009-13 0.9, 2.76, 7, 8 200 b~ ', 100 nb~', 1.5
pb™t, 2.5 pb !
2015,17 5.02 1.3 pb~*
2015,18 13 35 pb ™!
p-Pb 2013 5.02 15 pb~!
2016 5.02, 8.16 3pb~t 25 pbt
Xe-Xe 2017 5.44 0.3 b '
Pb-Pb  2010,11 2.76 75 b7
2015 5.02 250 b !
2018 5.02 536 b !

the Forward detectors which consists of TO [14], VO [14], the Zero Degree Calorimeters

(ZDC) [15], the ALICE Diffractive (AD) and the Muon Spectrometer [16].

THE ALICE DETECTOR 7, a. ITS SPD (Pixel)
T A b. ITS SDD (Drift)

c. ITS SSD (Strip)

d. VO and TO

e. FMD

I®

ITS
FMD, TO, VO

CoNOOAONE
—
o]
m

. PHOS, CPV
10. L3 Magnet
11. Absorber
12. Muon Tracker
13. Muon Wall
14, Muon Trigger
15. Dipole Magnet
16, PMD
17.AD
18.ZDC
19. ACORDE

Figure 2.2: The layout of the ALICE detector.

The analysis results reported in this thesis have been carried using the data collected
by the Muon Spectrometer. The other detectors used in the analysis are Silicon Pixel
Detector (SPD) of ITS, T0, VO, ZDC. In the following section, these detectors will be

discussed in more detail.
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The ALICE coordinate system [17] is a right-handed orthogonal Cartesian system
with the origin at the interaction point (IP). The = axis is perpendicular to the beam
direction and pointing from the IP to the accelerator center as the positive direction.
The y axis is perpendicular to the z axis and the beam direction. Positive y point
upwards from the IP. The z axis is parallel to the beam direction with a negative value

of z towards the muon spectrometer.

2.3 Central Barrel Detectors

The ALICE central barrel part measures hadrons, electrons, and photons. It covers polar
angle from 45° to 135° (rapidity, —0.9 < n < 0.9) and placed inside the L3 magnet of

ALICE. The detector arrangement in central barrel is shown in Fig. 2.3.

[STEE T

ENIFT

WuHi

(LT

Taed

Figure 2.3: The layout of different central barrel detectors inside the L3 magnet of
ALICE

The acceptance, distance from the interaction point and the main purpose of different

central barrel detectors are reported in Table 2.2.
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Table 2.2:  ALICE central barrel detectors and its features [18].

Detector Acceptance Position (cm) main purpose
Polar Azimuthal
ITS layer 1,2 (SPD) |n|< 2.0 full r=3.9 tracking, vertex
In|< 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 =239 tracking,PID
ITS layer 5,6 (SSD)  |n|< 1.0 full r = 38.0 tracking,PID
In|< 1.0 full r=43.0 tracking,PID
TPC In|< 0.9 full 85 < r < 247 tracking, PID
TRD In|< 0.8 full 290 < r < 386 tracking,e™
TOF In|< 0.9 full 370 < r < 399 PID
PHOS )< 0.12 220° < ¢ < 320° 460 < r < 478 photons
EMCal In|< 0.7 80° < ¢ < 187° 430 <r < 455 photons and jets
HMPID <06 1°<¢<59° r = 490 PID
ACORDE In|< 1.3 30° < ¢ < 150° r = 850 cosmic

2.3.1 Silicon Pixel Detector (SPD) of ITS

The ITS is the innermost detector surrounding the beam-pipe and provides the primary
vertex resolution, and reconstructs the secondary vertex for hyperons, D, and B meson
decays. It consists of six layers of silicon detector grouped in three subsystems: the
Silicon Pixel Detector (SPD), the Silicon Drift Detector (SDD), and the Silicon Strip
Detector (SSD). A schema of ITS is shown in Fig. 2.4.

87.2 cm

Figure 2.4: The layout of ALICE ITS detector.
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The SPD is made of two layers of pixel detectors closest to the interaction point. Each
module consists of a 2D-sensor matrix of silicon detector, which are in reverse biased.
It can sustain up to 80 particle/ em? and provide the vertex information at about 1MHz

rate for the events trigger by Forward Muon Spectrometer.

2.4 ALICE forward detectors

The ALICE forward detectors are essentially used for centrality determination in A—A
and p—A collisions. These detectors are also used for particle multiplicity evaluation
in pp, p—A and A—A collisions. A brief description of VO, ZDC together with a detail

description of the Muon spectrometer are given below:

2.4.1 VO

The VO detector [14, 19] consists of two arrays of scintillator counters called VOA and
VOC placed asymmetrically on either side from IP. The VOA is located at z = +330 cm
and covers the pseudorapidity range 2.8 < 1 < 5.1 while VOC is placed at z = -90 cm
and cover —3.7 < n < —1.7. The position of VO detector in ALICE layout is shown in

Fig. 2.5

The VO provides the lowest level triggers (LO) for the ALICE experiment and rejects
beam-induced backgrounds. It is also used as a luminosity estimator. Furthermore, the

VO detector is used to measure the multiplicity, centrality and event plane direction.
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Figure 2.5: The schematic layout of the VO detector [19] of ALICE.

2.4.2 Zero Degree Calorimeter (ZDC)

The Zero Degree Calorimeter [15] made up of two pairs of hadronic calorimeters to
detect spectator protons (ZP) and spectator neutrons (ZN). They are placed at z =
+112.5 on both sides of IP [18] and are readout by quartz fibers. The ZDC system also
includes a set of electromagnetic calorimeters (ZEM) on the opposite side of the Muon
Spectrometer located at z = 7.35 m from IP. It detects the emitting particle energy in
the pseudo-rapidity range 4.8 < n < 5.7. The placement of different components of ZDC

is depicted in Fig. 2.6.

The ZDC measures the energy of the spectator nucleons to evaluate the number of
participants and thus help to estimate the collision centrality. It also provides Level-1

trigger in Pb—Pb collisions.
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Figure 2.6: The components of ZDC [20] of ALICE.

2.4.3 Muon Spectrometer

The Muon Spectrometer (MS) [16] of ALICE was built to measure the muon decays
from the heavy quarkonia (J/v, ¥(2S), T(1S), T(2S), T(3S)), low mass vector bosons
(¢, w, p), weak bosons (W*, Z°) and open heavy-flavors ( B and D mesons families) in
pp, p—A and A—A collisions at LHC energies. The MS is located at the backward region
and covers the pseudorapidity range —4.0 < y < —2.5. It can measure muons with a

wide range of transverse momentum down to pr = 0.

The muon spectrometer consists of a front absorber, five tracking stations together
with a warm dipole magnet, two stations of trigger chambers shielded by a thick iron
wall. The layout of the spectrometer is shown in Fig.2.7. Detail description of each

component will be given below.

Front Absorber
The front absorber of muon spectrometer has a conical structure of length 4 m located
inside the L3 magnet at a distance 90 cm from the IP. The layout is shown in Fig. 2.8.

The absorber is made up of light materials (i.e carbon, concrete) in order to reduce
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Figure 2.8: The composition of the Front absorber of the Muon Spectrometer.

multiple small angle scattering and energy loss by traversing muons. But the back end
of the absorber is made up of dense materials (Steel, Pb) to filter the secondary particles
produced within the absorber [22]. It reduces the forward flux of primary hadrons from
A—A collisions and decreases the background of secondary muons from 7, K meson decay.
The front end cone close to ITS is covered with 10 mm layer of tungsten in the sector
between 10.5° and 12.5° where it faces the TPC. At the end of the absorber, a 100
mm thick tungsten absorbs most of the low energy electrons produced in absorbers. An
additional 100 mm ring of tungsten is added to the 2° cone to improve the shielding

against particles produced from the beam pipe due to the beam hallow. In order to
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stop the slow neutrons, three layers of polyethylene have been added at the end of the

absorber.

Dipole Magnet

The Dipole magnet is located about 7 m away from the IP next to the L3 magnet
as shown in Fig 2.9. It provides the bending power to measure the momenta of the
muons. The basic concept of the dipole magnet is based on a window-frame return yoke,
constructed from low carbon steel sheets. The dimension of this largest warm dipole
magnet in the world is 5 m in length, 6.6 m wide, and 8.6 m high and it weighs 850

tons [23].

Figure 2.9: A photograph of the Dipole Magnet of the Muon Spectrometer, which is
world’s largest warm dipole magnet.

The magnet is also used as a support for the absorbers and beam the shielding. An
additional radial space (10 cm to 15 cm ) is provided to hold the support frames of the
tracking chambers inside the magnet. The central field strength is about 0.7 T and the

field integral is 3.0 Tm along the beam axis.

Tracking Chambers

The Muon Spectrometer tracking system is located at 5 m from the IP and it is nearly 10

m long. The tracking system is equipped with five stations and each station is composed
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of two tracking chambers. The first two stations are placed downstream from the IP
and the absorber. The third station is located inside the dipole magnet. The fourth and
fifth stations are placed in between the dipole magnet and the muon filter. The first two
stations have quadrant structures and the rest of them are in the shape of slats. The

positions of tracking stations in the spectrometer layout are shown in Fig. 2.10.

Front Absorber

Figure 2.10: The layout of the muon tracking stations of the Muon Spectrometer.

The muon tracking chambers were designed to achieve a spatial resolution of about
100 pum to separate different T states with an invariant mass resolution of the order
of 100 MeV/ ¢®. The tracking system is expected to cover also a total area of about
100 m?. The above mention requirements are satisfied by the use of Cathode Pad
Chambers (CPC). These tracking detectors are equipped with a central plane of anode
wires sandwiched between two segmented cathode planes and are operated following the
principle of Multiwire Proportional Counters (MWPC) with a gas mixture of Ar+CO,
(80% + 20%).

The basic working principle of CPC is shown in Fig. 2.11. The cathode planes are
divided into pads, which are used to locate the position of a particle traversing the
detector. When a charged particle passes through the active gas volume of the detector,
the ionization (create e”e™) takes place along its trajectory. These primary electrons
travel towards the nearest anode wire, where the avalanche takes place due to the high
electric field. The electrons are captured by the anode wire while the ions travel towards

the cathode. The pads having a specific geometry are used to sample the space charges
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induced on the cathode planes. The relative value of the induced charges on the pads
and the pad coordinates are used to determine the position (x,y) of the charged particle

crossing through the detector.

Non Bending Cathode

% AN R >

I/.xmn.ll; p'_aru:

Bending Cathode
Qy)
Y

Figure 2.11: The working principle of a Cathode Pad Chamber [24].

In order to maintain the number of overlapping clusters to be less than 1%, the pad
occupancy needs to be kept below 5% [25]. Thus, a fine granularity segmentation of
the readout pads is needed. The smallest size (4.2x6.3 mm?®) pads are used in the first
station near the beam pipe, where the charged particle multiplicity is the highest. As
the hit density decreases with the distance from the beam, larger pads are used at larger
radii. This leads to a total number of channels to about one million. To minimize the
multiple scattering of the muons in the chambers, the material budget is kept less than
3% of the radiation length. Two different geometries are used for the chambers. First
two stations have a quadrant geometry while the rest of them have a slat (rectangular)

geometry as shown in the photograph at stations 2 and 4 in Fig. 2.12.
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Figure 2.12: The quadrant type geometry of station 2 built by SINP and AMU (left)
and slat type geometry of station 4 and 5.

Muon Filter

The Muon Filter is the iron wall placed at 15 m from the IP, between the 5 tracking
station and the first trigger station. The dimension of the wall is 5.6x 5.6x1.2 m>.
It reduces the background of the trigger stations by absorbing the residual secondary
hadrons and low momentum muons emerging from the hadron absorber. The combined
effect of the front absorber and the muon filter introduces a muon momentum threshold
of 4 GeV/c, which leads to a good rejection of soft muons and enhances the trigger

chamber performance.

Muon Trigger Chambers

The Muon Trigger (MTR) is made of two stations (MT1 and MT2), placed behind the
muon filter at about 16 m and 17 m from IP. Each trigger station is consists of two
parallel detection planes of 18 single-gap Resistive Plate Chambers (RPC) separated by
15 cm so that the total number of RPCs is 72. The trigger system has a programmable
predefined cut - low pp cut (ph>0.5 GeV/c) to reduce the combinatorial background in

quarkonium analysis.

The design of an RPC is shown in Fig. 2.13. Each RPC consists of two parallel plates

made out of high resistivity Bakelite, an anode and a cathode.
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Figure 2.13: The schematic layout of the RPC in Trigger chamber [26].

A High voltage is applied across the resistive electrode plates by means of a conductor
layer coated on their outer surfaces. The plastic spacers is placed inside the gas gap to
keep them separated by a constant distance of 2 mm. At the atmospheric pressure, the
detector is filled with a a gas mixture Ar + C,HyF, + i — butane 4+ SFy (50.5:41.3:7.2:1)
and kept in flow mode. When an ionizing particle passes through the gas gap, the
electrons give rise to a discharge on the anode, which is absorbed by the gas. As the
discharge time (/10 ns) is much shorter than the relaxation time of the electrodes, they
behave as an insulator throughout the whole discharge process. The signal is then picked

up by induction method using insulated conductive strips placed on the electrodes.

Beam Shield

The beam pipe is surrounded by a beam shield along the length of the Muon Spectrome-
ter. The shield comes in a form of conical tube made out of high Z tungsten-lead mixture

embedded in a 4 cm thick stainless steel envelope.
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Detector readout

The muon tracking station has Front-End Electronics (FEE), based on a 16-channel
MANAS chip which ensures the following functionalities: charge amplifier, filter, shaper,
and track & hold. The channels of four such chips are fed into two 12-bit ADCs, which
are readout by the Muon Arm Readout Chip (MARC). This chain is embedded on
front-end boards (MANUs). To read the 1,076,224 channels of the tracking system
total 16,816 MANU cards are necessary. The data from the MANU card is transferred
to the Concentrator ReadOut Cluster Unit System (CROCUS) via the bus PATCHs
(Protocol for ALICE Tracking Chambers). Each chamber is readout by two CROCUS,
which concentrate and format the data from the chamber, transfer them to the DAQ
and dispatch the trigger signals coming from the Central Trigger Processor (CTP). The
CROCUS also allows the control of the FEE and the calibration processes. The readout

architecture is shown in Fig. 2.14.
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Figure 2.14: The schematic of the detector readout [27] for ALICE.
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2.5 ALICE trigger system

ALICE has a 3-layer trigger structure and is controlled by the Central Trigger Processor
(CTP) and complemented by a software-based High Level Trigger (HLT). The CTP [2§]
is a hardware trigger system that generates the trigger decision based on the trigger

signals from the different detectors.

Due to the different response time of different sub-detectors, a three-level trigger

system has been implemented in ALICE [18]:

1. Level 0 (LO) is the fastest trigger level. LO is issued to the CTP and delivered to
the corresponding sub-detectors after 1.2 us. A LO trigger can be sent by V0, TO,
SPD, EMCAL, PHOS and MTR.

2. Level 1 (L1) The second level trigger, called L1, is received by the sub-detector
after 6.5 ps. L1 is generated from the inputs from TRD and ZDC in the events

accepted by LO.

3. Level 2 (L2) The final trigger level, L2 which is delivered after 88 us after the
interaction and is used to readout the TPC. The event is finally stored after L2

trigger.

2.6 Data Reconstruction

The recorded events usually undergo several cycles of reconstruction in order to be ready
for physics analyses. Each reconstruction cycle is known as ‘pass’ which is performed
offline using the Alice offline framework [29]. The results of a reconstruction ‘pass’ are
saved in Event Summary Data (ESD) files. These include necessary information from
the different detectors and which are used for analysis. In the next step, the Quality

Assurance (QA) is carried out of the ESD files. The QA checked ESD files can be filtered
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into Analysis Object Data (AOD) files, which contained less information and is useful

for specific analysis.
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CHAPTER 3

The readout upgrade of the Second
Tracking Station of the Muon Spectrometer
of ALICE

In the previous chapter, we have discussed the ALICE experiment and the Muon Spec-
trometer in detail. The Muon Spectrometer has delivered a good quality of data in pp,
p—Pb, Pb—Pb and Xe-Xe collisions at various LHC energies. However, there are some
limitations in order to fully exploit the data generated by the LHC. For this purpose,
readout upgrade of the tracking station of the Muon Spectrometer has been undertaken,

which is a part of the ALICE upgrade program.

3.1 ALICE Upgrade Program during Long shutdown

2

The LHC has ended the four-year long Run 2 program in December 2018 and entered
the two-year upgrade period, known as Long Shutdown 2 (LS2). The implementation

of improvements to the accelerated complex and upgrade of electronics during LS2 will
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certainly boost the ALICE physics goal in Run 3 and Run 4. For example, during Run 3
the instantaneous luminosity in Pb—Pb collisions will increase by a factor of ~ 6 and the
minimum-bias interaction rate will reach about 50 kHz, which is 50 times higher than the
rate recorded by ALICE during Run 2 heavy-ions collisions. The statistical significance
of pp and p—Pb data will also subsequently increase which will provide a more accurate
reference for comparison with results from Pb—Pb collisions. In order to utilize these large
interaction rates and enhance the Physics scope, ALICE is implementing the following

upgradations [1, 2]:

e New high-resolution, low-material Inner Tracking System (ITS).

e Upgrade of Time Projection Chamber. The existing wire plane replaced by GEM

foils.

e New silicon sensor-based Muon Forward Tracker (MFT) to be placed in front of

hadron absorber of the Muon Spectrometer for accurate vertex determination.

e Upgrade of the readout electronics of Muon Spectrometer, PHOS, TOF, and TRD

for high rate operation.
e Upgrade of the forward trigger detectors and ZDC.

e Upgrade on the online systems, offline reconstruction and analysis framework.

3.2 Physics goals for the upgrade

The general physics motivations for the upgrade of the ALICE experiment can be found
in the Letter of Intent [1]. The main goal of the upgrade is to carry out high precision
measurements of rare probes in very low and intermediate transverse momentum. This
will be a unique facility at LHC. To study the quark-medium interaction, heavy-flavor

mesons and baryons should be measured down to very low p; ranges. Furthermore,
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the high-precision measurements in the quarkonium sector as a probe of study of the
deconfinement medium and its temperature will be extended the physics understanding

of the high-density QCD at the LHC [3].

3.3 Muon Spectrometer upgrade

The primary limitation of the existing Muon Spectrometer of ALICE comes from the
multiple scattering of muon tracks by the hadron absorber. As a result, it does not
determine the vertex position of the decay muons accurately. This prevents the spec-
trometer from separating the prompt and the non-prompt J /v, which does not allow the
study of the important source of beauty production at forward rapidity. Furthermore,
the statistical significance of low mass, low pp muon analysis is compromised due to
the high background emerging from semi-muonic decays of 7 and K mesons. In order
to remove these limitations, a new silicon pixel tracker called Muon Forward Tracker
(MFT), will be installed in front of the absorber. The MFT will improve the vertexing

capabilities of the spectrometer.

3.4 Working principle of tracking station readout

upgrade

The present readout system for the muon trackers can support a physics trigger rate of
~ 2kHz. Thus, this scheme needs to be changed in order to utilize the high interaction

rates.

The muon tracking chamber is upgraded with new front-end electronics (FEE) and a

new readout system to handle the higher rate interaction in upcoming Run 3 and Run 4.
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For safety purposes, the FEE was designed to operate at 100kHz, while the interaction
rate will be at 50kHz [4]. A common ASIC chip, called SAMPA has been developed for
this rate of interaction. The existing MANAS chip of the tracking station is replaced by
the Dual SAMPA (DS) chips providing a total of 64 readout channels. The data from
the dual SAMPA boards will be shipped out through FE links implemented on printed
circuit boards (PCB). The data from the DS will send to the new concentrator boards
(SOLAR) and finally reached to the new Common Readout Units (CRU) of the ALICE

central Data Acquisition System. The data flow configuration is shown in Fig. 3.1.

| slat

! .FEE board opt. bi-dir o
: online
GBT link CRU DDL 3 e
e-link bus, 80 Mb/s system
(clock, SAMPA serial data, ngger)

detector

cavern counting room

Figure 3.1: The schematic diagram of the Muon Tracker readout configuration in Run
3 [4].

The FEE parameters are designed with the following specifications [4]:

e The detector implementation is not modified. Hence, the geometrical layout, lo-
cation and connections to the chambers of the 64 channel FEE boards remain

unchanged.
e The chambers are operated with the existing gas and high voltage parameters.
e The maximum input signal will be kept at 500 fC and the gain is around 4 mV /fC.

e The colling system remains the same as the existing one. No significant variance

in power consumption.

The dual SAMPA cards having the following features [4]:
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e 10-bit ADC

e 10 MHz sampling rate

e 330 ns shaping time

e noise level below 2000 e~ for large pads and 1000 e~ for small pads

The Dual SAMPA card for stations 1 and 2 is shown in Fig. 3.2.

LDO (x3)
Flex Connector

Detector Connector (input channels)

Power Supply Connector

D £
(BOTTOM)

e

Figure 3.2: Photograph of MANU and Dual SAMPA cards for stations 1 and 2 [5].

3.5 Existing and proposed readout of the second sta-

tion
The existing readout has been discussed in chapter 2. The main features are:

1. FEE based on 16-channel MANAS chip, which utilizes the muon trigger. The
MANU card reads 64 pads.

2. Total of 225 MANU cards/detection plane for 2" tracking station.

3. Serial readout of MANU cards arranged in 12 parallel bus-lines in a quadrant.

For readout upgrade, the following features have been considered:

59



Chapter 3. Readout upgrade of the Muon Spectrometer

1. Replace the MANU card with Dual-Sampal2 (DS12), which reads 64 pads. The

Sampa is a self-trigger ASIC.

2. Each DS12 has to be readout in parallel to ensure the high output.

3. Each DS12 will has the following signals:

Table 3.1: The signal specifications of DS12

Type No. of tracks Signals Comment
12C 2 ASDA, ASCLK Shared by 5 DS
E-Link 2x2 CLK, DATA 4 signals for DS
Trigger AX2%2 Physics_trigger, Chained among b5
Heart_beat, Hard_reset, DS
Sync
Address 3 Address Hard-wired on
PCB
LV 2% 2 Low voltage supply 2 for Analog 1.75'V

2 for Digital 1.75 V

Apart from these 29 signal lines, each DS will have 6 GND connections. Therefore, the
total number of tracks to be laid out is ~35x225~8000 on a PCB board which is full of
holes for the Kapton readout cables from the pad plane. Thus, the only solution is to
design a multilayer 1.15 m x 1.2 m motherboard for parallel readout of DS12 for Station
2. But the fabrication of such PCB is not possible in India as well as in the rest part of

the world.

Hence the indigenously proposed scheme for Station 2 is : signal tracks on the rigid
PCB + signal transmission by ribbon cable as shown in Fig 3.3. Each ribbon cable will

control a group of 5 DS-12 cards.

The 40-pin connector which has been used in the design is shown in Fig 3.4.
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&

Figure 3.3: The schematic layout of the readout PCB for Station 2.
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Figure 3.4: The 40-pin connectors for readout: EHF-120-01-F-D-SM (left) (on the rib-
bon) and QSE-20-01-L-D-A (right) (on DS-12 card)

Advantages of the proposed scheme:

1. Modular design — the readout PCB can be broken in desirable pieces containing

multiplies of 5 DS-12 cards.

2. Rigid PCB — support the LV + GRD + signal tracks from EHF-120-01-F-D-SM-40
pin to QSE-20-01-L-D-A-40 pin.

3. Ribbon cables — Solar box to EHF-120-01-F-D-SM-40 pin (same as on existing

translator card).

4. The EHF-120-01-F-D-SM connector is close to DS12 —short signal tracks ensuring

smaller capacitative coupling.
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5. Scheme for grouping and anchoring the ribbon cables.

6. Validation will be easier and future maintenance will be convenient.

3.6 Upgrade readout plane of second tracking sta-

tion

The second tracking station of Muon Spectrometer has been designed and fabricated
by the Saha Institute of Nuclear Physics and Aligarh Muslim University. Hence, the
readout upgrade (R/O) has been planned and executed by these two centers. I have

participated at every stage of this upgrade work.

3.6.1 Designed of Printed Circuit Board (PCB) for R/O up-

grade

The second station is based on a quadrant structure and the readout electronics are
distributed on its surface. Each CPC quadrant has two readout planes i.e. the bending
plane (BP) and the non-bending plane (NBP). In each plane (BP/NBP), the readout
PCB has been segmented into seven pieces. The segment arrangements for a NBP PCB

is shown in Fig. 3.5.

In the present design, each PCB segment has a maximum of six rows of readout lines
and each row comprises of maximum three blocks of five Dual Sampa (DS12) cards (some
blocks have four DS). The density of the DS cards is maximum near the beam pipe i.e.
in PCB1. The distribution of DS cards near the beam tube on the bending PCBI is

shown in Fig. 3.6.

The number of DS cards on each PCB are listed in Table 3.2. This numbers are same

on both planes. Hence, the total no. of DS cards and DS blocks (ribbon cables) are
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Bending_PCB 7
Bending PCB 8

Bending_PCB 5 Bending_PCB 4
Bending_PCB 8

Bending_PCB 2

2nd tracking station upgradetion
PCB outline- Bending Plane

Figure 3.5: The arrangement of PCB segments in one CPC quadrant.

Figure 3.6: The distribution of DS blocks on bending PCB1

(2x221 = 442) and (2x45 = 90), respectively.

The PCBs have four layers and the approximate total thickness is 0.564 mm. The

layers and their individual thickness are:

e 1 Top Layer COPPER, 18 pum base + 18 pum plated = 0.036 mm
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Table 3.2:  The no. of DS boards for each PCB of BP/NBP plane

PCB  No. of DS No. of blocks of 5/4 DS

1 79 16
2 30 6
3 23 5
4 35 7
5 25 5
6 20 4
7 9 2
8 0 0
Total 221 45

e 2 Middle Layer Digital Bus + GND COPPER, 18 um base + 18 pum plated =
0.036 mm

e 3_Middle Layer GND COPPER, 18 pum base + 18 um plated = 0.036 mm

e 4 Bottom Layer Analog Bus +GND COPPER, 18 um base + 18 pum plated =
0.036 mm

The dielectric constant (DK) of FR4 is 5.7. An additional prepreg layer of thickness
0.12 mm is placed between 2_Middle Layer and 3_Middle Layer. The electrical connec-
tion of different layers is made with the Plated Through-Hole (PTH). The diameters of

PTH and positions are as follows:

e PTH 1 _Top to 2_Middle 0.3 mm drill diameter

PTH 4_Bottom to 3_-Middle 0.3 mm drill diameter

PTH 1_Top to 4_Bottom 0.4 mm drill diameter with Plated Annular ring

PTH 1_Top to 4 Bottom 0.3 mm drill diameter

The schematic diagram of the 4-layer PCB is illustrated in Fig. 3.7.
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___—¥SolderMask

ff___ __—*Greenmasking TOP
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——»FR4 [DK=>5.7) 0.15 mm
2_Middle Layer Digital Bus +GND COPPER, 18y base + 18 pi plated= 0.036 mm
———» Prepeg 0.12mm [may be thicker)
N J—"*3_Middle Layer GND COPPER, 18y base + 18 p plated= 0.036 mm
—»FR4 (DK== 5.7) 0.15 mm
4 _Bottom Layer Analog Bus +GND COPPER,18 p base + 18 p plated= 0.036 mm
\ \ & Greenmasking Bottom
PTH 1_Tepto 2_Middle 0.3 mm drill diameter
\ PTH 4_Bottom to 3_Middle 0.3 mm drill diameter

\ PTH 1_Topto 4_Bottom 0.4 mm drill diameter with Plated Anullar ring
PTH 1_Topte 4_Bottom 0.3 mm drill diameter

Figure 3.7: The stack up design for the 4-Layer PCB.

Approximate Total PCB
Thickness 0.564 mm

Figure 3.8: DS and EHF card boards in one readout block consisting of 5 DS12.

The connection of the five DS cards to the EHF connector is shown in Fig. 3.8. Here,
the left-most DS is always labeled as DSO and the right most DS (terminating DS) is
labeled as DS4 (DS3 for four DS block). The DS card as well as the EHF connector
have 40 pin connections. The seven-pin connector at the bottom side of each DS card is
utilized to provide the LV and ground connections. The connection between EHF to DS,

DS to DS, DS to GND, EHF to GND, IC to DS and EHF are listed in the following tables.
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Table 3.3: Pin Connections of Solar Card (EHF) To Dual Sampa (DS-0) (QSE) Card.

Solar Card (EHF) To Dual Sampa (DS-0)

Solar ~ Card(EHF Pin No. Pin No. DS 0  Card(QSE
Connector) Connector)
Heart Beat_P 1 — 38 Heart Beat_P
Heart Beat_ N 2 — 40 Heart Beat_N
Sync_P 3 — 37 Sync_P
Sync_N 4 — 39 Sync_N

Hard Reset_P 7 — 32 Hard Reset_P
Hard Reset_N 6 — 34 Hard Reset_N
Physics_P 9 — 31 Physics_P
Physics N 10 — 33 Physics N
Clk_0_P 13 — 25 Clk_0_P
Clk_0_N 12 — 27 Clk_0_N
DIN_O_P 23 +— 26 DIN_0_P
DIN_O_N 24 — 28 DIN_O_N

Table 3.4: GND pin connection of Solar and all DS (common ground).

GND pin connection
GND Pin no. for Solar (EHF GND Pin no. for all DS (QSE Con-
Connector) nector)

5,8,11,22,25,28,31,34,37 5,6,11,12,15,17,18,21,23,24,29,30,35,36

Table 3.5:  Pin Connections of Dual Sampa (DS) (QSE Connector).

DS Inter Connection

DS0(DS1, DS2, Pin No. Pin No. DS1(DS2, DS3,
DS3) DS4)

Heart Beat_Out.N 1 — 40 Heart Beat_N
Heart Beat_Out_ P 3 — 38 Heart Beat_P
Sync_Out_N 2 — 39 Sync N
Sync_Out_P 4 — 37 Sync_P

Hard Reset_ Out.N 7 +— 34 Hard Reset_N
Hard Reset_Out.P 9 — 32 Hard Reset_P
Physics_Out_N 8 — 33 Physics N
Physics_Out_P 10 — 31 Physics_P
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Table 3.6: Pin connection of Solar (EHF Connector) to DS1(QSE Connector).

Solar to DS1

Solar Card (EHF Pin No. Pin No. DS1(QSE Connec-
Connector) tor)

CLK_1-N 14 — 27 CLK-N

CLK_1.P 15 — 25 CLK_P

DIN_1.N 26 — 28 DIN_N

DIN_1_P 27 — 26 DIN_P

Table 3.7:  Pin connection of Solar (EHF Connector) to DS2(QSE Connector).

Solar to DS2

Solar Card (EHF Pin No. Pin No. DS2(QSE Connec-
Connector) tor)

CLK_ 2N 16 — 27 CLK_N

CLK 2P 17 — 25 CLK_P

DIN_2_N 30 — 28 DIN_N

DIN_2_P 29 — 26 DIN_P

Table 3.8: Pin connection of Solar (EHF Connector) to DS3(QSE Connector).

Solar to DS3

Solar Card (EHF Pin No. Pin No. DS3(QSE Connec-
Connector) tor)

CLK_3.N 18 — 27 CLK_N

CLK.3_P 19 — 25 CLK_P

DIN_3_N 32 — 28 DIN_N

DIN_3_P 33 — 26 DIN_P

Table 3.9: Pin connection of Solar (EHF Connector) to DS4(QSE Connector).

Solar to DS4

Solar Card (EHF Pin No. Pin No. DS4(QSE Connec-
Connector) tor)

CLK 4N 20 — 27 CLK_-N

CLK 4P 21 — 25 CLK_P

DIN 4N 36 — 28 DIN_N

DIN 4P 35 — 26 DIN_P
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Table 3.10: GND pins for all DS

GND pin connection for DS

Dual Sampa (QSE Connector)

DS0
DS1
DS2
DS3
DS54

GND Pin no.

14,16,19
16,19
14,19

19

14,16
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A buffer IC has been placed between the last DS and the Solar card. The IC pin
connection is shown in Fig. 3.9.

SOLAR (EHF Connector pin)

DS (QSE Connector pin)

TCA9803
ASDA 38 — — 20 ASDA
ASCLK 40 | z 22 ASCLK
VCCB (1.65V) 39 | 13 (1.25V) VCCA
200E

200k ook | | CUSELAST DS 3 or 4)

Figure 3.9: IC connection to SOLAR (EHF Connector pin) and DS (QSE Connector
pin)

11
I

The parallel connection of 20 and 22 pins of all DS is connected with 3 and 2 pins of
IC, respectively. The terminating resistance of 100 €2 is connected between the last DS

and GND of the PCB as shown in Fig. 3.10. This is because the impedance of the signal
tracks is calculated to be ~ 100 €2 for the present layout.

s

1HE | | 100E 1OOE| | 10aE] | 1EE] | HE ICHEE || 10

L + +

Figure 3.10: The termination scheme for the differential pulses.
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3.6.2 In house testing of PCB

Each PCB board has been tested and validated at the Saha Institute of Nuclear Physics.
Before the testing, the first task was the proper cleaning of the board and continuity
check of the LV power supply connection. In few cases, an external jumper is needed for
the continuation of the power connections across the segment boundaries. A photograph

of the test setup is shown in Fig. 3.11.

Figure 3.11: The photograph of the in house testing set up at Saha Institute of Nuclear
Physics.

For the testing of a PCB segment, the EHF connector is connected to the SOLAR
card via a 5 m long ribbon cable. The SOLAR card is connected to the DAQ system
through an optical cable. The PCB bus lines have been provided with both digital and
analog voltages of 1.75V using a common ground. The SOLAR card has been supplied

5V analog voltage.

The PCBs were tested with pedestal runs where the average signal threshold with no
input of each pad was measured. There were minimal errors in the design and fabrica-
tion of the PCB. The most common errors were due to improper soldering, inadequate
cleaning and synchronization of timing between clock and data. Thus, proper cleaning

and removing the short between the pin connections have resolved the issues. The pulses
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corresponding to the clock and the data is shown in Fig. 3.12.

12C data below E70m
Slight noise abave

Figure 3.12: The data and clock pulses as observed on a storage oscilloscope [6]

3.6.3 PCB testing at CERN

All the bending and non-bending PCB boards have been mounted on the quadrants and
validated at CERN with CRU-based DAQ. The test setup is shown in Fig. 3.13 where a
quadrant of the second station (non-bending) is connected to the SOLAR crate via 45
flex cables. The data from the SOLAR crate have been transmitted to the CRU via an

optical connection (GBT).

With this setup, the pedestal value and noise level for each pad of each quadrant have
been measured (a total of ~2,60,000 pads). The Fig. 3.14 shows the pedestal value and

the noise level for the BP of all the quadrants of the second tracking station.

The pedestal value and noise level in each quadrant have been found to be uniform and
a better visualization can be found in Fig 3.15. So it can be concluded that the production
of the PCB and proper mounting on the detector has been successfully validated. The
quadrants are ready to be installed at the experimental site of ALICE, which is 60 m

below the ground.
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Figure 3.13: The set-up for PCB testing at CERN.
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Figure 3.14: The pedestal value (top) and noise level (bottom) for BP of each quadrant
of second station.
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Figure 3.15: RMS and mean value of the pedestal and the noise for all the readout PCBs.
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CHAPTER 4

Service task on tracking chamber status

maps and Data analysis

During the thesis period, I have been carried out a service task for ALICE on “Monitoring
the data/MC agreement of tracking chamber status maps”. This work addressed the
unexpected chamber efficiency issues of pp 13 TeV data, collected during 2017, which
will be discussed in the first half of this chapter. In the second part of this chapter, the
common framework for T analysis in pp, p—Pb and Pb—Pb collisions with ALICE Muon

Spectrometer will be discussed.

4.1 Monitoring the MC/data agreement of Muon

tracking chamber status maps

To find out the unexpected issues related to the tracking chamber efficiency, a single
muon simulation has been performed. The comparison of cluster maps, generated from
the real data and the simulation, helps to identify the discrepancies that are responsible

for “unexpected” efficiency issues.
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4.1.1 Motivations

The primary goal is to track the unexpected detector related issues that are not re-
produced by detector simulation. Hence, it biases the detector acceptance x efficiency

(Axe) and the tracking systematic uncertainties become large.

During the reconstruction of data and MC events, the actual detector status has been
considered. This information is summarized in the status maps. The status maps are
constructed from the information on detector configuration, pedestal value, occupancy
and High Voltage (HV) stored in the Offline Conditions Data Base (OCDB) on which
some predefined selection cuts are applied. This function is used to remove the faulty
pads. Nevertheless, a few detector issues i.e. improper HV connection of chamber
readout, cable swapping can not be spotted online and hence not accurately reproduced

in the status map.

The purpose of this monitoring is to find out these issues which are not included in
the status map and identify their origin. If an issue can be identified, either we find a
possible solution (resolving the detector or an automatic way to include it in the status

map) or add the problematic elements to the RejectList.

4.2 Method

The detail of the method to produce the status maps and comparisons in data and MC

are discussed in the following sections.

4.2.1 Overview

An easy way to find out the issues is to compare, run-by-run and chamber-by-chamber

(10 chambers for each run), the cluster distribution devoted to the reconstructed tracks
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between the data and simulations. For this purpose, the single muon simulation has been
done with roughly tuned input shape to reproduce the muon distributions in actual data.
The advantage of this tuned input shape is that this MC set can also be used to evaluate
tracking efficiency systematics [1]. If some difference between the cluster maps of data
and MC is found, it means that there are some “unexpected” faults that are not removed

and/or not properly removed by the cluster maps or not in the present RejectList.

4.2.2 Cluster map storage

In real data, the cluster maps are produced during the Quality Assurance (QA) task
and saved in QAresults.root files. The QA task runs right after the reconstruction. In
general, this is done in the same job as of reconstruction and the final results are merged

run-by-run subsequently.

The cluster maps in MC can be produced from the reconstruction QA, which is stored
in Merged.QA .Data.root files. One needs to active the MUON QA macro to merge the

Merged.QA.Data.root files if the simulation is divided into several jobs.

4.2.3 Simulation of single muon and merging the QA results

The single muon simulation has been carried out over the Worldwide LHC Computing
Grid (WLCG) utilizing the AliMuonAccEffSubmitter facility, devoted in

$ALICE_PHYSICS/PWG /muondep (directory of ALIPhysics software). This is based on
template files (placed in $ALICE_PHYSICS/PWG/ muondep/AccEffTemplates) having
several variables that can be tuned to the requirement of submitter. So one can switch

between the different generators, OCDB settings, output files storage positions, etc.

The macro SubmitSingleMu.C [2] has been used to configure AliMuonAccEffSub-
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mitter for single muon simulation. One can modify the following variables as per the

requirement:

The value of parameter of the pr/y generation input function (GenParamCustom-

SingleBen.C, available in $ALICE_PHYSICS/PWG /muondep/AccEffTemplates )

The alignment settings stored in OCDB

The pr minimum cut for the efficiency task

e The AliPhysics version as per LHC period

The statistics of the MC sample i.e the no. of generated event per run number and

the proportionality factor.

One can run the macro for simulation in different modes:

» LOCALTEST: This mode is to test that the simulation works properly. It generates
the output files in the local directory and run the full simulation locally

» FULL: This is the actual mode for simulation. In this mode, the files are generated
and copied in the specified AliEn directory. It launches the jobs on the CERN grid for
a set of runlist.

» TEST: This mode is the same as the “FULL” mode except for submitting the jobs.
» MERGE: Once jobs are complete, this mode merges the output file as per run

number.

4.2.4 Comparison plots of cluster maps

The cluster maps are produced using the macro SaveQA.C, available on the twiki page [3].
Depending upon the reconstruction parameter of a given period, one has to choose either
it is a LowMultiplicity or HighMultiplicity period (pp). Two QA files (provide the full

data/MC path) are needed for the input parameter of the macro and one can choose the
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directory where to find the final maps in the root file. In the following line, one example
of an input path is given.

DATA alien:///alice/data/2017/LHC17¢/000270667 /muon_calo_passl/QAresults.root
MC alien:///alice/cern.ch/user/w/wshaikh /Service_-Work/LHC17¢/270667/

AnalysisResults.root

4.2.5 Results

The status maps of the LHC17x (x= c,e,f,h,i,j k,l,m,0,r) period in data and MC have
been produced. The difference in the status map between data and MC is spotted and
illustrated in the following figures. This study contributes to the systematic evaluation

of tracking efficiency and A X e.

LHC17c

150 -1 150
X fem)

Figure 4.1: The cluster map of chamber 6. This difference found in all runs of the
LHC17¢ period.

For the problem spotted on chamber 7 (4.2), it has been found that chambers 8, 9
and 10 were working fine in this region for those runs. So the impact of this effect is

negligible.
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X {em) X fem)

Figure 4.2: The cluster map of chamber 7. This difference found in 270543, 270544,
270565, 270598, 270601 run number of the LHC17¢ period

LHC17k

i IR Fir i R I ) {1 A A
“100 50 50 100 100 50
X (em) X {em)

Figure 4.3: The cluster map of chamber 3. This difference found in run number 275073
of the LHC17k period

The discrepancy in chamber 7 as shown in Fig. 4.8, produces a hole in the acceptance
that is not reproduced in MC as chamber 8 is also not working in this region. Hence,

these 2 runs have been removed from the physics analysis.

The rest of the period’s status map can be found in the dedicated Twiki page for

“Monitoring the data/MC agreement of tracking chamber status maps” [4].
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X {om) X (em)

Figure 4.4: The cluster map of chamber 5. This difference found in almost all run of the
LHC17k period

X (em) X (em)

Figure 4.5: The cluster map of chamber 5. This difference found in run number 275979
of the LHC17k period

Figure 4.6: The cluster map of chamber 6. This difference found in all run of the LHC17k
period
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X {om) X (em)

Figure 4.7: The cluster map of chamber 6. This difference found in most of the runs of
LHC17k period

i
100 150 20200 150 100 50
X (cm) X (em)

Figure 4.8: The cluster map of chamber 7. This difference found in run number 276307,
276312 of LHC17k period
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Figure 4.9: The cluster map of chamber 9. This difference found in all run of LHC17k
period.
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4.3 Data analysis framework

In high energy experiments, the kinematic variables such as transverse momentum (pr),
transverse mass (mr), rapidity (y), pseudo-rapidity (n) are frequently used in literature.
Under the Lorentz transformation these variables follow the simple transformation rules.
In 4-momentum p" = p"(E, p,, p,, p.) representation, the kinematic variable for a parti-

cle of mass m (for that E* = p* + m?) are defined as follows:

Transverse Momentum

The 3-momentum can be split into the longitudinal (p,) and the transverse (pr) compo-

pr =\/ps + P}

nents where

Transverse Mass

mr =\/pr+m

where m is rest mass

Rapidity

For a particle of mass m, total energy E and longitudinal momentum component p,, the

rapidity is defined by,

1 E+p 1 E+p
=l =) == - 4.1
=3(55) - (5 =
Rapidity is a dimensionless quantity and its magnitude can be either positive or
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negative. The advantage of using this variable is that the rapidity distribution remain
unchanged under a longitudinal Lorentz transformation. Suppose, yp and y, are the
rapidity of a particle in two frame of reference P and Q), respectively. Under the Lorentz

boost along the z-direction yp and y are related in the following way:

1 1
Yp =Yg + Eln (%) (4.2)

where § = v/c. In the non-relativistic limit, the rapidity is equal to longitudinal

velocity .

Pseudorapidity

To measure the rapidity of a particle one need the information of total energy E and its
longitudinal momentum p,. However, in a many-particle physics experiment, the only
measurable quantity is the angle of the detected particle with respect to the beam axis.
Let us assume, 6 be the emitted angle of a particle relative to the beam axis. Then

rapidity can be rewritten as

L (E+pz) L <\/m2+p2+p(3089)
y:—n = —(N
2 \E—-p. 2 \y/m*+p* —pcosb

At relativistic high energy limit p >>m

1 (p+pcos€
y:—ln _—
p—pcost

) = —In(tan6/2) = 1
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where 7 is called Pseudorapidity. So at high energy,

n = —In(tanf/2) (4.3)

4.4 Data analysis

During the Run-2 periods, ALICE collected data in various colliding system i.e. pp,
p—Pb, Pb—Pb and Xe-Xe at nominal magnetic B = 0.5 T except for the Xe—Xe collision
(B = 0.2 T). In this dissertation, we have analysed the data for pp collisions at /s =
5.02 TeV, p—Pb collisions at /sy = 8.16 TeV and Pb-Pb collisions at /sy = 5.02
TeV. In the following section the data sample, trigger class, physics selection criteria,

track cuts are discussed.

4.4.1 pp collisions at /s = 5.02 TeV

The analysis is based on the data collected in pp collisions of periods LHC17p and
LHC17q at the center of mass energy of /s = 5.02 TeV during November 2017. This
study is performed on the MUON AQOD files produced in muon_calo_pass1 reconstruction
pass for both LHC17p and LHC17q periods. The analyzed dataset is based on the dimuon
events recorded in the Muon Spectrometer of ALICE. The CMUL7-B-NOPF-MUFAST
(CMULT) is used as the main trigger class of the dimuon data sample. A physics selection
(PS) is applied to remove background events (AliVEvent::kMuonUnlikeLowPt7). The
total number of analyzed runs with QA selection and the number of dimuon triggered
events used in this analysis are listed in the following Table. 4.1. The Run Condition

Table (RCT) based run list is reported in Table. 4.2 [5]
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Table 4.1: The statistics of the analyzed pp data.

Period total no. runs CMUL7 after PS
LHC17p 38 6845960 6746753
LHC17q 13 12171623 11752119

Table 4.2: The RCT based QA check run list of LHC17p and LHC17q periods.

282008 282016 282021
282118 282119 282120
282224 282227 282229
282309 282312 282313

282025
282122
282230
282314

282031
282123
282247
282340

282050
282126
282302
282341

282051
282127
282304
282342

282078
282146
282305
282343

282098
282147
282306

282099
282206
282307

282365 282366 282367
282439 282440 282441

282391

282392

282398

282402

282411

282415

282437

4.4.2 p—Pb collisions at /sy = 8.16 TeV

The data were collected for p—Pb (LHC16r) and Pb—p (LHC16s) beam configurations at

the center of mass energy of /sy = 8.16 TeV during November—December of 2016. The

present study has been performed on the MUON AOD files produced in muon_calo_pass?2

and muon_calo_pass3 reconstruction passes of the LHC16r and LHC16s period, respec-

tively. The total number of analyzed runs with QA selection, number of dimuon triggers

and luminosity used in this analysis are listed in the following (with physics selection

and without pile-up cut) Table. 4.3.

Table 4.3: The statistics of the analyzed p—Pb data.

Beam con- Period  pass total no. CMUL7 Luminosity
figuration runs (nb™)
p—Pb LHC16r muon_calo_pass2 57 25822700 ~8.4
Pb-—p LHC16s muon_calo_pass3 80 72114339 ~12.8

The detail study on the QA selection can be found at [6].

numbers are reported in Table 4.4
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Table 4.4: The QA check selected run list of LHC16r(p—Pb) and LHC16s (Pb—p) periods.

p—Pb

266318 266316 266312 266305 266304 266300 266299 266296 266235 266234
266208 266197 266196 266193 266190 266189 266187 266117 266086 266085
266084 266081 266076 266074 266034 266025 266023 266022 265841 265840
265797 265795 265792 265789 265788 265787 265785 265756 265754 265746
265744 265742 265741 265740 265714 265713 265709 265701 265700 265698
265697 265696 265694 265691 265607 265596 265594

Pb-p

267131 267130 267110 267109 267077 267072 267070 267067 267063 267062
267022 267020 266998 266997 266994 266993 266988 266944 266943 266942
266940 266915 266912 266886 266885 266883 266882 266880 266878 266857
266807 266805 266800 266776 266775 266708 266706 266703 266702 266676
266674 266669 266668 266665 266659 266658 266657 266630 266621 266618
266615 266614 266613 266595 266593 266591 266588 266587 266584 266549
266543 266539 266534 266533 266525 266523 266522 266520 266518 266516
266514 266487 266480 266479 266472 266470 266441 266439 266438 266437

4.4.3 Pb—Pb collisions at /syn = 5.02 TeV

The analysis is based on the full Run2 Pb—Pb collisions data set, recorded during the
2015 and 2018 campaigns at /syy = 5.02 TeV. The relevant informations are reported
in Table 4.5. The QA reports for MUON can be found in the references [7, 8]. To get

the combined data set, we merge the data sets at the tree level.

Table 4.5: The parameters of the analyzed data sets of Pb—Pb runs.

Year Period Number of QA runs pass AOD Official MC production
2015 150 137 muon_calo_passl 229 16e2(_plus)

18q 130
2018 18y 08 muon_calo_pass3 225 19a2

In order to detect the ¥ — p* i~ candidates, the unlike-sign dimuon trigger (CMULT-
B-NOPF-MUFAST) has been selected. A physics selection (Ali VEvent::kMuonUnlikeLowPt7)
has been applied to reject the background events such as beam-gas collisions. Finally,
we only consider events within the 0 — 90% centrality class in order to avoid the pileup.

The QA selected run numbers are listed in Table 4.6.
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Table 4.6: The QA check selected run list of LHC150, LHC18q and LHC18r periods for
the Pb—Pb run.

LHC150
246994 246991 246989 246984 246982 246980 246949 246948 246945 246942
246937 246930 246871 246867 246865 246864 246859 246855 246851 246847
246846 246845 246844 246809 246808 246807 246806 246805 246804 246765
246763 246760 246759 246758 246757 246755 246751 246750 246676 246675
246495 246493 246488 246487 246434 246433 246431 246428 246424 246392
246391 246390 246276 246275 246272 246225 246222 246220 246217 246182
246181 246178 246153 246152 246151 246148 246115 246113 246089 246087
246053 246049 246048 246042 246037 246036 246012 246003 246001 245996
245963 245954 245952 245949 245833 245831 245829 245793 245785 245775
245766 245759 245752 245738 245731 245729 245705 245700 245692 245683
245554 245543 245542 245540 245535 245507 245505 245504 245501 245496
245450 245446 245410 245409 245407 245401 245353 245347 245346 245345
245343 245259 245253 245233 245232 245231 245152 245151 245146 245145
245068 245066 245064 244983 244982 244980 244918

LHC18q
296623 296622 296619 296618 296616 296615 296553 296552 296551 296550
296549 296548 296547 296516 296514 296511 296510 296509 296472 296433
296424 296423 296420 296419 296414 296383 296381 296380 296379 296378
296377 296376 296312 296309 296307 296304 296303 296280 296279 296273
296270 296269 296247 296246 296244 296243 296242 296241 296198 296197
296196 296195 296194 296192 296191 296143 296142 296135 296134 296133
296132 296128 296123 296068 296066 296065 296063 296062 296061 295947
295945 295943 295942 295941 295937 295936 295913 295910 295909 295908
295881 295863 295861 295860 295859 295856 295855 295854 295831 295829
295826 295825 295822 295819 295818 295816 295791 295788 295786 295763
295762 295759 295758 295755 295754 295753 295725 295723 295719 295718
295717 295716 295714 295677 295676 295675 295673 295671 295668 295667
295666 295665 295615 295612 295589 295588 295587 295586 295585 295584

LHC18r
297595 297590 297588 297558 297544 297542 297541 297540 297537 297512
297483 297481 297479 297452 297451 297450 297446 297442 297441 297415
297414 297413 297408 297405 297380 297379 297372 297367 297366 297363
297317 297315 297312 297310 297278 297222 297221 297219 297218 297196
297194 297193 297133 297132 297129 297128 297124 297123 297119 297118
297117 297085 297035 297031 297029 296979 296976 296975 296971 296969
296968 296967 296966 296941 296938 296935 296934 296932 296931 296930
296903 296900 296899 296894 296890 296852 296851 296850 296849 296848
296839 296838 296836 296799 296794 296793 296791 296787 296786 296785
296784 296781 296752 296750 296749 296694 296691 296690
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4.4.4 Track selection criteria

In order to improve the purity of data samples, the following offline selection criteria on
the single muon and the opposite-sing dimuon tracks have been applied:

single muon selection

e The single muon tracks in the tracking chamber are considered only when they
were matched with a track reconstructed in the trigger system above a low pk
threshold. These cuts remove the light hadrons escaping from the front absorber

and also reject a part of low-pp muons coming from mesons (7, K) decay.

e The geometrical acceptance of the ALICE muon spectrometer is —4.0 < n < —2.5.

This selection rejects the tracks that are reconstructed outside this acceptance.

e The transverse position of the muon track at the end of the front absorber (R,)
lies in the range of 17.6 < R, < 89.5 cm. This cut rejects the tracks where

multiple scattering is large in the Front Absorber.

e The muon tracks pass through a pxDCA within 60 selection cut, where p is the to-
tal track momentum and the Distance of Closest Approach (DCA) is the transverse
distance of the track to the primary vertex. This selection reduces the background
coming from beam-gas interaction and the secondary particles produced in the

front absorber.

di-muon selection

e The two muons together must have zero charge.

91



Chapter 4. Status map of Muon tacking chamber

e The transverse momentum of the dimuons is constrained according to pr < 15

GeV/e.

e The dimuon must be in the rapidity range 2.5 < y < 4.0.

4.4.5 Di-muon invariant mass spectrum

Upsilon, a resonance particle is characterized by a peak in the invariant mass spectrum
at given energy that represents the mass of the particle. After applying the aforemen-
tioned offline analysis cuts on the AOD file, the invariant mass M;,, of the muon pair is

computed as:

My, = \/2m2 + 2B, E,,, (1 - cosl5) (4.4)
where m,, is the mass of muon, F,, and E, , represent the energy of the decay muons
and 045 is the angle between the momentum of muons.

An opposite-singe di-muon invariant mass distribution in pp collisions at /s = 5.02

TeV in the Upsilon mass region range is shown in Fig. 4.10

pp,25<y <4, 0<pT<15 GeVic

Counts per 50 (MeV/c?)
= N [
e} o n £
=} o o o
T T [ T
e
T
r Tt
[ =%
© —
b T,
==
e
=%

N @
S =}

N
=]

0’4\\\‘\\\‘\\\‘\\\

§+
?

o TP
10 11 12

o

~
i
@

14 15
M,, (GeV/c?)

Figure 4.10: The dimuon invariant mass spectrum in pp collisions at /s = 5.02 TeV in
mass range 6 < M, < 15 GeV/c*.
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4.4.6 Steps of data analysis

The general structure of the data analysis is shown in Fig. 4.11. The analysis task
runs over the AOD files to extract the kinematic distribution on a event-by-event ba-
sis. The invariant mass spectrum has been generated from the decay muon kinematic
distributions. In order to get the yields, the invariant mass spectrum has been fitted
with different empirical signal and background functions to extract the T counts and
corrected with the acceptance and efficiency. The cross section has been evaluated by

scaling the yields with luminosity and branching ratio.

©

Analysis Task

( Invariant Mass Spectrum J

Signal extraction

Acceptance efficiency

ES

Luminosity
&
Branching ratio

PP, p-Pb, Pb-Pb

Figure 4.11: The global analysis scheme for the data sets.

Finally the nuclear modification factor in p—Pb and Pb—Pb collisions were evaluated
by taking the ratio of the measured cross section to the reference cross section value

extract from pp collisions at the same center of mass energy.
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CHAPTER 5

T production in pp collisions at /s = 5.02
TeV

In this chapter, the analysis of inclusive T production at forward rapidity in pp collision
at y/s = 5.02 TeV has been presented. The main motivation of this analysis is to use these
results as the input of the interpolation procedure for pp reference and normalization of

T(nS) Raa analysis at /syy = 5.02 TeV.

5.1 Data sample, event and track selection

The data sample, trigger class, event and track selection criteria have been described in

detail in chapter 4.

5.2 Luminosity

To compute the cross section of a process, the integrated luminosity of the data sample

must be known. The luminosity is estimated using the following expression, with T0
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trigger as the reference.

Lob . .

O w Neryx X puritycry x X pile — upepy x 1 51

int = CMUL X L0 X P (5.1)
run CMUL TO

The data periods are the same as the one used for J/i¢ analysis. Therefore the
integrated luminosity has been adopted from J /1 analysis which is 1230 + 22 nb™" [1].
Although the analyses are based on the same runs, the luminosity has to be normalized

by the number of CMUL events after the physics selection:

J/ NCIMUL,PS
int X J
Ny

CMUL,PS

cr - — 1229+ 22 b ! (5.2)

5.3 Signal extraction

The data collected during the two periods, LHC17p and LHC17q have sufficient statistics
that allow a detailed study of T production cross-section as a function of rapidity and
traverse momentum. The data sample have been analyzed in two rapidity windows
(2.5 <y < 3.25 and 3.25 < y < 4.0) and 4 bins of py in range 0 < py < 15 GeV/c for
T(1S). For the higher states of T, we have analyzed the data sample integrated over pr

and rapidity.

5.3.1 Invariant mass fit procedure

The number of Y (nS) reconstructed by the muon spectrometer is calculated by fitting
the invariant mass spectrum of the unlike-sign muon pairs. For the three T states, three
Extended Crystal Ball (CB2) functions and a sum of two exponential (DE) functions for
continuum background have been used. The details for CB2 and DE can be found in

Appendix A.
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Due to the low signal-over-background ratio, some signal parameters are constrained

or fixed in the fit procedure. The details of the fit procedure are described below:

e T(nS) signal shapes are parametrized by CB2 functions.

e the tails in CB2 functions are fixed and are the same for all 3 resonances (see 5.3.2

for details);
e T(1S) mass (my(s)) and width (oy(1g)) are let free;
e the fit has been performed in mass ranges [6-14] GeV/c?);

e T(nS) (n=2,3) mass and width are constrained by Y(1S) parameters as following

MC
Oy (ns
My(ms) = Mras) + (Mrne) — MYA8))s  TrTms) = Or(1s) X —U¥E?s; (5.3)

with the PDG mass values from reference [2];

e the background parameters are kept free;

e maximum log-likelihood fit method has been used.

Fig. 5.1 shows a typical fit to the invariant mass spectrum, with VWG for the back-
ground shape and CB2 as signal function. The red solid line represents the combined fit

shape and the consecutive three peaks stand for T(1S), T(2S) and Y(3S), respectively.

5.3.2 The study of signal extraction systematic

The different tests have been performed to extract the YT (nS) counts and its associated

systematic uncertainty:
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Figure 5.1: A typical fit to the dimuon invariant mass distribution in pp collisions at
Vs = 5.02 TeV. The distribution is fitted with the sum of VWG to characterize the
background and three CB2 functions to characterize there T states.

Signal shape

The T peaks have was fitted with NA60 function also. The associated systematic due
to these two signal functions are negligible. Hence, we have not considered the NA60

function for signal extraction systematic.

Fitting mass range

Two fitting mass ranges around the T mass have been considered for the systematic

estimation,

o 6 <M <14 GeV/c?

o T<M<13 GeV/e

Width scaling

The T (nS) peaks overlap each other due to the mass resolution of the muon spectrometer.

Therefore, the higher state i.e T(2S) and Y(3S) widths have to be scaled to the T(1S)
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one as mentioned 5.3.1. For this constrain, we have assigned a systematic by varying the

scaled ratio.

MC

e “simple” width scaling: oy(,s) = or1g) X TxXn8) (reference fit model)
IY(18)
e “no” width scaling: oy(,5) = oy
O'MC
e “double” width scaling: oy(,s) = oras) X (2 =2 — 1)
Y (1)

with n = 2, 3 and ovy(;g) is free in the fit.

We have also checked by varying 6% of the default width for 2S and 3S states and no

significant change has been found with the aforementioned process.

Background functions

3 functions have been used to fit the background continuum:

e the sum of two exponentials (DE)

e a single exponential (Expo)

e a power law (Pow)

This variation leads to a contribution of 6 to 11% to the systematic uncertainty. Thus,

the choice of the background function is the most important source of signal extraction

systematic.

Tail parameter

As already mentioned in 5.3.1, the tails of signal functions can not be let free in the fit

due to its low signal over background ratio. By default, these parameters are fixed to
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the ones extracted from 5.02 TeV MC signal shapes, represented in Fig. 5.2. The values
for the different states are found to be similar. So the T (nS) signal tails are fixed to the
T(1S) tails.

Norm = 375467.4040 + 385.1965
m, =9.4732 + 0.0001 GeV/c’
0, =0.1003 + 0.0001 GeV/c”
0= 0.9881+ 0.0020

n,= 20301+ 0.0038
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(b) T(2S) signal shape (c) Y(3S) signal shape

Figure 5.2: The T (nS) signal shapes from pure MC simulation fitted with CB2 distribu-
tion.

For an alternative tail set, the data-driven tails have been considered. Due to the
low statistics, the tails can not be extracted from pp 5.02 TeV data. Thus, it has been

decided to use the higher statistics of the 13 TeV pp data [3].

The extracted data-driven tails and the corresponding covariance matrix have been
used to generate several sets of parameters, as shown in Fig. 5.3. Then the signal
extraction is performed on these sets with the reference fit model described above. The
corresponding results are shown in Fig. 5.4. The associated systematic, estimated as
one RMS of the signal extraction distributions due to the tail parameters variation are:

4.7%, 6.1% and 14.5% for Y(1S), T(2S) and Y(3S), respectively.
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Figure 5.3: The distribution of tails generated from 13 TeV analysis [3].

The statistical and systematic uncertainties in signal extraction are evaluated as follow:

(5.4)

where x; is a test result, o; is the corresponding statistical uncertainty determined
by the fit, n the number of tests and u the average of the test results. In addition, the
percentage of signal extraction systematic due to tail parameter variation (see 5.3.2) are

added in quadrature to get the final systematic uncertainty.
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Figure 5.4: The signal extraction systematic (Signal function: CB2, Background func-
tion: DE, range: [6,14]) for data driven tail, generated from pp 13 TeV. In all above
figures, X-axis represents the fitting method with different sets of tail and Y-axis repre-
sents the T (nS) count. The solid red line shows the mean value averaged over all trials.
The dashed lines show the standard deviation.
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5.3.3 Signal extraction results

The systematic uncertainty is evaluated by combining all the sources reported in 5.3.2
for a total of 18 tests. The covariance matrix of each test must have converged with
a good x?/NDF (< 2). The systematic from the tail parameters have been included

separately.

Integrated

The signal extraction systematics integrated over pr and y are shown in Fig. 5.5 and

the results are reported in the Table 5.1.

Table 5.1: The number of Y (nS) from data (integrated over pp and y).

particle Ny =+ stat £ sys
T(1S) 401+ 34 + 26
T(29S) 153+ 22 £ 11
T(39) 38+ 17+ 7

Differential

For differential study, we have divided the data sample in 4 pr (0 < pr < 2,2 < pp <
4,4 < pp < 6,6 <pp <15 GeV/c) and 5 rapidity (-4 < y < —3.5, =3.5 <y < —3,

—3<y<—25-40<y<—325 —3.25<y < —2.5) bins.

In the differential bins, Y (1S) width fluctuation is observed. It has been checked that
fixing the width of T(1S) or keeping it free in the fit procedure gives the same Ny(ig)
within uncertainties. To avoid the extra systematic contribution, it has been decided to

keep the T(1S) width free in the fit procedure.

The tail parameters are extracted from the MC signal shape in the differential bins

under study. The fit procedure is identical to the integrated case.
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The invariant mass fit and signal systematics in 4 pp differential bins are shown in

Fig. 5.6 and in Fig. 5.7 respectively. The corresponding number of T(1S) are reported

in Table 5.2.

Table 5.2: The number of Y(1S) in py bins

pr (in GeV/e)

Ny + stat £ syst

[0—2] 56 £ 13 £ 4
2 — 4] 141 £ 20 + 9
[4— 6] 119 £ 17 + 7
[6 — 15] 86+ 14 £ 5
sum 402 £ 32 £ 13
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Figure 5.5: The distribution of the extracted number of T (nS) integrated over p and y
as a function of the fitting methods.
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Figure 5.7: The distribution of extracted number of Y(1S) in pp bins as function of
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The invariant mass fit and signal systematics in 3 rapidity bins are shown in Fig. 5.8
and in Fig. 5.9, respectively. The corresponding number of T(1S) are reported in Table
5.3.
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Figure 5.8: The fit to the dimuon invariant mass spectrum of T in different y bins.

Table 5.3: The number of Y(1S) in y bins.

Y Ny =+ stat £ syst
48 £ 13+ 4

226 £ 29 £ 16
133 £ 18 £ 8

sum

407 £ 37 £ 18
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Figure 5.9: The distribution of extracted number of Y(1S) in three y bins as function of
fitting methods.
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It may be noted that for the rapidity interval of —4 < y < —3.5, the T(1S) significance
is small and has a large fluctuation in the extracted numbers among the different fitting
configurations. It suggests that this particular bin does not contain enough statistics to

be considered.

So a different rapidity binning (4.0 < y < 3.25 and 3.25 < y < 2.50) has been
considered. The invariant mass fits are shown in Fig. 5.10. In this case, the statistics is

adequate leading to satisfactory statistical significance.

my_=9.4170 £ 0.0316 GeV/c* m, =9.4611+ 0.0158 GeV/c?

0, =0.1520 +0.0306 GeV/c’
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(a) 4.0 <y < —3.25 (b) —3.25 <y < —2.5

Figure 5.10: The fit to the dimuon invariant mass spectrum of Y in different y bins
(second splitting).

The Y(1S) signal systematics are shown in Fig. 5.11 and the corresponding number

of T(1S) are reported in Table 5.4.

Table 5.4: The number of T(1S) in y bins (second splitting).

Y Ny =+ stat £ syst
[—4, —3.25] 121 £20+£ 9
[—3.25, —2.5] 273 £ 27 £ 17
sum 394 + 34 £ 19

5.4 Detector acceptance and efficiency correction

The extracted T signal need to be corrected by the acceptance times efficiency (A x €) of

the Muon Spectrometer in order to get the corrected yields for the individual states. To

112



Chapter 5. T production in pp collisions at /s = 5.02 TeV

&
=

B2+DE_MCppSTailwo_6 14
B2+DE_MCppSTai wi_7_13
CB2+DE_MCppSTaiw_6_14
B24DP_MCppSTai w0_7_13
B24DP_MCppSTai w614
B2:DP_MCppSTaiw2_7_13
B2+DP_MCppSTaiw0_6_14
C32+0P_NCppSTail wl_7_13
CB2+E1_NCpoSTal v2_6 14|~

CB24DP.
CB2EL )
CB2:EL
CB2+EL}
CB24EL

(a) —4.0 <y < —3.25

N
Vis
IN
a
o

NY‘,: 273 + 27 (sat. 9.89%) = 17 (sys. 6.23% )

W
o
o
HIHH‘I \I‘HH‘HH‘HH‘HH
et
1
U
o
1
*—
1
1
'
1
"
1
U
'
1
e
1
1
1
ahi

k&

CB2+DE_MCppSTai wo_6_14
CB2+DE_MCppSTai wi_7_13
CB2+DE_MCppSTai w2_6_14
B2+DP_MCppSTaiw2_7_13

(b) —3.25 <y < —2.5

Figure 5.11:  The distribution of extracted number of T(1S) in two y bins (second
splitting) as function of fitting methods.

evaluate the A x e of muon spectrometer, the Monte Carlo (MC) simulation method has
been used. The MC simulations have been performed by mimicking the ideal detector

conditions during the data taking on run-by-run basis.

5.4.1 MC simulation

In the first step of the simulation procedure, rapidity and traverse momentum distri-
butions of T based on LHC, CDF and RICH data [4] have been used, assuming no
polarization, as suggested by ALICE and LHCb measurements at LHC on quarkonium
polarization [5-7]. The Y decays to u* u~ is implemented using EVTGEN [8] and PHO-
TOS [9] to allow for the radiative photons emission. The particle transport and the
detector response are handled via GEANT3 [10]. Using the GEANT4 [11] configuration,

an independent test of the detector simulation has also been performed. The results
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from both GEANT3 and GEANT4 are compatible with a maximum deviation of 2%.

The A x e corrections have been applied to the analyzed data set to obtain the T(1S)
pp and y realistic distributions in pp collisions at /s = 5.02 TeV. An iterative pro-
cedure has been performed to tune the YT input py and y MC distributions using the
corrected distributions. The 1** MC production can be found in LHC18c5a period (/al-
ice/sim/2018/LHC18c5a). We have followed the following steps to get final set. The final
MC set can be found

/alice/cern.ch/user/j/jcastill/ppl7wrk/UpsiMC_LHC17pq/ResultsUpsiAlipp5DataDriven.
o stepl: 1** set of MC simulation for Y(nS) are generated using parameterized pr
and y input distributions.

e step2: Next the number of YT(1S) extracted as a function of py, y and corrected
by the A x e calculated in step 1. These yields (NT(ls)/A x €) are fitted with the

following functions:

pbr

H = G ey

flyy=a+bxyxy

e step3: Next, f(pr) and f(y) are used as input shape of new T(1S) MC simulation.

e step4d: iteration process has been repeated from step 2 onwards until the input

shapes are very close to the YT(1S) yields distributions shown in Fig. 5.12.
Due to the limited statistics of T (2S) and Y(3S) in pp data at \/syy = 5.02 TeV, the
MC input shapes are assumed to be the same as Y(1S).

Acceptance times efficiency correction is defined as :
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Figure 5.12: The data points plotted on the MC input shape.

N, reconstructed

N,

generated

Axe=

where Nieconstructed 15 the number of reconstructed T and Nyeperatea 1S the generated T

in same kinematic domain.

For the evaluation of A X €, we have used the same run numbers and analysis cuts as

used to analyze the data. The integrated A x e of the different T resonances are shown

in Fig. 5.13 and the values are reported in Tab. 5.5. The acceptance times efficiency

decreases at the end of the LHC17q period due to inefficiency in the tracking chambers

caused by HV trips in this high-rate period.

Table 5.5: The value of integrated A x € of T(nS).

particle A x e £ stat. (%)
T(S) 28.93 £ 0.05
T(29) 28.79 £ 0.06
1(39) 28.95 + 0.11

The A x € of T(1S) as function of py and y are shown in Fig. 5.14 and the values are

reported in Tab. 5.6.
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Table 5.6: The value of A x € as a function of p (left) and rapidity (right) for T(1S).

pr (GeV/e) | A x e+ stat. (%)

[0— 2] 28.93 % 0.05 y

A x € + stat. (%)

2 — 4] 28.82 + 0.03 [4 — 3.25]
[4 — 6] 28.64 + 0.04 [3.25 — 2.5

34.16 + 0.04
| 26.79 + 0.04

6 — 15] 29.34 + 0.06
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Figure 5.13: The A x € for T as function of run numbers in
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5.5 Systematic uncertainties

Several sources contribute to the systematic uncertainty on the T production cross sec-

tion, which have been discussed in the following sections.

5.5.1 Signal extraction

The estimation of the signal extraction systematic has been discussed in 5.3.2 and the

corresponding results can be found in 5.3.3.

5.5.2 Luminosity

The main two sources of systematic uncertainty on the luminosity are the visible cross-
section uncertainty calculated with the T0 detector via the Van der Meer scan technique
[12] and the uncertainty on the normalization factor between the number of minimum
bias events and the number of triggered events. The latter was evaluated by using
minimum bias triggers issued either the TO or VO detector. For both cases (To or
VO0), the results are in agreement. The dominant part of uncertainty on the luminosity
determination comes from the uncertainty on the visible cross section, which is 1.8%.
This uncertainty is correlated as a function of pr and y and also correlated among all

the higher states.

5.5.3 MC input

The systematic uncertainty on the Y MC pr and y input distributions have two sources:
e The pp — rapidity correlations on input MC shape, which are not considered in MC
simulations.

e The statistical uncertainties on the data points used to tune these input distributions.
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The multi-differential study in not possible due to the lower statistic in pp 5.02 TeV
Upsilon measurements. To estimate the systematic uncertainty on the pr —y correlation,
the double-differential pr and y shapes are used from the LHCb Upsilon measurements
at /s= 13 TeV [13]. For each pp/y shape, the MC calculations are reweighed by the
ratio of differential shape over the integrated. The input shape in different py (y) interval

as function of y (py) are shown in Fig. 5.15.

Qo4 T T T T T T T T 3

E —0<p1<15GeWc E —-d45<y<-2
0.013F —0<p <2Gevic =

E —2<p_<4Gevic E
0'0125 4< p:<6 GeVic E /
0.011F -6< p, <15GeVic = 102 f

0.01F 3 C
0.009 E
0.008 - 3
0.007 - =
0.006 E 3
0005 /% v vyt o e e e 1% e
-45 -4 -3.5 -3 -25 -2

(a) y shape in different py interval (b) pr shape in different y interval

Figure 5.15: The input MC shapes used for the evaluation of the A x € systematics due
to the ppy—y correlations.

For each combination of pp and y weights (20 combinations), the A x e has been
evaluated and the RMS of the value has been considered as systematic. The systematic
uncertainties, integrated or differential in rapidity and pt due to correlation have been

found to be less than 1%. The corresponding values are reported in Table 5.7.

The MC input systematic uncertainties related to the statistical uncertainty on the
yields have been evaluated by randomly moving them with gaussian smearing within their
uncertainties. The procedure was repeated 50 times and each time the distributions have

been fitted. These shapes together with the existing input shape are shown in Fig. 5.16.

Each new input shape has been used to re-weight the MC and calculate a new A X e.

The RMS of these corrections is taken as the systematic uncertainty.
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Table 5.7: The systematic uncertainties (in %) on MC pr and y correlations.

T(1S)

Integrated 0.76

0,2] 0.53

2.4 0.84

pr (GeV/c) %4 6} 0.51

[6,15] 0.93

” -3.25-2.5] | 0.97

rapidity [4.0,-3.25] | 0.84
T(2S)

Integrated \ ‘ 0.76
T(39)

Integrated \ ‘ 0.76

5.5.4 Tracking efficiency

The tracking systematic is ~ 1% at single muon level, thus ~ 2% for dimuons. This

contribution is assumed to be uncorrelated in py and y and also for all T state [1].

5.5.5 Trigger efficiency

The two sources of systematic uncertainties are:

(a) the trigger response function systematic due to the difference in the shape of this

function between data and MC

(b) uncertainties on the efficiency maps of the trigger chamber.

Systematic due to Trigger Response function

The response function is defined as:
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Figure 5.16: The input MC shapes used for the evaluation of the A x e systematic due
to the statistical uncertainties on data points.

RF = ﬁ
Ayr

where:
L : GetMatchTrigger() >= 2 (1.0 GeV/c single muon py cut)

Ay GetMatchTrigger() >=1 (0.5 GeV/c single muon py cut)

The usual procedure used to extract the systematic is as follows:

e Evalute RF in DATA and MC. Then fit it with the following function:

mean

Fpr) = a+b x (1 + erf(%» (5.5)

g

e Select muons matching the A, trigger in T MC simulations and weight by the

RFMC or RFDATA

e Extract the number of Upsilon in two cases and take the relative difference as

systematic.
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Table 5.8: The MC input systematic uncertainties (in %) due to statistical errors on
data points.

T(1S)

Integrated 1.50

0,2] 1.57

24 1.47

pr (GeV/e) %4 6} 1.38

6,15] 1.35

- [-3.25,-2.5] 2.00

rapidity -4.0,-3.25] | 3.42
T(2S)

Integrated | | 1.50
T(3S)

Integrated | | 1.50

But for the present data set (pp 5.02 TeV) L, = A,r = 0.5 GeV/c. So one can not
use the method described above for trigger systematic evaluation due to RF. Therefore,

a new strategy has been adopted which is as follows:

e Evaluate the RF for Upsilon in MC pp 5.02 TeV. where

RFyq,, = %, where L, : GetMatchTrigger() >=1 (0.5 GeV /c single muon py

cut) and T, : without any trigger matching cut and fitted with F(py) (Fig. 5.17)

e One can not compute RFpara,, in pp 5.02 TeV data in same way as in MC,
because of hadronic contamination to the trigger matching condition. So for RF
calculation, a data sample (Pb-Pb 5.02 TeV) has been chosen in which L, =1
GeV/cand A,r = 0.5 GeV/c.

e Compute the RF in data/MC considering L, = 1 GeV/c and A, = 0.5 GeV/c
and fit the RF with F(pr) (Fig. 5.18)

e Then evaluate the relative difference of fit parameters (pr™", o) between MC and
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data of Pb—Pb.

e Modify the parameters (pcut, o) of the fit function obtained from step 1 by the
same relative difference estimated from step 4. This acts as RFpar A, for data in

pp at 5.02 TeV (Fig. 5.19)

e Select muons matching the A, trigger in T MC pp 5.02 TeV simulation. Fill the

histogram with a weight of RF) MC,, /RFpar Ay and without the weight.

e Extract the number of Upsilon in the two cases and take the relative difference as

systematic.

The different RF distributions are represented in Fig. 5.17, 5.18 and 5.19. This
procedure leads to an integrated systematic uncertainty is 0.6%. The numerical value of

this uncertainty for differential bins are reported in Table 5.9.

pp RF with Fitting in MC
1.2 4 pp RF in MC

e

Figure 5.17: The RF function from MC simulation for pp 5.02 TeV.

Systematic on the efficiency maps of trigger chamber

The procedure is the same as followed for J/i pp 5.02 TeV analysis[l]. The relative
difference of T number in the following simulations is taken as the systematic uncertainty

on the efficiency map chamber.

e realistic MC
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Figure 5.18: The RF function for Pb—Pb 5.02 TeV

e modified simulations with a blurred trigger response at the local boards level

The trigger intrinsic systematic is 1% for integrated ( Y(1S), T(2S), T(3S)) as well as
pr and rapidity bins (minor variation in differential bin). The uncertainty distributions

are shown in Fig. 5.20.

5.5.6 Matching

The systematic on the trigger-tracker matching has been estimated as 1% [14].
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Al Total

RF in MC pp at 5.02 TeV
RF in DATA pp at 5.02 TeV

B
Pt (single muon)

Figure 5.19: The RF function for pp 5.02 TeV using DATA and MC.

Table 5.9: The percentages values of the systematic uncertainties on the trigger response
function.

pr (in GeV/c) Wegr(lvf/)e;i\f(ollgf)egy(ls) (%)
[0, 2] 1.1
[27 4] 0.5
[4’ 6] 0.6
[6, 15] 0.4

y WegT(l‘;[S)e;iV&Ig)egT(ls) (%>
[—4.0, —3.5] 0.5
[—3.5,—3.0] 0.6
[—3.07 —2.5} 0.1
[—3.25, —2.5] 0.3
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5.5.7 Summary

The summary of different systematic contributions have been tabulated in Table 5.10.

The largest contribution comes from signal extraction.

Table 5.10: The summary of the systematic uncertainties (in %) for T analysis in pp
collisions at /s = 5.02 TeV.

SorCes T(1S) T(2S) T(39)
Integrated Pr Y Integrated | Integrated
Signal extraction 6.5 0.8—71162-74 7.4 18.4
Luminosity 1.8 1.8 1.8 1.8 1.8
MC input 1.7 1.5—-1.7]22-35 1.7 1.7
Tracker 2 2 2 2 2
Trigger response 0.6 04—-11101-0.6 0.6 0.6
Trigger efficiency 1 1 1 1
Matching 1 1 1 1 1

5.6 Results

The inclusive production cross-section of T has been evaluated for pp collisions at /s =

5.02 TeV. The integrated, y-differential and pp-differential cross-section are defined as :

. - Nys) 1 1
T(HS) AXxe BRT(DS)H;L+M7 Eint
doyng)  Nrms) 1 11

dy Axe BRT(ns)_”ﬁ.#_ ‘Cint Ay
2
Toyms)  Nrs) 1 11
dydpr Axe BRT(nS)—M,[ Line AyApr

where :

® Ny(ys) is the number of T obtained from signal extraction in 5.3.
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e [; is the integrated luminosity.
o A x € is the acceptance time efficiency correction evaluated in 5.4.

. BRT(HS)—WM‘ is the T — p*pu~ branching ratio (2.48 + 0.05% for YT(1S), 1.93
+ 0.17% for Y(2S), 2.18 £+ 0.21% for T(3S), from [2]).

o Ay, Apr represent rapidity and pp bin width.

5.6.1 Cross-section

Integrated over pr and rapidity

The Y (nS) integrated production cross-section (2.5 < y < 4.0, 0 < pr < 15 GeV/c) re-
sults are presented in Tab. 5.11. Where, the first uncertainty represent statistical and

second uncertainty is systematic.

Table 5.11: The value of T (nS) production cross-section (integrated over pr and y) in
pp collisions at /s = 5.02 TeV.

particle o + (stat.) £ (syst.) (nb)
T(19) 1547 + 3.86 £ 3.48
1(29) 22.40 + 3.22 + 2.67
1(39) 4.90 4+ 2.19 + 1.03

The Y (nS) production cross-sections have been compared with other LHC measure-
ments at different energies and illustrated in Fig. 5.21 and the corresponding numerical
values are listed in Table 5.12. In Fig. 5.21, the vertical error bar represents the quadratic
sum of statistical and systematic error. Y(1S) and Y (3S) results at 5.02 TeV with AL-
ICE are consistent with other LHC measurements while the Y(2S) results overestimate
the other LHC Y(2S) measurements. For the LHCb data point, we have also included

the branching ratio error in cross section. The rapidity and pp coverage of LHCb data
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are —4.0 <y < —2.5 and 0 < pp < 15, respectively.

Table 5.12: The values of the T(nS) production cross-sections (integrated over pr and
y) at LHC.

collaboration | +/s o5 (nb) Tag (1b) o35 (nb)
ALICE ) 45.47 £ 5.20 | 2240 £ 4.18 | 4.90 £ 2.42
ALICE 7 54.2 £ 84 18.4 £ 4.7 | not available
ALICE 8 71 £9.2 26 £6.4 9+4.1
ALICE 13 105.9 £ 8.5 40.5 £ 5.12 | 184 + 3.62
LHCb 2.76 | 27.09 £1.29 | 6.49 £+ 0.57 | 4.08 £+ 0.69
LHCb 7 65.95 £ 2.28 | 2092 + 1.93 | 9.06 £ 0.91
LHCb 8 82.21 £ 2.84 | 26.35 + 2.43 | 10.98 £ 1.10
LHCb 13 | 118.40 £ 2.82 | 36.66 + 3.26 | 16.07 £+ 1.56
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Figure 5.21: The integrated Y (nS) production cross-sections at different center-of-mass
energies. The reference of each measurements can be found at figure legend.
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Rapidity and y differential cross-section

The rapidity and pr dependence of Y(1S) cross-section are shown in Fig. 5.22 where

the horizontal line (x axis) represent the bin width, vertical line represent statistical

error and box around the point represent the systematic error. The numerical values are

reported in Table 5.13 and 5.14.
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Figure 5.22: The differential cross-section of Y(nS) as function of pr (left) and rapidity

(right).

Table 5.13: The values of the differential production cross-sections of Y(1S) in py bins

at /s = 5.02 TeV.

pr (in GeV/e)

o

dyaps (b GeV'e)

212 £ 049 £ 0.17
9.35 £ 0.76 £ 0.40
4.54 £ 0.65 £ 0.32
0.71 £ 0.12 £ 0.05

Table 5.14: The values of the differential production cross-sections of Y (1S) in rapidity

bins at /s = 5.02 TeV

Yy 9 (nb GeV'¢)

Y
[—4, —3.25] 15.49 4+ 2.56 £+ 1.40
[—3.25, —2.5] 4458 + 4.41 + 3.37
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5.6.2 Y (nS)-to-Y(1S) production cross-section ratio

The integrated production cross-section ratio of Y(2S) to Y(1S) and Y(3S) to T(1S)
at 5.02 TeV are 0.497 + 0.084 £+ 0.060 and 0.104 4+ 0.047 4+ 0.021 respectively. The
distributions of this ratio in different fitting methods are shown in Fig. 5.23. In this
ratio, the detector and luminosity related systematic and some part of signal systematic
get cancel out. The remaining systematic is due to the branching ratio and acceptance

times efficiency.

CSY(ZS)/CSV(ls)

C v(as)lcsvus)
o o o
5 5 &

IH\‘\H‘\HHI \l\\H\H\H‘\HI
B

Es

(b) oy (35)/77(18)

Figure 5.23: The cross section ratios obtained as a function of the fitting methods.

5.6.3 Comparison with theory and CMS measurement

The Y(1S) cross-sections have been compared with theoretical calculations based an

improved CEM (ICEM) model from Cheung et al. [15] using kr factorization approach
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as well as a NLO CEM model calculations from Lansberg et al. [16] for hadroproduc-
tion up to of. Both approaches account for the feed-down contributions from heavier

bottomonium decays.

The differential cross sections are plotted in Fig. 5.24 as a function of py for the Y(1S)
on the left panel and as a function of y for the three YT states, together with the CMS

measurements performed at midrapidity [17].
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Figure 5.24: pp dependence of the YT(1S) cross section (left) and y dependence of the
T(1S), T(2S) and Y (3S) (right) measured by ALICE and CMS. The two panels also show
calculations from the improved color evaporation model [15] with bands representing the
uncertainties on the renormalization scales and on the mass of the beauty quark. Results
from CEM with NLO corrections [16] are shown in the left panel.

The two calculations based on CEM give a fair description of the measured pt spec-
trum within uncertainties. The rapidity dependence (left panel of Fig. 5.24) shows that
the ALICE forward acceptance covers the region where the production cross-section
drops from the midrapidity plateau. This observation is in agreement with the ICEM
calculations. The measured Y(2S) production cross sections lie in the upper limit of
the model calculation while the Y(3S) values are on the lower limit of the calculation

uncertainties.
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5.6.4 Energy dependence of Y integrated cross-section of AL-

ICE

The rapidity and pr integrated (y, 0 < pp < 15 GeV/c¢) cross-section of T states are
shown as a function of the collision energy in Fig. 5.25. A steady rise of the cross section
is observed with increasing /s for all T. These ALICE results have been compared with
the theoretical calculations from ICEM [18] which reproduce the energy dependence

trend. However, the T(3S) results lie on the lower limit of the theoretical calculation

uncertainties.
3
5 WP
5 E
>
E L
% 10% E
1e -
i ALICE, 25<y <4
ICEM (V. Cheung et al. + FONLL) Y(@1s)
107 £ [Ovas &Y (25) E
F gy es) |/Y(3S)
lY (3S) DUncorreIated syst. unc.
1072 ol b b b b b

5 55 6 6.5 7 715 8
Vs (TeV)

Figure 5.25: The pr and rapidity integrated cross-section of Y(1S), T(2S), T(3S) as a
function of the energy, in pp collisions measured by the ALICE. The branching ratio and
luminosity uncertainties are added in the systematic boxes. The ALICE results are also
compared to the theoretical calculation from ICEM + FONLL [18, 19].

5.7 Summary

The inclusive YT (nS) production cross sections have been measured at forward rapidity
(2.5 < y < 4) in pp collisions at /s = 5.02 TeV. Due to the larger beam luminosity,
the double differential cross section studies have been carried out for the first time as

a function of pp and y along with the integrated Y(1S), T(2S) and Y(3S) cross section
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measurements. The inclusive cross sections, integrated over y and py (pp < 15 GeV/c)
are: oy(g) = 45.5 & 3.9(stat.) £ 3.5(syst.) nb, oy g = 22.4 & 3.2(stat.) £ 2.7(syst.) nb
and oy@zs) = 4.9 & 2.2(stat.) £ 1.0(syst.) nb. The corresponding excited-to-ground
state cross section ratios amount to: ovy(ss)/ovras) = 0.50 & 0.08(stat.) £ 0.06(syst.)
and oy(35)/0r@1s)y = 0.10 £ 0.05(stat.) 4 0.02(syst.).

The energy dependence of T (nS) states exhibits a steady increase of the cross-section
is observed with increasing center-of-mass energy for all the T states. The differential
cross-section are compared to ICEM calculations [15] and CEM calculations with NLO
corrections [16]. A good agreement within the uncertainties is observed between the
experimental results and the model calculations. The T (nS) measurements at /s = 5.02
TeV provides additional experimental constraints on quarkonium production models.
The rapidity dependence of Y(1S) cross-sections have been also compared with CMS
measurements at mid-rapidity [17] and it can be concluded that the ALICE forward
acceptance covers the region where the production cross section drops from the mid-

rapidity plateau region.
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CHAPTER 6

T production in p—Pb collisions at /sy =
8.16 TeV

This chapter focuses on the analysis of inclusive T production in p—Pb collision at /syy
= 8.16. I shall report the Upsilon production as a function of traverse momentum,
rapidity and centrality of the collisions and compare the results with previous ALICE
measurements at /sy = 5.02. The experimental results will also be compared with
different model calculations and other LHC measurements. This chapter is composed of
two parts: in the first part, T analysis as a function of py and rapidity will be discussed
and in the second part, T(1S) analysis as a function of centrality will be presented. The

results of this chapter are published in reference [1].

6.1 Beam configuration

The rapidity in the center-of-mass frame of reference ycyg in p—Pb collision is shifted

with respect to the laboratory frame of reference by an amount of Ay = +0.46 according
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to the following formula

Ay = %[IH(ZIA2) —In(Z,4,)] (6.1)

where Z1 = 82, Al = 208, Z2 = 1, A2 = 1.

p—PDb collision

When the proton beam going towards the Muon Spectrometer and the lead beam comes
from the spectrometer side is called p—Pb collisions as shown in Fig 6.1 left panel. The
center-of-mass rapidity coverage of this beam configuration is 2.03 < y < 3.53 and called

forward rapidity region.

Pb—b collision

When the proton beam comes from the spectrometer side and the lead beam going
towards the Muon Spectrometer, is called Pb—p collisions as shown in Fig 6.1 right panel.
The center-of-mass rapidity coverage of this beam configuration is —4.46 < y < —2.96

and called backward rapidity region.

6.2 Definition of the variables

Cross-section

It has been described in the previous chapter.
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2.03<y,,,:<3.53 -4.46<y,,.<-2.96

Figure 6.1: The p—Pb (left panel) and Pb—p (right panel) beam configurations in the
ALICE.

Nuclear modification factor

R,z

The nuclear matter effects on the bottomonium production can be studied by comparing
the p—Pb production cross section with the reference pp cross section obtained at the
same kinematic domain and scaled by the Pb nucleus’s atomic mass. This quantity

called as nuclear modification factor, R p;, and is defined as

d20-ng/dycmsde
APb X dQJgp/dycmsde .

Rppb - (62)

where:

) dQO'ng /dYemsdpr 18 the cross section in p—Pb collision.

) dQng /dYemsdpr is the cross section in pp collision.

e Apy is the atomic mass for Pb nucleus, A=208.
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QpA

The nuclear modification factor in centrality classes, is denoted as Qpy, [2]. In general
the R,py, is not used due to the possible bias from the centrality selection and the

determination of the nuclear thickness function (Tgpb> in a particular centrality bin j.

The Q,py, is defined as:

j N'JT(18)

Pb — : -
P (Top) - Mg - (Ax ) . BRoyg)L,t 0 - OXas)

where:

ijf(15) is the number of T(1S) signal obtained from the signal extraction for a

centrality class j;
e A X € is the product of the detector acceptance times efficiency;

® BR.y(g,,+, I8 the branching ratio of T(1S) in dimuonic decay channel =

(2.4840.05)%;

N&B is the number of minimum bias events for the centrality class j;

(T gpb> is the average of the nuclear overlap function for the centrality class j;

J%’}zls) is the inclusive Y(1S) reference cross section in pp collisions at the same

energy and kinematic domain.

6.3 Monte Carlo production and A X € estimation

The Monte Carlo simulations have been carried out to estimate the correction factor

for the acceptance and efficiency (A X €) of the detector. The simulation data-sets are

144



Chapter 6. Y production in p—Pb collisions at ,/syy = 8.16 TeV

produced run-by-run weighted by the corresponding number of CMULT triggers (the
trigger class on which the data analyses are based) in a given run. The vertex position
has been tested for both the estimated position and (0,0,0) options with no significant
effect for mass resolution. The run-by-run detector conditions are taken into account
using the ALICE OCDB. The official MC production can be found in LHC18k7a and
LHC18k7b for p-Pb and Pb-p respectively.

6.3.1 Monte Carlo production

The pr and y input shapes of T have been tuned directly on the p—Pb (Pb—p) at \/sSxn

= 8.16 TeV data, by an iterative procedure. The steps are briefly summarized here:

e stepl: first set of MC simulations based on the pr and y input shape obtained by

using the existing AliGenMuonLib class of pp and p—Pb.

e step2: Next the number of T(1S) extracted as a function of pr and y in p—Pb
(Pb-—p) data at /syy = 8.16 TeV and corrected by the acceptance x efficiency
(A x €) calculated in step 1. The resulting yields (NT(ls)/A X €) are then fitted

using the following functions:

pbr

H) = G ey

fly)=a+bxyxy

e step3: The modified f(py) and f(y) are used as input shape of new YT(1S) MC

simulation.

e step4: This iteration process is continued, till the input shapes, are very close to

the Y(1S) yield distributions.
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Due to the lower statistics of T(2S) in p—Pb (Pb-—p) data at \/syy = 8.16 TeV, the

MC input shapes are taken the same as Y(1S).

8 r hYieldsErrTot 8 F hYieldsErrTot
= Entries 2 C Entries B
£
4.15 14000 Mean 2.524
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Figure 6.2: The MC input shapes of ALICE data tuned (pr (left) and y (right) for p—Pb.
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Figure 6.3: The MC input shapes of ALICE data tuned (pr (left) and y (right) for Pb—p.

6.3.2 A Xe€

The A X € is defined as the ratio of the number of reconstructed Y(nS) to the number

of generated Y (nS).

N,

reconstructed
Axe= —7"—

N,

generated

The statistical uncertainties associated with the A x e evaluated as:

1 N,
reconstructed
N— X N, reconstructed X (1 - N—)
generated generated
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The selection cuts are the same as in data. The A x € factor is evaluated by averaging

TUn

over all the runs. Each run is weighted by NeMuLz.

period
NCMUL7
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Figure 6.4: The A x € of T(1S) as a function of run number for p-Pb (left) and Pb-p
(right).

The A x e of T(1S) as a function of run number is shown in Fig. 6.4. For p—Pb
collisions, the distribution is stable for all the runs. In the Pb-p collisions, A x e distri-
butions show significant fluctuations due to the HV trips in station 2 (chamber-03 and
chamber-04). The value of A x € of the higher states are almost the same as of T(1S)

and the average value of A x € are reported in Tab. 6.1.

Table 6.1: The pr and rapidity integrated A x e values in p—Pb and Pb—p collisions of
T(1S), T(2S) and Y(3S).

Beam conditions  particle A x e (%)
T(1S) 30.01 + 0.05

pPb T(25) 30.12 + 0.08
T(39) 30.04 + 0.06
T(1S) 97.35 £ 0.04

Pbp T(25) 27.41 + 0.06
T(39) 27.47 + 0.06

The pr and y dependence of the A x e of T(1S) are plotted at Fig. 6.5 and the values
are listed in Tab. 6.2 and Tab. 6.3 respectively. The acceptance efficiency as function of

pr is flat while as function of rapidity, the detector edge effects are observed.
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Figure 6.5: The A x € of T(1S) as a function of pr (left) and ycng (right).

Table 6.2: The A x € values as a function of ycyg in p—Pb and Pb—p.

Beam conditions YOMS A xe (%)
[2.03,2.53] 22.49 + 0.06

p-Pb [2.53,3.03] 44.22 4+ 0.04
[3.03,3.53] 23.18 + 0.04
[—4.46, —3.96] 19.55 £+ 0.05

Pb-p [—3.96, —3.46] 40.85 + 0.04
[—3.46, —2.46] 21.07 + 0.06

Table 6.3: The A x € values as a function of py in p—Pb and Pb—p.

Beam conditions pr (GeV/c) A x e (%)
[0, 2] 20.68 + 0.06
[2, 4] 29.65 + 0.04

p-Pb [4, 6] 29.50 = 0.04
[6,8] 29.60 + 0.05
8,15] 31.63 + 0.07
[0,2] 27.18 + 0.06
2, 4] 26.94 + 0.03

Pb-p [4,6] 26.91 = 0.06
6, 8] 27.05 + 0.07
[8,15] 29.31 + 0.08

6.4 Signal extraction

The Y(nS) signals are extracted by combining the opposite sign muon tracks recon-

structed in the Muon Spectrometer.

The dimuon invariant mass distribution has been fitted with a sum of three Extended
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Crystal Ball functions for YT(1S), YT(2S), T(3S) and various functions for continuum
background. The fitting functions have been discussed in the Appendix. The signal

extraction procedure is described in the following sections:

6.4.1 Tail Parameter

Due to the small S/B ratio in data, some constraints are applied in the fitting method.
To reproduce the signal shape, one need to fix the tail parameters of the signal function
to the values obtained from MC simulations (see Fig. 6.6 (CB2) and Fig. 6.7 (NA60) ).
Since no variation is observed for the tail parameters of T(1S), T(2S) and Y(3S), the

parameters of Y (1S) are used for three Y (nS) signal functions to fit the invariant mass

spectrum.

Tail for Extended Crystal Ball

[ Norm = 198016. 7202t2761317
L om =

F Norm = 185458.5461 + 270.4424
9.4724 + 0.0002 GeV/c’

L= m, =9.4741+ 0.0002 GeV/c®
G, = 0.1025 + 0.0002 GeV/c?
0.9856 + 0.0029
2.0699 + 0.0057
2.0804 + 0.0087
2.5310 + 0.0257
2/ndf = 10.07

2
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Figure 6.6: The mass fit to the simulated Y(1S) signals for p—Pb (left) and Pb-p (right)
to extract the tail parameters for CB2.

The tail parameter values, obtained from the MC are:

ap =0.982 £ 0.002, n;=2.092 £ 0.005, «ap=2.039+£0.007, np=2.469 +
0.020  for p—Pb period.
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ap =0.985 £ 0.003, n; =2.069 £ 0.006, «ap=2.081+0.009, np=2531+
0.025  for Pb—p period.

In each pr and y bins, the same set of tail parameters have been used.
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Figure 6.7: The mass fit to the simulated Y (1S) signals for p-Pb (left) and Pb—p (right)
to extract the tail parameters for NAGO.

P, =0.260 &£ 0.002, P, =1.068+0.003, Py, =0.012+0.001, a,=-0.791
+0.022

P r=0.176 £ 0.003, P,p =1.152 +0.009, P;p =0.020 £ 0.001 , ap =2.143 +
0.017  for p—PDb period.

Py, = 0261 +0.002, P, =1.068=+0.002, Py =0.012+0.001, o =-0.794
+ 0.002
Ppr=0.174 £ 0.002, P,p =1.150 £ 0.015, P;p =0.022 +0.001 , «ap = 2.170 £
0.017  for Pb—p period.

In each pr and y bins, the same set of tail parameters have been used.
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Different set of tails

We have assigned a systematic uncertainty for the tail parameter fixing. Different sets of
tails have been tested for signal extraction. The choice of the tails provides the largest
variation in the extraction of the Y(1S) yields. The following sets of the tail are used

for the CB2 function:

e p—Pb MC 8.16 TeV: Tail tuned on the invariant mass fit of p—Pb and Pb—p MC at
\/SNN — 8.16 TeV

e pp MC 8.00 TeV: Tail tuned on the invariant mass fit of pp MC at /s = 8.00 TeV

e pp DATA 13.00 TeV: Tails fixed to the values extracted directly from data in pp

collisions at /s = 13.00 TeV

The graphical form of the different sets of the tails are shown in Fig. 6.8
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Figure 6.8: The visualization of the different tail parameters for the YT (1S) signal.

The statistics in T mass range does not allow the determination of the data-driven

tail at /sy = 8.16 TeV.
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No tail variation has been tested for the NA60 function, as the contribution in signal

systematic due to the choice of the signal functions (CB2 or NA60) is negligible.

6.4.2 Mass and width of T(2S) and Y (3S)

Due to the small significance of the higher mass states (1(2S), T(3S)), the mass position
and width are scaled to T (1S) mass position and width value respectively in the following

way.

Mryggy = MXEZ{S) + (Mw]rj([z)g Mw]rj(ll)g))

My @ss) = MXE(ZfS) (lefjé)% M"Ifjé)%)

i OTe9 (6.4)
0y(28) = 0r(1s) X U"IM(?S)
MC
__Fit o7 (35)
0yr(3s) = 0r(1s) X %
1

It is tested that no variation of Y(1S) count has been observed for this scaling of
higher states. However, a systematic uncertainty is assigned for this scaling in T(2S)

and Y(3S) signal extraction.

For T(2S) and Y(3S), an additional systematic test has been added due to the width

scaling. The method of this systematic is same as discussed in Pb-Pb analysis [3]. Here

MC MC
g Y (= . .

e (22) has been varied between two extreme cases of the value obtained from
grs) 9r@s)

MC MC

official MC. Three set of “522 (Z522) is used for this study :

oY(1s) or@1s)

e From official MC, 1.05 (1.07) in p—Pb and 1.05 (1.07) in Pb—p.
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e Lowest possible value, which is 1 (1) for both p—Pb and Pb—p.

e Highest value of ratio among the different MC set which includes LHCb, AliGen
input, etc. And the value is 1.07 (1.09) and 1.07(1.10) for p—Pb and Pb—p respec-

tively.

6.4.3 Integrated invariant mass fit

The fits of the integrated spectra are shown in Fig. 6.9 by keeping YT (1S) mass position
and width free and the tail parameters are fixed to the values obtained from MC (fol-
lowing the discussion in 6.4.1) in the signal function CB2. The T(2S) and T(3S) mass

position and widths are bound to T(1S) using equation 6.4.

o L e e i AL i o s T N

K 203<y, <353 ‘ my = 9.4444 £ 0.0136 GeV/c? § 446<y, <2.96 my. =9.4400 £0.0110 GeV/c®
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Figure 6.9: Typical fit to the invariant mass spectra for the signal extraction in p-Pb
(left) and Pb—p (right) collisions using 3 CB24+VWG function. The shapes of the T(1S),
T(2S) and Y(3S) states are shown (blue, pink and green), together with the background
function (brown) and the total fit (red).

A total of 977£61(6.2%) [986£55(5.5%)] Y(1S) is found in p-Pb [Pb—p | collisions.
The signal significance of T(1S) within 30 range is 18 and 21 for forward and backward

rapidity, respectively.
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Signal systematics integrated over y and pr

The following tests are applied for the signal systematics evaluation:

The signal is fitted with CB2 and NAG0.

The background is fitted with DE, DP, VWG, POL1, EXPO*POLI1.

The fitting is performed for [6 — 13] GeV/c* and [7 — 12] GeV/c* mass ranges.

3 sets of tail parameters (MC pPb@8.16, MC pp@8, DATA pp@13) are used for
CB2 and 1 set of tail ( MC pPb@8.16) is used for NAGO

A total of 40 fitting methods are applied for the signal systematics evaluation of T (1S).
A weightage factor is considered as the number of the tests using data-driven tail are

not same as MC tail.

The fitting results that satisfy both, the convergence of the co-variance matrix and

x*/NDF < 1.6, are selected for the signal systematics evaluation.
The pr and y integrated systematic plot of Y(1S) shown in Fig. 6.10

For T(2S) and Y(3S) additional systematic test has been added due to the width
scaling described in 6.4.2. Total 40x3 = 120 test is applied for signal systematics eval-

uation (with weightage factor same as Y(1S)). The pr and y integrated systematic plot
of T(2S) shown in Fig. 6.11.

The width scaling systematics for higher states have a negligible effect on T(1S)
counts. The main contribution to the systematic uncertainty on the signal extraction is
due to the choice of tail parameter. The summary of total number of Y(1S), T(2S) and
T(3S) signals are listed in Tab. 6.4.
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Figure 6.10: The signal systematic plot of T(1S) in p—Pb (top) and Pb-p (bottom).
X-axis represents the different fitting methods and Y-axis represents the T(1S) signal
count.

Table 6.4: The number of Y(1S), T(2S) and T(2S) integrated over rapidity and py for
both p—Pb and Pb—p periods.

Beam ConﬁguratiOn NT(IS) NT(QS) N’r(3s)
p-Pb 909462458 1924+39+14 4843648
Pb-p 918+55+51 194+34+13 954+30+11

6.4.4 Signal extraction in differential (py & ycms) bins

In p—Pb and Pb—p collisions, the pr and rapidity dependence have been estimated for
the differential study using 5 intervals (0-2, 2-4, 4-6, 6-8, 8-15 GeV/c) and 3 intervals

(2.5-3, 3-3.5, 3.54, lab frame), respectively. The same strategy which is discussed in
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Figure 6.11: The signal systematic plot of Y(2S) in p—-Pb (top) and Pb-p (bottom).
X-axis represents the different fitting methods and Y-axis represents the T(2S) signal
count.

section 6.4.3 is applied for all rapidity and pp bins to calculate the signal systematics.
However, due to the limited statistics, the differential study of Y(2S) and Y(3S) could
not be studied. The number of T(1S) signal as a function of pr and ycy\g are presented

in Tab. 6.5 and 6.6, respectively.

6.5 The proton-proton reference

To calculate the T nuclear modification factor, one has to evaluate the proton-proton

reference cross section, at the same energy and same kinematic domain as of p—Pb and
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Table 6.5: The number of Y(1S) in py for both p—Pb and Pb—p periods.

pr (GeV/c) Ny(g) in p-Pb Nyqs) in Pb-p
[0, 2] 126423+7 13342148
2,4] 218429 £11 267+£29+16
4, 6] 237+28+14 23727413

6, 8] 164428410 1151848

8, 15] 206+36+32 159+28+9

Table 6.6: The number of Y(1S) in ycyg bin for both p~Pb and Pb—p periods.

p-Pb Pb-p
Yy Nyag) Yy Nyas)
[2.03, 2.53] 258+31+18 [—3.46, —2.96] 28727415
[2.53,3.03] AT4-+45+29 [-3.96,-3.46] 4984027
[3.03, 3.53] 179+26+13 [—4.46, —3.96] 14942849

Pb—p collisions. Both ALICE and LHCb have measured the T differential cross sections
at /s = 7 TeV and 8 TeV. The comparison of results between the two experiments can

be found in [4] and [5].

A good agreement is observed between the two experiments for both energies within
uncertainties. However, the pp results in the rapidity interval of p—Pb (2.03 < y < 3.53)
and Pb—p (—4.46 < y < —2.96) are available from LHCb. Thus, the current energy
extrapolation is entirely based on the LHCb results. The LHCb provides the Y(1S),
T(2S), and Y(3S) differential cross section for 2.0 < y < 2.5, 2.5 <y < 3.0,3.0 <y <
3.5,3.5 <y <4.0and 4.0 < y < 4.5 in pp collisions at 2.76 TeV [6], 7 TeV [7], 8 TeV [7],
13 TeV [8]. However, the LHCb pp 8 TeV result can not be directly used as a reference
for the ALICE proton-nucleus results, since two corrections (energy and rapidity range)

have to be applied.

The rapidity differential cross sections of LHCb results are added in order to obtain
the rapidity ranges close to those used for the R,p;, measurement. The comparison of
rapidity ranges in Tab. 6.7 shows good agreement of rapidity overlap between ALICE

p—Pb/Pb—p and LHC pp measurements. We have neglected the remaining 0.03 shift
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of rapidity between ALICE p-Pb/Pb-—p and LHC pp measurements in the following

analysis.

Table 6.7: The LHCD rapidity equivalence for ALICE in p—Pb and Pb—p measurements.

p-Pb Pb—p
ALICE p-Pb rapidity LHCb pp range | ALICE Pb-p rapidity LHCb pp range
[2.03,2.53] 2.0,2.5] [—3.46, —2.96] 3.0, 3.5]
[2.53,3.03] 2.5,3.0] [—3.96, —3.46] [3.5,4.0]
[3.03, 3.53] 3.0, 3.5] [—4.46, —3.96] [4.0,4.5]
[2.03, 3.53] 2.5,3.5] [—4.46, —2.96] (3.0,4.5]

Since the p-Pb data have been collected /syy = 8.16 TeV, an energy correction
factor has been applied in order to use the pp 8 TeV results. This factor (og16/05.00) 18
evaluated by performing an energy extrapolation starting from LHCb data at /s = 7
TeV, 8 TeV and 13 TeV.

6.5.1 Extrapolation techniques

The extrapolation techniques (for calculating energy correction factor) are the same as
discussed for interpolation methods in Pb-Pb collisions at /syy = 5.02 TeV analysis [2].
The only difference is that no model shape functions have been considered. The interpo-
lation is based on the fitting of experimental data points. The functions which are used

for the interpolation is mentioned below.

Linear function: py + p;.4/s.

Parabola: pg.\/s + p VS

s
Positive exponential: py.\/s.e?r .

s
Negative exponential: py(1 — +/s.e P ).

Power law py.v/ s
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For each rapidity and pr range, the final result is obtained as the weighted average
of the results obtained from all fitting functions. We have evaluated the cross section at
8.16 and 8 TeV from the fitting functions and the ratio of this cross section (g 15/05.00)
is used as an energy correction factor. Multiplying this energy correction factor with
the available LHCDb pp 8 TeV result ( ALICE p—Pb rapidity range), one can obtain the

reference results for p—Pb collisions at /sy = 8.16 TeV.

Reference cross-section in rapidity bins of Y (1S)

The Y(1S) branching ratio times production cross sections of LHCb at /s = 8 TeV [7]
in ALICE R,py, rapidity ranges are reported in Tab. 6.8. These results are obtained
by adding the py differential cross section up to 15 GeV/c in the mentioned rapidity
bin. The statistical and the uncorrelated component of the systematic uncertainties are
added in quadrature while the correlated component of the systematic uncertainties is

simply added.

Table 6.8: The values of (BR’I‘(ls) Lt X o) of LHCb in rapidity bins for pp collisions
at /s = 8.00 TeV.

Beam conditions Y BR X o (pb) £ stat + sys

T(AS)—ptp”
[2.03,253]  879.29+2.19+24.79 (2.94(uncorr) & 24.62(corr))
o P 2.53,3.03]  820.66-£1.23+23.35 (2.33(uncorr) & 23.23(corr))
[3.03, 3.53] 685.314+1.02+9.31 (2.12(uncorr) & 19.18(corr))
[2.03,3.53]  2394.26+2.71+67.18 (4.31(uncorr) & 67.04(corr))
[—4.46,—3.96]  292.76+1.2248.28 (1.16(uncorr) & 8.20(corr))
Pb-p [—3.96,—3.46] 523.96+0.98+14.78 (1.74(uncorr) & 14.67(corr))
[—3.46, —2.46]  685.31:£1.02419.31 (2.12(uncorr) & 19.18(corr))
= ]

4.46,-2.96] 1502.034+1.874+42.16 (2.98(uncorr) & 42.06(corr))

The similar results as in Tab. 6.8 are also obtained for pp collisions at /s = 7 TeV, 8
TeV and 13 TeV using LHCb measurements. These results are then fitted separately for
each rapidity bins of p—Pb and Pb—p to find the extrapolated value for pp collisions at
Vs = 8.16 and 8.00 TeV using the method as discussed in 6.5.1. The ratio of the cross

section (0g16/05.00)) 18 used as energy correction factor.

159



Chapter 6. Y production in p—Pb collisions at ,/syy = 8.16 TeV

The graphical representation of the fitting functions are shown in

Fig. 6.12 and 6.13.
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Figure 6.12: The energy extrapolation in y bins for the LHC16r (p-Pb) period.

All the functions do not fit the data. The fitting functions, that have §* values larger

than three times the minimum value has been discarded. The og6/05y is evaluated

from each surviving function and the final result is obtained as the weighted average of

these 0g16/05.00 ratios. The weight is given by the uncertainties on the ratio of the cross

sections.

In 0g16/05.00, Wwe have two uncertainties, one is associated with the fit (experimental

uncertainty, propagating the fit parameter uncertainties to the extrapolated cross sec-

tion) and the other is associated with the different interpolating functions, defined as

the maximum spread among the various surviving functions and final weighted average.

The former is correlated (fully) on 8 and 8.16 TeV cross sections and cancel out in the
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Figure 6.13: The energy extrapolation in y bins for the LHC16s (Pb—p) period.

ratio og16/05.00, While the latter contributes to the uncertainty on og 14/0g.g0-

The 0g.16/05.00 in p—Pb and Pb—p collisions in different y bins are reported in Tab. 6.9.

Table 6.9: 0g14/05.00 values in p—Pb and Pb—p rapidity bins.

In order to get the pp cross section at 8.16 TeV, we have multiplied the energy factor

Beam conditions y 0816/ 78.00
[2.03,2.53] 1.020 % 0.003

o P 2.53,3.03] 1.019 £ 0.001
3.03,3.53] 1.021 + 0.001
[2.03,3.53] 1.020 + 0.002
[—4.46,—3.96]  1.026 £ 0.004

Pbop (—3.96,—3.46]  1.021 % 0.001
[—3.46, —2.96] 1.021 + 0.001
(—4.46,—-2.96]  1.022 £ 0.003
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to the results in Tab. 6.8. These values are reported in Tab. 6.10.

Table 6.10: The values of (BR
at /s = 8.16 TeV.

r(8)sptp X o) of LHCb in rapidity bins for pp collisions

Beam conditions y BRy gyt X0 (pb) + stat + sys

2.03,2.53] 896.88+2.21£25.29 (3.00 (uncorr) & 25.11 (corr))
b Pb 2.53, 3.03] 845.424+1.25+23.79 (2.37 (uncorr) & 23.67 (corr))
3.03, 3.53] 699.70+1.04£19.71 (1.18 (uncorr) & 19.59 (corr))
2.03,3.53]  2442.14+2.78+68.52 (4.39 (uncorr) & 68.38 (corr))

[—4.46, —3.96]  300.37+1.25+8.49 (1.10 (uncorr) & 8.41 (corr))
Pbp [—3.96, —3.46]  534.964+1.00+£15.08 (1.13 (uncorr) & 14.98 (corr))
[-3.46, —2.46]  699.70£1.04419.71 (1.18 (uncorr) & 19.59 (corr))
[—4.46,—2.96] 1535.08+1.914+43.09 (3.05 (uncorr) & 42.98 (corr))

Reference cross section in py bins of Y (1S)

The YT(1S) branching ratio times production cross sections of LHCDb at /s = 8 TeV [7] in
pr bins (ALICE R, p,, rapidity ranges) are reported in Tab. 6.11. Since the LHCb data
at /s = 8 TeV has been provided in 1 GeV/c wide pp bins, some of them had merged
for required pr bin in ALICE R_p), rapidity ranges. The statistical and systematic error

are consider in same way as discussed in sec. 6.5.1.

Table 6.11: The values of (BRy g, ,
whu™
for pp collisions at /s = 8.00 TeV.

x o) of LHCb in forward and backward pr bins

Beam conditions pr ( GeV/c) BR

T(S) st o (pb) * stat + sys
[0, 2] 382.62£1.11£10.84 (1 65(uncorr) & 10.71(corr))
b-Pb (2, 4] 702.20£1.48+19.86 (2.79(uncorr) & 19.66(corr))
[4, 6] 565.47+1.33£15.97 (2.10(uncorr) & 15.83(corr))
6, 8] 351.251.0249.96 (1.55(uncorr) & 9.84(corr))
8,15]  392.7141.05£11.05 (1.10(uncorr) & 11.00(corr))
0, 2] 261.654+0.80£7.44 (1.31(uncorr) & 7.33(corr))
Pbop 2, 4] 459.7241.04=13.01 (1.90(uncorr) & 12.87(corr))
[4, 6] 354.984+0.90+10.05 (1.52(uncorr) & 9.94(corr))
6, 8] 213.11£0.69+£6.04 (0.93(uncorr) & 5.97(corr))
8, 15] 212.57£0.68+5.98 (0.61(uncorr) & 5.95(corr))
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The energy correction factor is evaluated in the same way as in rapidity bins by fitting
the experimental data points provided by LHCb at /s = 7, 8 and 13 TeV. The graphical

representation of the data fits are shown in Fig. 6.14 and 6.15.

0g.16/0s.00 Obtained from the functional dependence (Fig. 6.14 and 6.15) in p—Pb and

Pb—p collisions in different pt bins are reported in Tab. 6.12.

Table 6.12: The values of oy 15/0599 in ALICE p—Pb and Pb—p py bins.

Beam conditions pp ( GeV/c) 0516/ 08.00
0,2] 1.017 + 0.003
) 2,4] 1.018 + 0.002
p-Pb 4,6] 1.020 + 0.002
6,8] 1.022 + 0.001
8, 15] 1.026 + 0.004
0,2] 1.017 % 0.004
) 2,4] 1.019 + 0.002
Pb-p 4,6] 1.022 + 0.001
6,8] 1.024 + 0.004
8, 15] 1.030 + 0.004

In order to get the pp cross section at 8.16 TeV, we have multiplied the energy factor

to the results in Tab. 6.11. These value are reported in Tab. 6.13.

Table 6.13: The values of (BRy g, ,
whu”
for pp collisions at /s = 8.16 TeV.

x o) of LHCb in forward and backward pr bins

Beam conditions py ( GeV/c) BR b) £ stat & sys

Y(S) st~ X o (p
[0, 2] 389.13£1.13+11.02 (1.68 (uncorr) & 10.90 (corr))
5 Pb 2, 4] 714.8441.514£20.22 (2.84 (uncorr) & 20.02 (corr))
[4,6] 576.784+1.35+16.29 (2.15 (uncorr) & 16.15 (corr))
6, ] 358.98£1.05+10.18 (1.59 (uncorr) & 10.05 (corr))
8, 15] 402.92+1.08+11.34 (1.13 (uncorr) & 11.28 (corr))
[0, 2] 266.10+ 0.82+ 7.57 (1.33 (uncorr) & 7.45 (corr) )
Pb-p [2,4] 468.46+1.06+£13.26 (1.94 (uncorr) & 13.12 (corr))
4, 6] 362.79-£0.92410.28 (1.55 (uncorr) & 10.16 (corr))
6, 8] 218.2340.7146.18 (0.96 (uncorr) & 6.11 (corr))
8, 15] 218.94+0.70£6.16 (0.63 (uncorr) & 6.13 (corr))
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Figure 6.14: The energy extrapolation in pr bins for the LHC16r (p—Pb) period.
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6.5.2 Integrated pp reference cross section of Y (2S) and Y (2S)

The T(2S) and Y (3S) reference cross sections, integrated over rapidity and pr are evalu-
ated following the same procedure as of the T(1S). The values are reported in Tab. 6.14
and Tab. 6.15

Table 6.14: The values of BRT(2S) Lyt X O of LHCb in rapidity bins for pp collisions
at /s = 8.16 TeV.

Beam conditions Y BRT(zS)—uﬁ;f x o (pb) &+ stat £ sys
pPb [2.03,353]  615.54=1.53+17.20 (141 (uncorr) & 17.24 (corr))
Pb p [—4.46, —2.96] 381.37£L.05+10.73 (1.03 (uncorr) & 10.68 (corr) )

Table 6.15: The values of BRT(
at /s = 8.16 TeV.

38) sty X O of LHCDb in rapidity bins for pp collisions

Beam conditions y BRy3q) - X0 (pb) + stat + sys
p-Pb [2.03,3.53]  281.91£1.114+7.91 (0.58 (uncorr) & 7.89 (corr))
Pb-p [—4.46,—2.96] 180.031+0.77+5.06 (0.52 (uncorr) & 5.04 (corr))

6.6 Systematic uncertainties

The detector uncertainties (tracking efficiency, matching) which are supposed to be in-
dependent of the detected particle are taken the same as the J/1 [9] analysis. The other

systematic uncertainties are discussed in the following subsections.

6.6.1 Trigger efficiencies

The real trigger response in data is different from the trigger response in Monte Carlo

(MC) simulation. This difference is counted as trigger response systematic uncertainty.
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The steps are as follows:

e stepl: Evaluate the response function (RF) in DATA and Embedding MC for
Upsilon in Pb-Pb 5.02 TeV

e step2: The RF has fitted in DATA as well as MC with the fitting function

mean

Flpr) =a+bx (1+erf(FZH—) (6.5)

e step3: Then evaluate the relative difference of fit parameters (p1°*", o) between

MC and data.

e stepd: Evaluate RF in MC for Upsilon in p-Pb 8.16 TeV and fit with F(pr).

mean

e step5: Modify the parameters (pr™", o) of the fit function obtained from the step
4 by the same relative difference estimated from step 3. This acts as RF for data

in p-Pb (Pb-p) at 8.16 TeV.

The RF in Pb-Pb (data and MC) defined as:

where:
Ly, : GetMatchTrigger() >= 2 (1.0 GeV/c single muon pr cut)

Allyr © GetMatchTrigger() >=1 (0.5 GeV /c single muon py cut)
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—— MC Pb-Pb 5.02 TeV embading
—— Pb-Pb5.02 DATA
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Figure 6.16: The trigger response function in Pb-Pb period.

The RF in data and embedding MC for Y (1S) in Pb-Pb 5.02 TeV shown in Fig. 6.16

This RF are fitted with F'(pr) and evaluate the relative difference of fit parameters
(pr™™", o) between MC and data of Pb—Pb.

Trigger Response function (RF) in p-Pb MC defined as:

Al
N Total,r

Where:

All,r + GetMatchTrigger() >= 1 (0.5 GeV /c single muon py cut)
Total,r : No GetMatchTrigger() cut

In order to get RF function in p—Pb data, we have fitted the RF MC p-Pb and

mean

modified pr~" and o by the relative difference obtained in Pb-Pb data and MC RF
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fitting. The RF function for p—Pb is shown in Fig. 6.17.

All/Total,,
All/Total ;.

— RFinMCp-Pbat8.16 TeV

—— RFin DATAp-Pb at8.16 TeV — RFinMCPb-pat8.16 Tev

— RFin DATAPb-pat8.16 TeV

L L
10 15 20
Pt (single muon) Pt (single muon)

Figure 6.17: The trigger response function in p—Pb (left) and Pb-p(right) periods.

The trigger response systematic has been extracted as follows:

1. Select muons matching the All,; trigger in T MC p-Pb 8.16 TeV simulation.

2. Fill the histogram with a weight of RF/ MC,ppy /RFpsr Appy and without weight.

3. Extract the number of Upsilon in the above two cases and take the relative differ-

ence as the systematic uncertainty.

The pp and y integrated trigger response uncertainty amounts to 0.6% in p-Pb and
0.2% in Pb—p. As a function of ycyg and pr, the uncertainties are reported in Tab. 6.16

and Tab. 6.17, respectively.

Another 1% trigger systematic error is added due to efficiency systematic error and

A xe systematic error [9].
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Table 6.16: The values of trigger RF uncertainty in p-Pb and Pb-p periods as a function
of rapidity

Beam conditions  ycys uncertainty (%)
[2.03,2.53] 0.50

p—Pb 2.53,3.03] 0.55
3.03, 3.53] 0.87

Pb-—p 3.96, —3.46] 0.20

[
[
[—4.46,—3.96]  0.11
-
[—3.46,-2.46]  0.24

Table 6.17: The values of trigger RF uncertainty in p-Pb and Pb-p periods as a function
of pr.

Beam conditions py ( GeV/c) uncertainty (%)
[o 2] 0.33
2, 4] 0.65
) 4, 6] 0.83
p-Pb 6, 8] 0.85
8, 15] 0.89
0,2] 0.11
2,4] 0.18
) 4, 6] 0.19
Pbp 6, 8] 0.27
8, 15] 0.41

6.6.2 MC input systematic

T MC systematic are evaluated using the different input parameterizations. In order to
calculate this, we have generated different MC data sets with varying pr and y distribu-

tions. The input shapes are listed below:

e AliGenMuonLib: The pr and y input shape were obtained by using the existing
AliGenMuonlLib class of pp. A shadowing parameterization for p—Pb at 8.8 TeV
(PtUpsilonPPb8800ShFdummy) is multiplied to the input pr and y distributions
which are taken care of shadowing factor. We have added (subtracted) the rapidity

shift for the asymmetric collision in p—Pb (Pb—p) with the y distributions.

e LHCDb: This input parametrization was obtained by fitting the LHCb pp data at
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Vsnn = 8 TeV in the ALICE rapidity range. The rapidity shift for p-Pb system

and shadowing factor is also considered in the parameterization.

e ALICE: This input parameterization was obtained by fitting the ALICE p—Pb
(Pb—p) data at /syy = 8.16 TeV

For the evaluation of systematic uncertainty, we have selected those MC sets which
have the input shapes that are very close to the T yields distributions. The maximum
relative difference between the various input parameterization has been assumed as MC
systematic uncertainty. The pt and y integrated systematic uncertainty of T(1S) (1(2S))
is = 1% ( 1.3%) and 1% ( 1.6%) for p—Pb and Pb-p collisions, respectively. The MC
systematic uncertainty for the rapidity and py bins are tabulated in Table 6.18 and
Table 6.19, respectively.

Table 6.18: The MC systematic uncertainty values in p—Pb and Pb—p periods as a
function of y.

Beam conditions  ycmg uncertainty (%)
2.03,2.53] 4.0

p—Pb 2.53,3.03] 0.5
3.03,3.53] 1.5

Pb-p 3.96,—3.46] 0.4

—3.46, —2.46] 1.3

[
[
[—4.46,-3.96] 4.0
[
[

6.6.3 List of systematic uncertainties

The systematic uncertainties in cross-section and nuclear modification factor measure-

ments are summarized in Tab. 6.20.

171



Chapter 6. Y production in p—Pb collisions at ,/syy = 8.16 TeV

Table 6.19: The MC systematic uncertainty values in p-Pb and Pb-—p periods as a
function of pr.

Beam conditions pp ( GeV/c) uncertainty (%)
0,2] 1.0
2, 4] 1.0

p-Pb 4,6] 1.0
6,8] 0.6
8, 15] 0.7
0,2] 1.0
2,4] 1.4

Pb-p 4, 6] 1.1
6, 8] 1.2
8, 15] 0.6

Table 6.20: The systematic uncertainties, in percentage, on the three T state cross
sections and R p;, measurements for both p—Pb and Pb-p collisions. Ranges in paren-
theses stand for the maximum variation as a function of yqyg or pp. When no ranges
are mentioned, the quoted values are valid for both the integrated and the differential
measurements. Error type [ means that the uncertainties are correlated. If no error type
is specified, the uncertainties are considered as uncorrelated.

Sources T(1S) T(2S) T(39)
pPb | Pbp p-Pb | Pb-p [ p-Pb | Pbp
Signal extraction | 6.4 (5.1-15.9) | 5.7 (5.5-8.5) | 8.8 84 | 174 | 12.6
Trigger efficiency | 1.2 (1.1-1.3) | 1.0 (1.0-1.1) | 1.2 1.0 1.2 1.0
Tracking efficiency 1.0 2.0 1.0 2.0 1.0 2.0
Matching efficiency 1.0 1.0 1.0 1.0 1.0 1.0
MC inputs 1.0 (0.5-4.0) | 1.0 (0.4-4.0) | 1.3 1.6 14 1.8
pp reference 0.2 (0.1-0.4) | 0.2 (0.1-04) | 0.2 0.3 0.2 0.2
pp reference (I) 2.8 2.8 2.8
e 2.1 2.2 21 | 22 | 21 | 22
L2 (1) 0.5 0.7 05 | 07 | 05 | 07
B.R. (I) 2.0 8.8 9.6
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6.7 Results

6.7.1 Production cross sections

The inclusive T(nS) production cross sections have been determined in the forward
(2.03 < Yoms < 3.53) and backward (—4.46 < Yoms < —2.96) rapidities and their values

are:

Forward:

. agéll)s) = 14.50 4+ 0.99 (stat.) 4= 1.02 (uncor. syst.) £ 0.30 (cor. syst.) ub
o oY) =3.92+0.80 (stat.)  0.38 (uncor. syst.) £ 0.35 (cor. syst.) ub

o O'EF(,iS) = 0.87 £ 0.66 (stat.) £ 0.15 (uncor. syst.) = 0.08 (cor. syst.) ub,

backward:

o opiy”) = 10.470 £ 0.63 (stat.) + 0.69 (uncor. syst.) £ 0.22 (cor. syst.) ub
. agéis) = 2.84 4+ 0.50 (stat.) 4+ 0.26 (uncor. syst.) £ 0.25 (cor. syst.) ub

. agézs) = 0.87 £ 0.66 (stat.) £ 0.15 (uncor. syst.) = 0.08 (cor. syst.) ub,

In the systematic uncertainties, the first term is correlated and the second term is

uncorrelated in terms of rapidity.

The data collected during the p—Pb and Pb-—p collisions at /syy = 8.16 TeV allow
for the measurement of the differential YT (1S) production cross sections in ycyg or pr

intervals, up to pp < 15 GeV/c. The differential cross sections are illustrated in Fig. 6.18
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as a function of rapidity, integrated over transverse momentum, and in Fig. 6.19, as a
function of py, in the forward and backward rapidity regions. In both figures, the sta-
tistical uncertainties are shown as vertical error bars, while the systematic uncertainties
are shown as boxes around the points. The horizontal error bars correspond to the youg
or pr bin widths. The cross sections evaluated at forward and backward rapidities are
also compared with the pp ones, obtained through the interpolation procedure described

in sec. 6.5, scaled by the lead atomic mass number. The comparison plot shows that in

f:ﬁ., 25; ALICE, p-Pb VSTJN:'S-:LG TeV -
2 [ Y.p,<15GeVic
5
2 [ eY(1S) [ Apy x dopy Sty
5 200 vy Ay x doy 10y, ]
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Figure 6.18: The differential production cross section of Y(1S), T(2S) and Y(3S) as
a function of youmg, at /sy = 8.16 TeV. The reference cross section in pp collisions,

obtained through the interpolation procedure described in Sec. 6.5 and scaled by Ap;, =
208, is shown as a band [1]

the forward-rapidity the T (1S) production cross sections are smaller compared to the pp
ones, especially at low py, suggesting the role of CNM effects in p—Pb collisions. On the
contrary, in the backward-rapidity range, the pp and the Pb—p cross sections are quite

close and hence the nuclear effects seem to have a less prominent role.

The differential cross section times the branching ratio as function of ycyg and pp are

reported in Tab. 6.21 and Tab. 6.22 respectively.

The limited statistics available in the data sample allows the evaluation of the overall
T(2S) and Y(3S) production cross sections in the forward and backward-rapidity regions

as shown in Fig. 6.18. A suppression with respect to the corresponding pp reference,
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Figure 6.19: The differential production cross section of T(1S) as a function of py, at

forward (closed symbols) and backward (open symbols) rapidity, at |/syy = 8.16 TeV.
The reference cross section in pp collisions, obtained through the interpolation procedure

described in Sec. 6.5 and scaled by Ap;, = 208, is shown as a band [1].

Table 6.21: The value of BR . do/dy in ycyg bin at /syy = 8.16 TeV in p—Pb and
Pb—p collisions.

Beam conditions YoMs BR . do/dy (nb)
[2.03,2.53]  272.400 £ 32.739 (stat) £ 23.208 (sys)
_— 2.53,3.03]  254.537 + 24.166 (stat) % 17.197 (sys)
[3.03, 3.53] 183.371 + 26.637 (stat) £ 14.602 (sys)
[4.46, —3.96] 117.965 £ 22.170 (stat) £ 9.424 (sys
Pb p [—3.96,—3.46] 188.691 £ 15.157 (stat) £ 12.071 (sys)
[-3.46,-2.46] 210.829 + 19.843 (stat) & 13.399 (sys)

Table 6.22: The value of BR . dQU/dyde in pr bin at /syy = 8.16 TeV in p—Pb and
Pb—p collisions.

Beam conditions py ( GeV/c) BR . d*0/dydpr (nb)

[0,2] 16.801 = 3.067 (stat) £ 1.058 (sys)

o P 2, 4] 20.009 + 3.871 (stat) £ 1.710 (sys)
4, 6] 31.796 + 3.757 (stat) + 2.115 (sys)
6, 8] 21.928 + 3.744 (stat) 4+ 1.486 (sys)
8, 15] 7.364 + 1.287 (stat) = 1.165 (sys
0,2] 12.623 £ 1.993 (stat) + 0.879 (sys)

Pbp [2,4] 25.567 £ 2.777 (stat) £ 1.794 (sys)
14, 6] 92.719 + 2.580 (stat) & 1.484 (sys)
6, 8] 10.967 £+ 1.171 (stat) £ 0.858 (sys)
8, 15] 3.998 + 0.704 (stat) £ 0.265 (sys
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scaled by Apy, = 208, is observed.

6.7.2 Ratio of Y(nS) — p*u~ to Y(1S) — putu~ cross section

The mass difference between the T states are very small, therefore most of the systematic
uncertainties, apart from those on the signal extraction and MC input shape, cancel in
the ratio of their yields. Thus it can be expressed as:

[T(8)/ TSy, = R

T Nyas)/(Axe)ys)

The values of T(2S) over T(1S) ratio, evaluated at forward and backward rapidity,

are similar:

[T(28)/T(18)],pb(2-03 < Yems < 3.53) = 0.21 + 0.05 (stat.) + 0.02 (syst.),

[(28)/T(18)]ppp(—4.46 < Yoms < —2.96) = 0.21 4 0.04 (stat.) + 0.01 (syst.).

Fig. 6.20 shows the ratio [Y(2S)/Y(1S)],pp, at \/sxy = 8.16 TeV which also compared
with the results obtained by the LHCb Collaboration in pp collisions at /s = 8 TeV [7].

The values have been found to be compatible, within experimental uncertainties.

& 05T T T
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= F Y(2S)/Y(1S) e Y(3S)/Y(1S) ]
D 04F =
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Figure 6.20: The ratio of T(nS) to YT(1S) yields in p-Pb collisions at /syy = 8.16 TeV
and in pp collisions at /s = 8 TeV [7].
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The comparison of the YT (3S) to Y(1S) ratio is shown in Fig. 6.20. The numerical

values at forward and backward rapidity regions are:

[Y(39) /Y (18)],p5(2.03 < Yoms < 3.53) = 0.053 4 0.039 (stat.) 4 0.007 (syst.),

[Y(39)/ T (18)]pp(—4.46 < gorns < —2.96) = 0.102 = 0.032 (stat.) =+ 0.009 (syst.).

which are also in agreements with the LHCb pp results within the experimental uncer-

tainties.

6.8 Nuclear Modification factor (Rpr)

The matter effects in p—Pb collisions can be better understood through the nuclear
modification factor. The numerical values for the T states R p;, in the forward- and in

the backward-rapidity regions, integrated over pr, are:

RIS (2.03 < Yo < 3.53) = 0.71 £ 0.05 (stat.) = 0.05 (uncor. syst.) + 0.02 (cor. syst.),
RIS (446 < Youms < —2.96) = 0.81 £ 0.05 (stat.) £ 0.05 (uncor. syst.) % 0.02 (cor. syst.),
RIS (2.03 < Youns < 3.53) = 0.59 = 0.12 (stat.) % 0.05 (uncor. syst.) £ 0.02 (cor. syst.)
RIS (446 < Yo < —2.96) = 0.69 £ 0.12 (stat.) £ 0.05 (uncor. syst.) % 0.02 (cor. syst.),
RI(2.03 < Yeme < 3.53) = 0.32 £ 0.24 (stat.) % 0.06 (uncor. syst.) £ 0.01 (cor. syst.)

RIS (446 < s < —2.96) = 0.71 £ 0.23 (stat.) £ 0.09 (uncor. syst.) = 0.02 (cor. syst.)

The value of R,p,, as shown in Fig. 6.21, indicates a clear suppression of the T(1S)
production in p—Pb collisions, with respect to pp collisions, both at forward and backward
rapidity regions, with a hint of slightly higher suppression at forward ycy;g. The measured

R,py, is found to be 4.00 and 2.40 below the unity line in p-Pb and Pb-p collisions,
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Figure 6.21: The R,py, of T(1S) at \/syy = 8.16 TeV and 5.02 TeV obtained at same
kinematic domain [10].

respectively. The results are also compatible with the values obtained in p—Pb collisions
at \/syy = 5.02 TeV [10] measurements, as shown in Fig. 6.21. It may be noted that the
global uncertainties at the two energies are different. In 5.02 TeV, only the correlated
part of luminosity uncertainty is taken as global whereas, at 8.16 TeV, the uncertainties
on the branching ratio, correlated pp reference and correlated luminosity uncertainty

have been considered in the global systematic.

The value of Rpy, for T(2S) (Y(3S)) is below unity with 3.10 (2.70) at forward
rapidity and 2.30 (1.20) at backward rapidity. The R,p;, difference between T(2S) and
T(1S) amount to ~ 0.50 at both the rapidity regions suggesting a similar effect on the
production yields of the two T states in p—Pb collisions, with respect to pp. The large
uncertainties on the YT(3S) R,py, do not allow any strong conclusions on the behavior of

the most loosely bound bottomonium in p—Pb collisions.

6.8.1 R,py, as a function of ycpg

The Rpy, of T(1S) has been estimated in 3 rapidity bins and shown in Fig. 6.22 along
with the results obtained at ,/syy = 5.02 TeV. The values of R,p}, in the rapidity bins

are reported in Tab. 6.23. At the backward rapidity, the study seems to indicate a slope
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towards the mid rapidity. This is an unexpected result and might indicate the presence
of a new effect. However, this result needs to be established with higher statistics and

more finner rapidity bins.

s I R o o s s R R Ras s
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@ 1'4: ALICE, inclusive Y(1S) 7
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[ e pPbys,=816Tev ]
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Figure 6.22: The nuclear modification factor for inclusive Y (1S) production in p-Pb and
Pb-p collisions at /sy = 8.16 TeV as function of rapidity. The vertical error bars
represent the statistical uncertainties, the boxes around the points is the systematic and
the box around unity represents the global uncertainties.

Table 6.23: The values of R, p}, vs ycums in p~Pb and Pb-—p collisions at /sy = 8.16
TeV. The first uncertainty is the statistical, second one is the correlated systematic and
third one is the uncorrelated systematic uncertainties.

p—Pb Pb—p

YoMs Rpr of T(1S) YcMms RPbp of T(lS)

[2.03,2.53] 0.731£0.088+0.062+2.844% | [—3.46, —2.96] 0.725+0.06840.046+2.886%
[2.53,3.03] 0.724+0.06910.049+2.844% | [—3.96, —3.46] 0.849+0.06840.054+2.886%
[3.03,3.53] 0.6314+0.0924+0.050+2.844% | [—4.46, —3.96] 0.945+0.178+0.075+2.886%

6.8.2 R, py, as a function of py

R,py, has also been computed in 5 pr bins. The results are shown in Fig. 6.23. The value
of R,py, in the pr bins are reported in Table 6.24. Suppression of T(1S) is observed at
the low pr in the both forward and backward rapidities. However, more suppression is

observed at low-pp backward region.
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Figure 6.23: The nuclear modification factor for inclusive T(1S) production in p-Pb (left)
and Pb-p (right) collisions at /sy = 8.16 TeV as function of pr. The vertical error
bars represent the statistical uncertainties, the boxes around the points the is systematic
and the box around unity represents the global uncertainties.

Table 6.24: The values of R,p}, vs ycums in p-Pb and Pb-p collisions at /syy = 8.16
TeV. The first uncertainty is the statistical, second one is the correlated systematic and
third one is the uncorrelated systematic uncertainties.

Rpr Of T(lS) n p*Pb

RPbp Of T(lS) n Pb*p

0.623+0.114+0.039+2.844%
0.588+0.078-+0.035+2.844%
0.796+0.094+0.053+2.844%
0.88310.151+0.060+2.844%
0.92540.162+0.1464-2.844%

0.684+0.108+0.048+2.886%
0.788-+0.086+0.055+2.886%
0.90540.103+0.05942.886%
0.7264+0.114+0.0574+2.886%
0.92240.162+0.0614+-2.886%
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6.8.3 Comparison of Ry,p;, with model prediction and LHCb

measurement

The T(1S) R,py, are also compared with the LHCb measurement [11] at the same centre-
of-mass energy. The ycyg and pp coverage of LHCD results are —4.5 <y, < —2.5 and
2 < Yoms < 4, pr < 25 GeV/c. A fair agreement between the two experiment’s results

has been be observed.
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Figure 6.24: The T(1S) R,py, are compared with the corresponding LHCb results [11]
at y/syy = 8.16, as a function of ycys. The R,p, values are also compared to several
model calculations based on implementations of nuclear shadowing (EPS09 NLO [12-14],
nCTEQ15 & EPPS16 [15-20]) and on parton energy loss predictions, with or without
the EPS09 shadowing contribution [13, 21]. A theoretical model including a shadow-
ing contribution based on nCTEQ15 nPDFs plus the suppression induced by comover
interactions [22, 23] is also shown. For the LHCb experimental results, the vertical
error bars in data point represent the quadratic sum of the statistical and systematic
uncertainties [1].

The differential Rp;, of T(1S) as function of ycys and py are plotted in Fig. 6.24 and
Fig. 6.25 and have been compared with several theoretical models calculations based
on EPS09 [14], nCTEQ15 [20] or EPPS16 [15] sets of nuclear PDFs. The EPS09 NLO
parametrization is merged with a NLO CEM [12], which describes the T production. The

corresponding uncertainty bands, shown in Fig. 6.24 and Fig. 6.25, mainly come from
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Figure 6.25: The Y(1S) R,p, as a function of py for Pb—p (left) and p-Pb collisions
(right). The R,p}, values are also compared with theoretical model calculations based on
EPS09 NLO [12, 13], nCTEQ15 and EPPS16 [15-20] shadowing implementations [1].

the uncertainties of the EPS09 parametrization. The details of the nCTEQ15 and the
EPPS16 NLO nPDFs sets implementation following the Bayesian re-weighting technique
have been described in [16-19]. In this scenario, the uncertainty bands constitute the
convolution of the uncertainties in the nPDF's sets and those in the factorization scales.
In the model by F. Arleo et.al [21] (green band in Fig. 6.24) the gluon PDFs are treated

to be the same as in proton and lead nucleus. Thus the only uncertainty is due to that
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on the energy loss parameters, which results in a narrow band of energy loss predictions.

It can be observed that the shadowing calculation describes the yoyg and pr de-
pendence of the Y(1S) R,py, at forward rapidity within the uncertainties while they
overestimate the data at backward rapidity. Moreover, while the p dependence of the
ALICE results indicates a strong cold nuclear matter effect at low py, the shadowing
calculations do not have pr dependence. The ycyg dependence of nuclear modification
factor is also compared with a model calculation that combines the effects of parton
coherent energy loss with or without the contribution of the EPS09 nuclear shadow-
ing [13, 21| parameterization. The energy loss in p—Pb collisions is implemented by a
shift of the rapidity range relative to pp collisions. This calculation predicts a soft depen-
dence of the energy loss mechanism on ycys. The T(1S) R,py, values are also compared
with model calculations which include the shadowing contribution based on nCTEQ15
set of nPDFs plus the comover interaction [22, 23]. In this case also, the comparison
with data shows a slight overestimation of ALICE results at backward rapidity while at

forward region the data agree with the model calculations.

The model that includes the nuclear shadowing contribution with nCTEQ15 PDF and
the comovers interactions [22, 23] hints at a difference between the R,py, of the three T
states. This difference is more pronounced in the backward-rapidity, while it becomes
negligible at forward rapidity range. In the ratio of the Y(nS) to YT(1S) R,py, the
shadowing contribution (taken same for all states) and most of the theory uncertainties,
as well as some part of the uncertainties on experimental data, cancel out. Therefore,
the theoretical predictions are mainly driven by the comovers interaction which affects
mostly the higher excited states of T in the backward region. The bottom panel of
Fig. 6.26 shows that the ALICE results and the model prediction are in fair agreement,
although the uncertainties on the data do not yet allow a definitive conclusion on the

role of the comovers.
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Figure 6.26: The T(1S), T(2S) and T(2S) R,py, at /sxy = 8.16 as a function of yoys.
Theoretical model calculations including nCTEQ15 shadowing contribution and interac-
tions with comoving particles [22, 23] are also shown for all the T states. In the bottom
panel, the ratio of the T(2S) to Y(1S) and Y(3S) to T(1S) R,p}, is shown, together with
a calculation based on the aforesaid model predictions [22, 23].
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6.9 Centrality analysis

The data sample collected in p—Pb collisions during 2016 also allows the study of Y(1S)
production as a function centrality of the collisions. The centrality is determined based on
a hybrid model approach, described in detail in [24]. In this model, the centrality of the
collisions is determined by measuring the energy deposited in the ZDC detector in the Pb-
going direction. In each ZDC-selected centrality class, the number of average collisions
(Neon) is calculated as (Neon) = (Npart)-1, assuming the charged particle multiplicity is

proportional to the number of participant nucleons and N, measured at mid-rapidity.

The data sample is split into four centrality classes correspond to 2-20%, 20-40%, 40—
60% and 60-90% of the MB cross section. The most central collisions, 0-2% centrality are
excluded from analysis because of pile-up events in this centrality window and residual

contamination may be present even though the pile-up rejection cuts [2] are applied.

6.9.1 The number of MB events and nuclear thickness function

The normalization factor for centrality class j (Fgorm) is estimated using the normalization

factor integrated over the all centrality (F,.,) in following way:

CINT7  CMULT

o = From ¥ X : 6.6
norm norm C]NT7 CMUL’?‘] ( )

The number of equivalent MB events is obtained from:
N = FI L x CMULT (6.7)

Table 6.25 lists the values of CMULTY trigger and F,,, in ZN centrality classes.

The average number of nucleon collisions ((N.y)) or the average nuclear overlap
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Table 6.25: The values of CMUL7Y trigger and F) .,

Pb-p collisions.

in multiplicity bins for p-Pb and

p-Pb (2.03 < Yems < 3.53) Pb-p (— 446 < yoms < — 2.96)
ZN multiplicity
percentile CMUL7 CINTT Foomm CMUL7 CINT7 Florm
2-20% 6.77336e+06 | 8.3301e+06 | 404.05 | 2.29937e+07 | 9.64434e+406 | 178.36
20-40% 6.10969e+-06 | 9.25969e+06 | 497.93 | 1.72209e+07 | 1.07226e+07 | 264.77
40-60% 4.39644e+06 | 9.27712e4+06 | 693.27 | 9.78955e+06 | 1.07449e+07 | 466.74
60-90% 3.5366e¢4-06 | 1.40555e+07 | 1305.73 | 5.69048e+06 | 1.62358e+07 | 1213.29

function ((T;

opb)) in p~Pb collisions for a given centrality class, obtained by a selected

range of energy deposited in the Pb-remnant side of ZN and is obtained using the hybrid
method described in [2, 24]. The Tab. 6.26 shows the values of (N.,) and (7,

pr> Wlth

their associated systematic uncertainties for ZN centrality estimator.

Table 6.26: The average numbers of nucleon-nucleon collisions (/NV,,;) and average nuclear

overlap function (7,p,,) with their associated systematic uncertainty for ZN centrality

estimator. Values are taken from [25].

ZN centrality (N.y) Total syst. on

(Tpp) Total syst. on

classes <Ncoll> (%) <Tpr> (%)
2-20% 12.03 5.7 0.166 5.8
20-40% 9.81 1.7 0.135 2.1
40-60% 7.09 4.1 0.0978 4.2
60-90% 3.70 4.9 0.0510 5.2

6.9.2 AXxe & pp reference for the centrality dependence

No significant centrality dependence is expected for the Axe correction. Hence the

centrality integrated values have been used for all the centrality bins.

The integrated values of YT (1S) cross-sections for forward and backward rapidity are

reported in Tab 6.27. This value is used in all centrality classes.
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Table 6.27: The value of BRT(IS)—uﬁ;f x o of LHCb in ALICE p-Pb and Pb-p rapidity

ranges for pp at /s = 8.16 TeV.

X o (pb) £ stat £ sys

Beam conditions YOMS BRT(ls) et
p-Pb [2.03,3.53]  2442.1442.784+68.52 (4.39(uncorr) & 68.38(corr))
Pb-p [—4.46, —2.96] 1535.08=1.91-43.09 (3.05(uncorr) & 42.98(corr))

6.9.3 Signal extraction
The signal extraction procedure is the same as described in Sec. 6.4 except the width of
T(1S) keep fixed to that obtained from the fit to the integrated invariant mass spectra.

The systematic uncertainty on signal extraction has been determined extracting the

T(1S) signal from the following fitting methods :

Two different signal fitting functions: CB2 and NA60 functions

Five different background functions: VWG, DE, DP, P1, E1P1 functions

Two different fitting ranges: [6 — 13] GeV/c* and [7 — 12] GeV/¢?

Three sets of tail parameters: p-Pb MC at 8.16 TeV (used for both CB2 and
NAG60), pp 8 TeV MC (used only for CB2) and pp 13 TeV tails from data (used
only for CB2).

This process lead to 40 tests. As the width of T(1S) has been fixed in the fitting
procedure, a systematic has been assigned. The width of T(1S) has been varied within
the error limits of the fit to the integrated invariant mass spectra. Thus, 120 fitting
methods have been considered. The final extracted signal is the average of these 120
values, while the RMS of the distribution gives the systematic uncertainty on the signal.

Table 6.28 show the number of T(1S) with statistical and systematic uncertainties.
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Table 6.28: The number of T(1S) as a function of different ZN centrality classes.

2.03 < yors < 3.53 446 < go < — 2.96
ZN multiplicity percentile N+ (1S) (p- Pb) Ny (1S) (Pb-p)
2-20% 236 £ 25 (stat) £+ 15 (syst) | 253 £ 23 (stat) £+ 21 (syst)
20-40% 218 £ 25 (stat) £ (syst) 215 + 22 (stat) £ 14 (syst)
40-60% 150 + 21 (stat) + syst) | 157 + 18 (stat) = 11 (syst)
60-90% 131 + 18 (stat) + (Syst) 120 + 16 (stat) + 8 (syst)

6.9.4 Summary of systematic uncertainties

Table 6.29 summarizes the sources of various systematic uncertainties for Y(1S) in p-Pb
and Pb-p collisions for the centrality analysis. Except for the signal extraction, T},p;, and

F,

worm a1l the other systematic uncertainties are the same as in the integrated spectrum

which has been discussed in 6.6.
Table 6.29: The systematic uncertainties on the quantities associated to Y(1S) Q,pp,

measurement. Type I and II stands for uncertainties correlated with centrality of the
collisions and collision system (within p-Pb and Pb-p) respectively.

Source p-Pb (%) Pb-p (%)
Signal extraction 6.6 - 8.9 6.6 - 8.5
Trigger efficiency 0.6+1 (I) 0.2+1 (I)

Tracking efficiency 1 (I) 2 (I)
Matching efficiency 1 (I) 11
Input MC parametrization 1(I) 1 ()
Fnorm 1 (I) 1 <:[>

Fo 0.42 - 0.81 0.34 - 0.66

Toe 2.1-58 (1)  2.1-5.8(II)
pp reference 2.840.7 (I+1I) 2.840.8 (I+1I)

pile-up 2 2

6.9.5 Results

Fig. 6.27 show the Q,p, of T(1S) as a function of the average number of collisions
at \/syy = 8.16 TeV for p-Pb (left) and Pb-p (right) collisions. It can be observed

that there is almost no centrality dependence of Y(1S) Q,p;, both at backward and
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forward rapidities. The correlated systematics are the systematic on MC input, F ...,
pp reference, trigger matching and tracking efficiencies while the uncorrelated systematics
are systematic on signal extraction, Tppy,, Fyom (uncorrelated part) and plie-up. The

correlated systematic is represented in the figure by the red box around the unity.
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Figure 6.27: The T (1S) Q,p}, as a function of (N,)) at backward (left panel) and forward
(right panel) rapidities at /syy = 8.16 TeV [1].

The numerical values of Q,p;, of T(1S) are reported in Tab. 6.30.

Table 6.30: The Y(1S) Q,p, values as function of centrality of the collisions at backward
and forward rapidity in p-Pb collisions at /syy = 8.16 TeV.

centrality Qppp (—4.46 < Yeps < —2.96) Qppb (2.03 < Yeps < 3.53)
+ Global syst 3.9% + Global syst 3.6%
2-20%  0.885 =+ 0.080 (stat) & 0.095 (syst) 0.709 £ 0.075 (stat) £ 0.065 (syst)
20-40%  0.832 £ 0.089 (stat) £ 0.058 (syst) 0.724 + 0.083 (stat) £+ 0.062 (syst)
40-60%  0.837 4 0.096 (stat) £ 0.071 (syst) 0.687 £ 0.096 (stat) + 0.068 (syst)
60-90%  0.812 = 0.108 (stat) + 0.076 (syst) 0.759 + 0.104 (stat) + 0.068 (syst)
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6.10 Summary

The T production has been studied in p-Pb collisions at \/syy = 8.16 TeV in forward
(2.03 < yems < 3.53) and backward (—4.46 < youms < —2.96) regions. The inclusive
production cross-section and nuclear modification factor of Y(1S) as a function of ra-
pidity, transverse momentum and centrality of the collisions have been measured. The
T (1S) production cross-section scaled by the Pb mass number in p—Pb collisions has been
found to be suppressed with respect to the ones measured in pp collisions at the same
centre-of-mass energy. The value of R,p;, are similar at both forward and backward
rapidity interval with slight hints of stronger suppression at low pr. In both the rapidity
regions, there is no evidence for a centrality dependence of the Y(1S) Q,p,. The Rp,
results obtained at ,/syy = 8.16 TeV are similar within the experimental uncertainties
to those measured by ALICE in p-Pb collisions at the lower energy of \/syy = 5.02
TeV [10]. The rapidity dependence of ALICE R,p;, of T(1S) at /syy = 8.16 TeV has
been compared with LHCb measurement [11], which show a good agreement within the
uncertainties. The models based on nuclear shadowing and coherent parton energy loss
or interactions with comoving particles give a fair description of the data at forward
rapidity, while they tend to overestimate the R p;, backward rapidity. One can however
remark that the initial-state model calculations predict equal modification of all T states
and the results are higher than the measured R,p;, values. A better agreement with
data has been observed when the comover interactions have been considered.The Y (2S)
R,py, has also been measured, showing a strong suppression, similar to the one measured
for the T(1S), in the two rapidity intervals. Finally, a first measurement of the Y(3S)
production cross section and the R,py, have also been reported, although the large un-
certainties prevent a detailed comparison of its behavior in p—Pb collisions with respect
to the other bottomonium states. The large uncertainty bands in different theoretical
model predictions do not allow us to discriminate one over the other for the description

of experimental results. This is due to the large uncertainties in the nPDF values at the
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forward rapidity. However, one may expect more precise nPDF values from the p—Pb

analysis of the high statistics data obtained from Run3 and Run4.
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CHAPTER 7

Y production in Pb—PDb collisions at /sny
= 5.02 TeV

ALICE has reported a strong suppression of Y(2S) over Y(1S) in Pb—Pb collisions at
V5NN = 5.02 TeV [1]. The results have been also compared with 2.76 TeV [2] and no
significant energy dependence of Rj, is found. The Ry, of T(1S) as function of pr
is almost flat and no rapidity dependence in forward region is observed. The Y(1S)
R A decreases towards most central collisions. Different theoretical models prediction

describe the results within the uncertainties.

In this chapter, the T production will be reported from the combined data sample
collected during 2015 and 2018. Due to the higher statistics, the study of differential R, 5
of T(2S) with the centrality of collisions and rapidity have become possible. The mea-
surement is performed reconstructing bottomonium resonances via their dimuon decay

channel.
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7.1 Data Processing

The data set, trigger & physics selection, event and track selection have been described

in detail in chapter 4.

7.2 Acceptance and efficiency corrections

The number of measured T has been corrected with the acceptance times efficiency (
(A xe€)) of the spectrometer in order to get the yields. The A x € has been evaluated from
the embedding MC simulation described in ref [1]. The pr and rapidity input distribu-
tions extrapolated from collider data [3, 4]. A run-by-run weightage factor (proportional
to the number of CMUL events) has been applied to account for the accumulated statis-

tics in each run.

The A x € integrated over pp (pp <15 GeV/c), rapidity and centrality (0-90%) of
combined data sample of 2015 and 2018 amount to 0.2569 and 0.2562 for Y(1S) and
T(2S), respectively. The A x € as a function of py is flat and no variation is observed as
shown in Fig. 7.1 except the last bin. The centrality and rapidity dependence of A X €
is shown in Fig. 7.2. A relative increase is observed from peripheral to central collision
due to the increased occupancy in the muon chambers. The rapidity dependency reflects

the geometry of the spectrometer.

7.3 Signal extraction

The signal extraction procedure is the same as discussed in the previous chapter. Addi-

tionally, the event-mixing technique has been applied to improve the signal-to-background
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Figure 7.1: The A X e of T(1S) as function of py in Pb—Pb collisions at /syy = 5.02
TeV.
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Figure 7.2: The A x € of T (1S) and T (2S) as function of collision centrality (left panel)
and rapidity (right panel) in Pb—Pb collisions at ,/syy = 5.02 TeV.

ratios in Pb—Pb analysis. The detail of the event-mixing technique is described in [5]. The
fits to the integrated invariant mass spectra obtained from the raw and the background-

subtracted data are shown in Fig. 7.3.

7.3.1 Systematic on signal extraction

The following variations in the fitting parameters have been considered to estimate signal

systematic:

e 3 sets of tail parameters from embedding MC (GEANT3), pure MC (GEANT4)
and pp MC at /s = 5.02 TeV.

e Width scaling systematic same as in chapter 4.
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Figure 7.3: The typical fits to the invariant mass spectra obtained from full Run 2 (0—

90% centrality) data sample with raw (left) and mixed-background subtracted (right)
analysis in the bottomonium mass range.

e The sum of two exponentials and a variable width gaussian (VWG) function have
been used raw data background. For the event mixing case, the residual background

is fitted with the shape of a single exponential and a power law function.

e Two fitting range have been used ([6-13], [7-14] GeV/c?).

The centrality-integrated signal extraction results for Y(1S) and Y(2S) are reported
in Tab 7.1

Table 7.1: The number of Y (nS) integrated over py, y and centrality.

particle N + (stat.) £ (sys)
T({S) 3506 117 (3.3%) + 137 (3.9%)
1(29) 289+ 61 (21.1%) =+ 62 (20.3%)

Centrality dependence

The full Run2 data sample was further divided into 9 centrality bins for Y (1S) differential
study. First time at the forward rapidity, the centrality dependency of Y(2S) production
has been studied by splitting the data sample into 2 centrality bins. The signal extraction
procedure and evaluation of signal systematic are identical to the integrated case. The

results are reported in Tab. 7.2 and Tab. 7.3.
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Table 7.2: The number of Y(1S) in different centrality bins.

Centrality (%) NT(lS) + (stat.) & (syst.)
05 643 + 73(11.4%)=+ 40(6.3%)
510 612 + 50(8.2%) =+ 34(5.6%)
10-15 A71 + 45(9.6%) + 28(6.1%)
1520 353 + 35(9.9%) + 22(6.5%)
20-30 644 + 50(7.9%) + 41(6.5%)
30-40 375 + 43(11.5%) + 14(3.9%)
40-50 230 + 29(12.9%) + 20(8.9%)
50-70 160 + 22(14.1%) + 14(9.1%)
70-90 59 + 11(19.1%) + 3(5.7%)

Table 7.3: The number of T(2S) in the two centrality bins.

Centrality (%) NT(2S) + (stat.) & (syst.)

0-30 173 + 31(18.2%) + 49(28.7%)
30-90 102 + 31(30.8%) £ 12(11.9%)

pt dependence

For py differential study of YT(1S), the data have been divided in 5 bins. The signal
extraction procedure in p bins is the same as in the integrated case. The numbers in

pr bins reported in Tab. 7.4.

Table 7.4: The number of Y(1S) in different py bins.

pr ( GeV/e) NT(lS) + (stat.) £ (syst.)
0<pp<2 | 623457 (9.2%) £ 61 (9.8%)
2 <pr<4 | 11274+ 62 (5.6%) & 56 (5.0%)
4<pp<6 | 830 =+ 51 (6.2%) £ 30 (3.6%)
6 <pp<9 | 540 £ 55 (10.3%)=+ 54 (10.0%)
9 < pp <15 | 383 4 40 (10.7%)+ 21 (5.7%)

Rapidity dependence

The data were split into 5 rapidity bins for Y (1S) differential study and 2 bins for T(2S).

In the rapidity bins, fluctuations in the mass position and width have been observed. To
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account for these fluctuations, the mass and width have been fixed to their integrated

value in following way:

MC MC

m; o
mM; = Mint X —No» 0; = Oint X e
int Oint,

The associated systematic study to this fixing method is evaluated by changing the
integrated value within the statistical uncertainty limits of the integrated result. The

number of T(1S) and Y(2S) in different y bins reported in Tab. 7.5 and Tab. 7.6, respec-

tively.

Table 7.5: The number of Y(1S) in different rapidity bins.

Rapidity NT(lS) + (stat.) £ (syst.)
25 <y <28 | 500 £ 55 (11.2%) = 40 (8.0%)
2.8 <y <3.1| 1137 + 69 (6.1%) + 47 (4.2%)
3.1<y<33| 811457 (7.1%) + 33 (4.2%)
3.3 <y <3.6| 812+ 59 (7.3%) + 33 (4.1%)
3.6 <y < 4.0 | 308 + 37 (12.1%) + 23 (7.6%)

Table 7.6: The number of T(2S) in the two rapidity bins.

Rapidity NT(2S) + (stat.) £ (syst.)

25 <y <3.3 | 136 £ 50 (36.9%) £ 21 (15.8%)
3.3 <y <4.0 | 140 £ 36 (26.2%) + 17 (12.4%)

7.4 pp reference cross section

The inclusive Y(nS) production in pp collision at /s = 5.02 TeV, reported in chapter
5 has not been directly used as the reference of Pb—Pb measurements. The large statis-
tical uncertainty on results and non-availability of the differential result as per Pb—Pb
analysis requirement, are the two main reasons for not using the pp measurements as a

reference.
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Instead, interpolation procedure described in [6] has been applied to evaluate the

pp reference using the available ALICE [7, 8] and LHCDb [9-11] pp measurements. In

interpolation the procedure, the ALICE results at /s = 5.02 TeV has also been used.

The differential reference cross section are reported in Tab. 7.7, Tab. 7.8 and Tab 7.9.

For centrality bins, the integrated reference cross-section has been used.

Table 7.7: The Y(1S) pp-differential reference cross-sections.

T =
2 Y(1S)—=p' pn
d"opp

Pr ( GeV/c) dydpy (nb/(GeV/c>)
0<pr<2 T4+5

2<pp <4 12248

4<ppr<6 97+6

6<pr<9 49+4

9<pr<1b 1342

Table 7.8: The Y(1S) y-differential reference cross-sections.

e
T(1S)—p ' p
dopp

Yy dy (nb)
25 <y<28 1033%51

28 <y <31 909460

31 <y<3.3 79667

3.3 <y<36 679+71

3.6 <y<4.0 513+£73

Table 7.9: The Y(2S) y -differential reference cross-sections.

TR2S)—=u p
pp

Yy dy (nb)
25 <y <3.3 241419
3.3 <y <4.0 147+21
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7.5 Systematic uncertainties

The list of systematic uncertainties and the associated percentage contributions are re-

ported in Table 7.10 and Table 7.11 for Y(1S) and YT (2S), respectively.

Table 7.10: The summary of all the systematic uncertainties (in %) of Y(1S)

Source Integrated | Centrality y P
Signal extraction 4.4 3.9-74 | 3.6-10.2 | 3.6-9.1
MC input 0.4 0.4 0.2-04 | 0.1-0.6
Tracker 3 3+(0-1) 3+1 3+1
Trigger 3 3 1.4-3.7 1-2.6
Matching 1 1 1 1
Form 0.5 0.5 0.5 0.5
(Tan) 1 0.7-2.4 1 1
Centrality - 0.1-5.5 - -
oy 5.3 5.3 4.9-14.3 | 5.7-15.8

7.6

Table 7.11: The summary of systematic uncertainties (in %) of T(2S).

Source Integrated | Centrality y
Signal extraction 18.4 14.0-23.4 | 9.7-39.0
MC input 0.3 0.3 0.7
Tracker 3 3+(0-1) 3+1
Trigger 3 3 1.4-3.7
Matching 1 1 1
Foorm 0.5 0.5 0.5
(Ths) 1 0.8-2.56 1
Centrality — 0.1-0.3 —
o 7.5 7.5 8.1-14.4

Results

The inclusive T production yields normalized by the nuclear overlap function along with

the CMS measurements at mid-rapidity, are shown in Fig. 7.4. The rapidity dependence

shows the characteristic fall at ALICE forward region and py spectrum hints to a softer

dependence at forward rapidity than the mid-rapidity [12].
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Figure 7.4: The inclusive T(1S) production yields in Pb-Pb collision at ,/syy = 5.02
TeV as function of rapidity (left panel) and py (right panel) together with CMS results
at mid-rapidity. The Y(2S) results are multiplied with a factor of 4 for clear visualiza-
tion [12].

The integrated nuclear modification factor of Y(nS) in the kinematic range 0-90%,

0<ppr <15 GeV/cand 2.5 <y < 4.0 are

o R =0.353+0.012 +0.029

o REZD —0.128 +0.024 £ 0.026

The ratio of the two Rpypy, is

RY(2S)
Rﬁ’f‘gfsg = 0.360 £ 0.069 £ 0.055

PbPb

In all the above cases, the first uncertainty is the statistical and the second one is sys-
tematic uncertainty. The results have been compared with the measured Rx5 at /sy =
2.76 TeV [2](Table 7.12) and no significant energy dependence has been observed within

the uncertainties.

The centrality dependence of Ry, is shown in Fig. 7.5. YT(1S) production shows a

strong suppression towards the most central collisions whereas T(2S) seems to have no
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Table 7.12: The T(1S) Ra 4 at different energy measured by ALICE. The first uncertainty
is statistical, while the second uncertainty the systematic one.

v SNN (TeV) Raa
2.76 0.300£0.050+0.040
5.02 0.3531+0.012+0.029
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Figure 7.5: The Rja of T(1S) and Y(2S) as function of centrality (number of partic-
ipants, Nya¢). The vertical error bar represents statistical uncertainties, box around
the data represents the uncorrelated systematic uncertainties and the filled box around
the unity line corresponds to the correlated systematic uncertainties. All the following
figures have the same convention. The results are also compared with several model
predictions [12].

significant centrality dependence within the uncertainties. The experimental results are
compared with theoretical model calculations based on the rate equations. In the co-
movers model [13], the modification of PDF in the nucleus is taken into account and the
quarkonia are dissociated in the final state via the interaction with surrounding medium
particles. In the transport model [14], the Upsilon yields are obtained by solving the rate
equation in presence of binding energy modification in medium, regeneration and disso-
ciation by the inelastic scatterings. The theoretical calculations based on the anisotropic
hydrodynamics [15] have been derived by solving the thermally modified a complex heavy
quark potential. In all the models, the major uncertainty comes from the nPDF and rate
equation parameters. The various model predictions reproduce the trend of the ALICE

data within the calculation uncertainties as shown in Fig. 7.5.
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The pr dependence of Ry, in 0-90% centrality is shown in Fig. 7.6. No significant
variation with pp up to 15 GeV/c has been observed. The Transport and Hydrodynamics
model calculations describe the results within the uncertainties. However, one may note
that the measurements are in better agreement with the hydrodynamics calculations for

47 . n/s = 1, which is also supported by the flow measurements of ALICE.

RAA

12~ Pb-Pb s, =5.02TeV,25<y <40 .
L ALICE (0-90%) e« Y{(1S) ]
o =

L Hydrodynamics Transport model i
08— - amtnls =3 with 77, without regeneration —
L --4mnls =2 ]
06 ; —4annls=1 {

0 2 4 6 8 10 12 14
P, (GeVl/c)

Figure 7.6: The Rj, of T(1S) as function of pp [12]. The results are compared with
Transport [14] and Hydrodynamics [15] model calculations.

The rapidity dependence of the nuclear modification factors is shown in Fig. 7.7.
The ALICE results are compared with CMS measurements [16] at mid rapidity. The
Raa of T(1S) at mid-rapidity almost flat however its decreases if one goes towards the
more forward regions. The R, is lower by ~2¢ in the most forward-y interval with
respect to the central range of the ALICE measurement. However, the hydrodynamic
calculations indicate the opposite behavior where the rapidity profile is estimated from
the initial conditions of the simulated medium [15]. This rapidity dependence needs to
be scrutinised in future analyses with high statistics data. The Ry, of T(2S) is flat at

both mid and forward-rapidity within the uncertainties.
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Figure 7.7: The Rya of T(1S) and Y(2S) as function of rapidity [12]. The results are
compared with CMS [16] measurements at mid-rapidity and the Hydrodynamics [15]
model calculations.

7.7 Summary

The detailed measurements of T (1S) production, as well as the first differential measure-
ment of T (2S) at the forward rapidity combining the 2015 and 2018 data set, are reported
in Pb-Pb collisions at ,/syy =5.02 TeV. The centrality (0-90%), transverse momentum
(pr < 15 GeV/c) and rapidity (2.5 < y < 4.0) integrated nuclear modification factor for
T(1S) and Y(2S) are 0.353 + 0.012 (stat.) £0.029 (syst.) and 0.128 £ 0.024 (stat.) +
0.026 (syst.), respectively. The suppression of YT (1S) gets stronger towards more central
collisions. The rapidity dependence of Y(1S) Ra4 hints a decrease in value at the most
forward rapidity interval comparison to the central range of the ALICE measurement.
Together with the CMS results [16], these measurements constrain the Y(1S) suppres-
sion as a function of rapidity with respect to pp collisions. No significant pr dependence
of Rpa is observed up to 15 GeV/c. It is worth noting that the nuclear modification
factor in p—Pb collision shows a significant p dependence in both forward and backward
rapidity interval measured by ALICE [6] and LHCb [17]. The difference in behaviour
between p—Pb and Pb—Pb collisions may impose some constraints in theoretical models

in near future.

The available theoretical model predictions, that describe the bottomonium produc-
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tion in Pb—Pb collisions do not fully explain the rapidity dependence observed for the
Rpa of T(1S) in the ALICE forward region.

The Y(2S) state is found to have larger suppression than the ground state. The
large uncertainties in Y(2S) R, prevent any definitive conclusion on its centrality and

rapidity dependence.
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CHAPTER 8

Nuclear modification factor of average D

meson in an anisotropic quark-gluon plasma

at the LHC energies

This chapter presents the theoretical calculations carried out during the course of this
thesis work, on the charm mesons py spectrum and nuclear modification factor (Ry ) of
average D meson. After the introduction, the formalism to calculate the radiative energy
loss in aQGP with infinite extent has been discussed. Next the hardonic pr spectrum
both in pp and A-A collisions along with the calculation of Ry, are presented. The
main features of anisotropic hydrodynamics in (141)d have been briefly summarized in

the next section. In the end, the numerical results have been discussed.

8.1 Introduction

In ultra-relativistic heavy-ion collisions, the hardonic matter undergoes a phase transition
to a new state of matter which is characterized by high temperature and energy density.
According to Quantum Chromodynamics (QCD), such extreme conditions lead to the

formation of a deconfined medium of quarks and gluons, known as Quark-Gluon Plasma
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(QGP) [1, 2]. Many experimental evidences support the production of the deconfined
medium at Brookhaven National Laboratory in Relativistic Heavy Ion Collider (RHIC)
experiments [3] and at CERN in Large Hadron Collider experiments [4]. One of the
most striking signatures of the deconfined medium produced in nucleus-nucleus (A — A)
collisions is the suppression of high transverse-momentum hadrons compared to the
binary scaled proton-proton collisions, commonly known as jet quenching [5-13]. The
jets are produced at the very early stages of the collision. In A — A collisions, the initial
hard partons lose energy via collisional and radiative processes inside the deconfined
QCD medium, which leads to the suppression of jets compared to the proton-proton
collisions. The energy loss experienced by the initial hard partons of both light and
heavy flavors in the deconfined medium, is of considerable interest because it unravels

the dynamical properties of the plasma medium.

The heavy quarks i.e. charm and bottom, are produced in the hard scattering pro-
cesses at the initial stages of the heavy-ion collisions and while passing through the
transient matter, they can interact with the medium and lose energy via both inelastic
processes (radiative energy loss) and elastic scatterings (collisional energy loss). The de-
scription of the partonic energy loss mechanism in the deconfined QCD medium has been
improved remarkably in recent years. Experimentally, it can be probed by measuring

the high-pr hadrons emanating from the ultra-relativistic heavy ion collisions.

The heavy quarks, after losing energy, fragment into open-charm (bottom) heavy
mesons (D,B). The formation of the QGP can be established by measuring the energy
loss vis-a-vis the nuclear modification factors (R,,) of various heavy mesons such as
D, B, J/¥, T etc. The experimental data at various LHC energies exhibit considerable
modifications of the transverse-momentum spectra of these mesons in A-A collisions
compared pp collisions [14-20]. Different theoretical models have also been employed to
explain the data. In this work, we concentrate on the charm mesons pr spectrum and

nuclear modification factors (R, ) within the ambit of anisotropic quark gluon plasma
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(aQGP) [21] and extract the isotropization time, 7, by comparing with the experimental
data. In the following paragraph, we argue how an aQQGP can be realised in relativistic

heavy ion collisions.

It is to be noted that many properties of the QGP probes are still poorly understood.
The most relevant question is whether the medium produced in the relativistic heavy-
ion collisions is in thermal equilibrium or not. The experimental studies of the elliptic
flow coefficient (vy) and its theoretical explanations suggest that the medium quickly
comes into thermal equilibrium (with 7y, <1 fm/c, where Ty is the thermalization
time) [22]. On the contrary, perturbative QCD assessments suggest a relatively slower
thermalization of QGP [23]. The hydrodynamical calculations [24] have shown that there
is a sizable amount of uncertainty in the estimation of thermalization or isotropization
time, due to the insufficient knowledge of the initial conditions (energy density distri-
bution). It is suggested that (momentum) anisotropy-driven plasma instabilities may
speed up the process of isotropization [25-29], in which case one is allowed to use hy-
drodynamical evolution of the medium. However, instability-based isotropization is not

yet proven at RHIC and LHC energies.

During the rapid expansion in the longitudinal direction at the initial moment, the
plasma cools faster in the longitudinal direction than in the transverse direction leading to
(pi) << <p2T> . As a result, the system becomes anisotropic in the momentum space [21,
30-42]. Thus for the time interval 7; < 7 < 7, the equilibrium hydrodynamics is not
applicable. We use, for simplicity, the (1+1)d anisotropic hydrodynamics developed
in [43]. In our work it is assumed that an isotropic QGP is formed at the time 7; and at

temperature 7.
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8.2 Formalism

8.2.1 Radiative energy loss

In this section, we briefly mention the basic formalism of the radiative energy loss at
first order in opacity for a heavy quark in an infinitely extended anisotropic plasma. The
assumption of infinite medium will have important consequences, as we shall see when
we compare our results of Ry, in result section. Heavy quark radiative energy loss is
caused by the gluon radiation which is produced by collisional interactions between the
quarks and the parton in the medium. We consider on-shell heavy quark jets produced at
remote past and propagating through the infinite QCD medium that consists of randomly
distributed static scattering centers (“static QCD medium”). In the static interaction,
the heavy-quark potential has been derived by using HTL resumed propagators for all

gluons.

The retarded gluon self-energy in HTL approximation has the form [44]

uv 2 d3p ,u,af(p) v Uyqﬁ
o) =¢ /(2@3“ o’ (" - %) (8:1)

where f(p) is the distribution function which is completely arbitrary.

Let us consider an anisotropic relativistic plasma which has a strong anisotropy in the
momentum distribution. In this scenario, the phase space distribution can be obtained
by rescaling an arbitrary isotropic distribution along one direction in momentum space

and can be expressed as follows [21]:

f(p) = fiso( \V p2 + g(p ’ ﬁ)Qaphard) (82)

where £ > —1 is a parameter that reflects the strength of anisotropy and n is the direction

of anisotropy. pparq is @ hard momentum scale which is related to the average momentum
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in the partonic distribution function. In the isotropic scenario, pp,.q can be identified
with the temperature (7') of the medium and £ = 0 in this case. Because of anisotropy,
the self-energy depends not only on the four momentum k" but also on the direction of
the anisotropy vector n = (0,11). Using a suitable tensorial basis [21], the self-energy

can now be written as

" = @A™ + BBM +~C" 4+ §D™ (8.3)
where
v T
A = g+ T
q u
2 ~U~V
o qg- u'u
B - 2 ~2
(u-q)
a2q? I TR S (/RE 7) S
" = s———F'n" — —-(@'n" +alu") + ———u"u"]
wq +(n-q) a u
2 S
D = LD Rama — @ + i) (8.4)

Here, u" = (1,0,0,0) is the four velocity of the medium at rest and @" = u" — %q“.

Using the anisotropic distribution function, the spatial component of the self-energy can

be written as

y dQ '+ E(von)n' v
v = 2 | =2 gty 1 8.5
M/47TU 1—|—§(V-n)2( +q~v—|—ie) (8.5)

where 1 is the isotropic Debye mass. Now the four structure functions can be determined

by the following contractions:

¢ = o', AT =(q>— (n-q)%)s,

2 2
A" AT ™ = w(a +7), T7 =2a+ 8+~ (8.6)
a

In the isotropic limit, the structure functions « and 8 are directly related to the isotropic

HTL self-energies and other structure functions vanish. With these structure functions,
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one can construct the effective propagator in an anisotropic medium as

A
A = A O]+ Al(d” 7)%3’” +(@? = B)C™ + 5%13“"] - S5

where Ag' = (¢ — a — 7)(w? — B) — 6%[¢* — (n - ¢)*] The heavy quark potential in an

anisotropic plasma can be determined from the static gluon propagator in the following

way:
V(g &) = ¢°A”w=0,q,¢)
1

= ¢° . 8.8

St md) -] &9
Here

., (VE+ (1 + &) arctan V&) (g + £47) + €q.(.VE + % arctan “ffg =)

= - 17 (8.9

s =4 e+ O + €0 &9)
and

TN
4(q* + &ql)>
where ¢, = q -1 and ¢, = q — 0i(q - i) denote the particle momentum along and trans-

verse to the direction n of anisotropy, respectively. For the special case ¢, = 0, the

potential in an anisotropic medium reduces to

(8.11)

where R(§) = %(1_}rg 4 arct%/g>

The heavy quark radiative energy loss per unit length [45, 46] is obtained by folding

the gluon radiation rate I'(E) with the gluon energy w + ¢y. The soft gluon and soft
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rescattering approximations (w >> |k|~ |q|), w + ¢y =~ w, leads to

dE 1 dr(E) E dr(E)
e ~ dz 12
dL DR/ YT DR/ T (8.12)

where in anisotropic media we have [47]

dl(E) _ C’Ra 1 d*k d°q | (@) T ( k k+q
. _ _
K+xy (k+q)°+x

- o] ) (813)

Here, the quantity x is the longitudinal momentum fraction of the heavy quark carried
2
away by the radiated gluon and x = mng + mf], mz = & is the effect gluon mass and

m, is the mass of quark.

This finally leads to

AE CRasﬁ/ddedeQ u2 ( k k+q )2
E T A Toow ) k2+x (k+q)*+x
Cray L 2k e @* — K +
- Sy Jaag [ . + -
™ (a B X Jgt 4202 (x = Koe) + (Ko + )

2(q2+2x)1 (kfnaﬁx (o +3X)+V1+4_§(q tX)

1

2 4

a’\ 1+ 3 X (d@® K T30+ \/1+4X\/q 20 Fone) + (i +

where k.« = 2Ey/x(1 — x). Here we assume that «, is not running.

In the above expression, A is defined as the effective mean free path for a heavy quark

scattering from quark-type and gluon-type static scattering centers [47]:

N
1 1 1 1.202 T 1+ =L
—=—+ — = 180y § 8.15
AN A 7 VIFER(E) 1+ R

where N 7 is the number of flavour.
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8.2.2 Hadronic py spectrum

The differential cross section of heavy meson in nucleon-nucleon collisions can be obtained
by convoluting the bare heavy quark production cross section with the fragmentation

function Df(z) [48] as

Dg(2)
de Z / (8.16)

22 de

Here, f is the number of flavours , z = pp/ p? is the hadron momentum fraction. d(%

has been estimated using FONLL [49, 50]. To obtain the functional form of d" , we fit

it with the following empirical function were a, b, ¢, d are the fitting parameters.

b

flpr) =a (8.17)

In Fig. 8.1, the quark production cross sections as a function of p are shown at /syn

= 2.76 TeV (left) and 5.02 TeV (right) together with the fitted function.

—~ 8 —~
7 10 £ 10°E
%) = PP, {Syy = 2.76 TeV, -0.5<y<0.5 % 3 PP, Sy = 5.02 TeV, -0.5<y<0.5
(U] [ O] C
g Wg 8 10g
; - E e bare c quark cross section using FONLL ; - E ® bare c quark cross section using FONLL
Q - o C .

Ol J— Tl o — fitting function

105 §_ fitting function 106 L
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00 b N 0% v ey
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Figure 8.1: bare ¢ quark cross section in proton proton collisions at /syy = 2.76 TeV
(left panel) and 5.02 TeV (right panel)

Having obtained the differential cross-section of hadron in p—p collision one can obtain
the py differential cross section in A— A collisions by multiplying the p—p result with the
nuclear overlap function for a given centrality class. Nevertheless, the consideration of

jet-quenching as a final state effect in A — A collisions can be implemented by modifying
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the fragmentation function [51]. The modification of the fragmentation function includes
the final state effect in the presence of anisotropy. Now the energy loss of high energy
quarks and gluons traveling through the dense plasma can measure the integrated density
of the colored particles. This non-Abelian energy loss is a function of parton opacity

L/X. We use the expression given by Eq.(8.14) which is derived to first order in opacity.

Now in order to get the hadronic pp spectrum in A — A collisions we modify the

fragmentation function to obtain an effective fragmentation function as follows [52]:

*

Di-a(%Q) = =Dyl Q). (8.18)

where, z* = z/(1-AE/E) is the modified hadron momentum fraction. In order to consider
the jet production geometry it has been assumed that all the jets are not produced at
the same point and the path lengths traversed in the QGP medium by these partons
before fragmentation are not the same. It is also assumed that the jet initially produced
at (r,¢), propagates at an angle ¢ with respect to T in the transverse plane and leaves
the plasma after a proper time (¢;,) or equivalently after traversing a distance L(r,p)
= \/m - Rpcosg, where Ry is the transverse radius of the colliding system.
Thus, the hadron pr spectra depends on the path length of the initial parton and the
temperature profile along that path. This is not the same for all jets as it depends on the
location of jet production and the propagation direction. Consequently, it is necessary
to convolute the resulting expression over all transverse positions and directions. Since
the jet production at r is proportional to the number of binary collisions, the probability

is proportional to the product of nuclear thickness functions:

P(r) o< T (r)T3(r) (8.19)
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For hard sphere, this probability is given by

Plr) = —2 (1 T2>9(RT—7~) (8.20)

R AN

in which [ d*rP(r)=1

Using all the above mentioned conditions the hadron pr spectra can be written as:

d°N" hodt [d d°N
dprdy = w tL—tJ z dpydy
where ::f]\zl y is the distribution of initial momentum of jets and can be evaluated using
T

FONLL formalism discussed in start of this section.The nuclear modification factor, R

is defined as

Ry = —2ordy (8.22)

In the denominator, the suffix ‘0" indicates that energy loss has not been considered

while evaluating the expression.

8.2.3 Space-time evaluation

For the calculation of the hadron p; spectra, the evolution dynamics of the system
needs to be incorporated. As the anisotropy is associated with of the early stage of
heavy-ion collision, we are going to discuss the evolution of the anisotropy parameter &
and the hard momentum scale py,,q which change with time. In the present work, the
formalisam given in Ref. [39] has been closely followed to estimate the py distribution
of hadrons over the initial few Fermi of the evolution of the plasma. The system evolves
anisotropically from 7; to 7i,, where the study of the time dependence of py,.4(7) and
€(7) is essential. When the system approaches isotropization stage, a hydrodynamical

evolution is applicable from 7, onward. A transition width ' is introduced owing to
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a smooth transfer from the free streaming pre-equilibrium momentum space anisotropy
to hydrodynamical behavior. The time dependence of different quantities are, therefore,

obtained in respect to a smeared step function [53]:

A(r) = 5 tanhy (7 — i) ] + 1) (323)

For 7 < T, (3> Ti), we have A(7) = 0 (1) which corresponds to anisotropic (hy-

drodynamics) evolution. With this, the time dependence of relevant quantities are as

follows:
0= (2" 1 (0 =10 (824
where
- A0 s
e = [R(Zr-n)| (=)

(8.25)

T, is the initial temperature of the plasma and ¢ is the velocity of sound. The exponent
0 = 2 corresponds to free-streaming and 6 = 0 corresponds to thermal equilibrium. For
the isotropic case, py..q = 1 and 7, = 7;. It has been assumed that the longitudinal
expansion of the plasma at the early stage is negligible because of the transverse ex-
pansion. The stronger strength of the momentum space anisotropy at the early stage
justifies this assumption. Due to the transverse density profile of the colliding nuclei,

the initial temperature profile may be assumed to be [43]
i(r) = T2(1 — )t (8.26)

Thus, the profile of the hard momentum scale is modified according to Eq. 8.26.
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The formation of an isotropic QGP at an initial time 7; and in its corresponding tem-
perature 7} has been presumed in the present work. Subsequently, the rapid longitudinal
expansion entails an anisotropic QGP which sustains till 7,,,. While calculating the initial
temperature, in case of isentropic expansion the correlation between the experimentally
measured hadron multiplicity and the initial temperature and the thermalization time

can be established in the following way [54]:

3 2r? <dN> (8.27)

T 45((3) Riay N dy
where <dN / d77> is the total hadron multiplicity (mainly pions) for a given centrality
class and can be obtained by experimentally measured charge particle multiplicity as
<dN/d77> =15 x <chh/dn>. 7; is the initial thermalization time, (3) is the Riemann
zeta function and ay = (7°/90) g;, is the degeneracy of the system created, where g;, =
(7/8-2-2-Np-N,+2-8) and N, being the number of colors. The initial temperatures
for different centrality classes of ALICE measurement at |/syy = 2.76 TeV [55] and 5

TeV [56] in Pb—Pb collisions are presented in Table 8.1.

Table 8.1: Initial temperatures for different centrality class at LHC energies from ALICE
measurements.

VAnn (TeV) | Centrality | < dN,,/dn > | 7, (fm) | T,(MeV)
9276 0% - 10% 1447.5 0.1 650

' 30% - 50% 343.5 0.2 319
502 0% - 10% 1764 0.1 690

' 30% - 50% 415 0.2 340

8.3 Results

The momentum dependence of the fractional energy loss from the radiative process in
an infinitely extended static anisotropic plasma has been calculated. For this numerical

result, a plasma at a temperature 7" = 450 MeV, with effective light quark flavour
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Np = 2.5 and strong interaction coupling constant «, = 0.3 over an assume effective
path length L = 6.2 fm have been consider. The charm quark mass is assumed to be

M = 1.3 GeV and the Debye screening mass p = g7'\/1 4+ N;/6 MeV.

3

0.9F T=450MeV,a,=03,L=6.2fm [ T=450MeV,a,=0.3,L=6.2fm
08E L — =1
E 2.5+ — =2
0.7:— w B — &=3
E w — -
0.6 — 3 £=4
w E o
w O05F o L
<k b
0.4 ] B
E — §=0 g N
0.3 — =1 .
E —§=2 C
0.2F — &=3 L
E: — &=4 C
015 =
O:....I....I....I....I....I....I....I....I....I.... -....I....I....I....I....I....I....I....I....I....
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Figure 8.2: Fractional energy loss of a charm quark as a function of momentum at
different anisotropy parameter (£) value inside the QGP medium (left panel). The ratio
of the fractional energy loss in isotropic medium to that in anisotropic medium is also
presented (right panel).

In the left panel of Fig. 8.2, the fractional energy loss is depicted for a charm quark
at different strengths of the anisotropy parameter (£ = {0, 1,2, 3,4}) when it propagates
along the direction of anisotropy. It is observed that the rate of increment of the energy
loss is higher in the lower momentum region, whereas it saturates in the higher momen-
tum region for all values of £ considered here. This typical nature, as we shall see later,
is also observed in the nuclear modification factor. We also notice that the fractional
energy loss is enhanced with the increasing values of £. This enhancement can be under-
stood by plotting the ratio of the fractional energy loss in an anisotropic medium to that
in the isotropic case. The right panel of Fig. 8.2 indicates that in anisotropic plasma,
with the increase of £, the two-body potential increases which intensifies the energy loss

of the quarks [57].

Now let us turn to the calculation of nuclear modification factor at LHC energies.
The initial conditions are taken from Table 8.1. The results for Ry, as a function of

pr for average D meson in Pb-Pb collisions for various values of the isotropization time,
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Tiso have been compared with the ALICE data [14] for the centrality 0%- 10% at \/syn
= 2.76 TeV in the left panel of Fig. 8.3 . It is observed that the value of R4, decreases
by increasing the 7,,. At high pr the data show a rising tendency of R, 4, whereas the
theoretical results saturate beyond certain py. This, as mentioned previously, is may
be due to the assumption of aQGP with infinite extent (in fact, in all the cases of R, 4
for different external conditions same behaviour have been observed). In the right panel
of Fig. 8.3 the Ry, for 30%- 50% at /sy = 2.76 TeV is shown and it decreases with

increasing Tig,-

r ‘o r o ALICE, Average D', D", D
1-4:— L’*T:‘iEiA"e’age 0°0\D 1-4:— 30-50% PP, (5, =276 TV () vereae
C 0-10%,Pb-Pb, (5,y=276TeV  — T =2 L T=319Mev,5=02Mm w2
121 o esomev,r=01m L2 — 1=t
F — 175 C — 15
. — | L — e — |
£ 08 g 08
o - x -
0.6 06
[ C #
04 04 [] [
L r b
L L =
0.2 :— _E_ 3 _H_ 0.2 :—
) S N IS P R T oL 1 I I 1 1 Lol
0 5 10 15 20 25 30 35 0 2 4 6 8 10 12 14 16
p_(Gev) b (Gev)

Figure 8.3: The nuclear modification factor R, of average D meson for (0-10)% (left
panel) and (30-50)% (right panel) centrality in Pb-Pb collisions at ,/syy = 2.76 TeV.
The initial conditions are taken as T; = 650 (319) MeV and 7; = 0.1 (0.2) fm/c form
centrality 0-10 % (30-50 %). The different color line represent the R, values at different
Tiso- The experimental results are taken from ALICE measurement [14]

These numerical calculation have been compared our results with ALICE measure-
ments at /syy = 5 TeV [15]. The Fig. 8.4 shows the Ry, as a function of py for
centrality classes 0%- 10% and 30%- 50%. The dependency of Ry, with isotropization
time is same as in /syy = 2.76 TeV case for both centrality classes. It is worth noting
that the pr spectra evaluated using our formalism reproduce the data reasonably well in

the range 2 < 73, <4 fm/c at both energy and centrality classes.

The CMS Collaboration have also measured the D meson Ry 5 at /Syy =2.76 TeV [16].

In Fig. 8.5, we have compared our results with the CMS measurement for centrality class
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Figure 8.4: The nuclear modification factor R, of average D meson for (0-10)% (left
panel) and (30-50)% (right panel) centrality in Pb-Pb collisions at ,/sxy = 5.02 TeV.
The initial conditions are taken as 7; = 690 (340) MeV and 7, = 0.1 (0.2) fm/c form
centrality 0-10 % (30-50 %). The different color line represent the R, values at different
Tiso- The experimental results are taken from ALICE measurement [15]

180°

0-10 % at different 7i,,. Again our results are in fair agreement with CMS data with 7,

SO*

in the range 2 < 7, < 4 fm/c. This agreement is better as CMS collaboration uses a

higher pp cut in R, measurement.

The ratio of the Ry, at /syny = 5 to 2.76 TeV as a function of py for the centrality
class 0%- 10% is shown in Fig. 8.6 at different value of 7,,. The ratios are seen to
decrease by about 6-8% depending upon the value of 7, with a harder pp distribution

and are consistent with model prediction by Djordjevic [58].

8.4 Summary

we have briefly recapitulated the formalism of radiative fractional energy loss of a fast
moving heavy quark where it radiates gluons due to the scattering from static scattering
center in an infinitely extended anisotropic medium. It is shown that the fractional
energy loss changes with the anisotropy parameter, ¢ due to the modification of the

heavy quark potential in the aQGP.
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Figure 8.5: The nuclear modification factor R, of average D meson for (0-10)% at
VSnny = 2.76 TeV. The different color line represent the Ry, values at different T,.
The experimental results are taken from CMS measurement [16].
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Figure 8.6: Ratio of Rya at /Syny = 5.02 TeV to /syy = 2.76 TeV at different 7;,, for
centrality bin 0-10%.

We then used the fractional energy loss of heavy quarks to evaluate the D-meson pp
spectrum vis-a-vis its nuclear modification factor (R,4) by incorporating this effect in
the fragmentation function of the energy depleted heavy quarks. To take into account
the time dependence of the anisotropic parameter (£) and the hard momentum scale
(Phara), & simple (141)d space-time evolution model [43] has been invoked with the
introduction of an intermediate time scale 7., called the isotropization time. The results
for nuclear modification factor (R44) of D-meson are then compared with the ALICE
data at \/syy = 2.76 and 5.02 TeV in two centrality classes. It is found that the value

of Ty, which describes the data reasonably, lies in the range 2 < 7,, < 4 fm/c for both
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the energies and centrality classes considered here. By comparing with the CMS data
at /syy = 2.76 in the 0-10% centrality class, we conclude that the data are described
fairly well when 7, lies in the same range as extracted from the ALICE data. Ratio of
Rpa at /syny = 5.02 to 2.76 TeV have been calculated which we find to similar to that

prediction in Djordjevic [58].
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CHAPTER 9

Future Outlook

There has been a decade long ongoing effort by ALICE to investigate the signatures
of Hot Nuclear Matter (related to QGP) and Cold Nuclear Matter effects present in
the medium produced in the ultra-relativistic collisions at LHC. The Muon Spectrom-
eter has made important contribution towards this study. In the present thesis, the
measurements of T(1S), T(2S) and Y(3S) in pp, p—Pb and Pb-Pb collisions provide the

new inputs for the characterization of the bottomonium production at the LHC energies.

The current pp measurements have not been directly used as the reference of Rpypy,
analysis due to its statistical limitations. Hence, the future T(nS) measurements in pp
collisions during Run 3 and Run 4 [1] will lead to a more accurate reference for heavy-ions
analysis and additionally provide the experimental constraints on quarkonium produc-

tion models.

The suppression of Y(1S) in Pb—Pb collisions at LHC energies can be explained by
color-screening mechanism, whereas the J/v¢ suppression can be explained by the in-
terplay of color-screening and regeneration mechanisms. The elliptic flow coefficient v,

of T(1S) has been found to be zero in Pb-Pb collisions measured by both ALICE [2]
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and CMS [3] experiments. This observation is in contrast with the J/¢ v2 in Pb-Pb
collisions, suggesting different medium effects for bottomonia and charmonia. Due to
the limited statistics, Y(3S) suppression could not be measured at the forward rapidity.
The sequential suppression in bottomonium sector will lead to the estimation of the tem-
perature of the fireball created in Pb—Pb collisions from the ratios of Y(nS)/Y(1S). The
larger data samples in Run 3 and Run 4 periods, together with improved detector per-
formance and measurement techniques, will allow us to significantly improve the Rpypy,
and vy measurements, with extended kinematic coverage (in transverse momentum) and
study the currently-unobserved quarkonium state Y(3S), in Pb-Pb collisions [4]. It is
worth noting that more accurate measurements in y, pr and centrality bins at the for-
ward rapidity may impose new constraints in theoretical models in near future, thereby,

improving our understanding of the characteristics of the fireball.

During Run 1 and Run 2 periods, the bottomonium measurements in p—Pb collisions
confirm the Y(1S) suppression in forward and backward rapidity regions with a hint for
a stronger suppression for T(2S). These measurements represent an important platform
for the understanding the role of cold nuclear matter effects in p—Pb collisions and open

up the way for future precision analyses with the upcoming LHC Run 3 and Run 4 data.

For the phenomenological calculations of D-meson, the Rp,p;, evaluation does not
include the collisional energy loss as its contribution will be marginal at LHC energies.
It is worthwhile to mention that the chromo-electromagnetic field fluctuations in the
QGP can lead to the energy gain of the heavy quark which is an opposite effect to the
present observations. We have not included this effect in the present work. These two
perspectives, namely, collisional energy loss and chromo-electromagnetic field fluctua-
tion can be added to the radiative energy loss in the estimation of isotropization time

to impose better constraint on the extracted value of 7,,. Another improvement is to
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be consider the finite size of the aQGP. It may alter the observed saturation behavior in

Rpypp, possibly explaining the data better in the high p, region.

These are few research directions connected to the present thesis work, which will be

addressed in near future.
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Summary

The bottomonium (Y), is a useful probe to investigate the properties of the deconfined
medium, created in ultra-relativistic heavy-ion collisions. The modification of char-
monium (J/4) production at LHC energies in heavy-ion collisions with respect to the
binary-scaled yield in pp collisions has been explained as an interplay of the suppression
and the regeneration mechanisms. In the T sector, the regeneration effects are expected
to be negligible due to the small number of b quarks produced in relativistic heavy-ion
collisions. However, the Cold Nuclear Matter (CNM) effects which include shadowing,
parton energy loss, interaction with hadronic medium may also lead to a modification of
bottomonium production. In order to disentangle the CNM effects from the hot nuclear
matter effects, T production has been studied in p—Pb collisions in which the QGP is
not expected to be formed. I have studied the bottomonium production via ¥ — p*p~
decay channel in pp, p—Pb and Pb—Pb collisions using the ALICE Muon Spectrometer.
Besides, a phenomenological study of the nuclear modification factor (R,) of D me-

son in an anisotropic quark-gluon plasma at the LHC energies has been carried out by me.

The inclusive T (nS) production cross sections have been measured at forward rapidity
(2.5 <y < 4) in pp collisions at /s = 5.02 TeV. The inclusive evaluated cross-sections,
integrated over y and pp (pr < 15 GeV/c) are: oy(15) = 45.5£3.9(stat.) £3.5(syst.) nb,
Oy(as) = 22.4 & 3.2(stat.) £ 2.7(syst.) nb and o35y = 4.9 & 2.2(stat.) = 1.0(syst.) nb,

where the first uncertainty is statistical and the second is systematic. The energy de-
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pendence of T(nS) states have been evaluated and a steady increase of the cross sections
is observed with increasing center-of-mass energy for all the YT states. The differential
cross sections have been compared with ICEM calculations and CEM calculations with
NLO corrections. A good agreement within the uncertainties has been observed between

the experimental results and model calculations.

The T production in p—Pb collisions has been studied at ,/syy = 8.16 TeV in the
forward (2.03 < yoms < 3.53) and the backward (—4.46 < yous < —2.96) regions. The
T (1S) production cross-section scaled by the Pb mass number in p-Pb has been found to
be suppressed with respect to the ones measured in pp collisions at the same center-of-
mass energy. The value of nuclear modification factor ( R,py,) is similar at both forward
and backward rapidity intervals with slight hints of stronger suppression at low pp. In
both the rapidity regions, there is no evidence for a centrality dependence of the YT(1S)
Qppb- The R, py, results obtained at |/syy = 8.16 TeV are similar within the experimen-
tal uncertainties to those measured by ALICE in p—Pb collisions at the lower energy of
V3nn = 5.02 TeV. The rapidity dependence of ALICE R,p, of T(1S) at /syy = 8.16
TeV are found to be in good agreement with LHCb measurements. The models based
on nuclear shadowing and coherent parton energy loss or interactions with comoving
particles fairly describe the data at the forward rapidity, while they tend to overestimate
the R,p;, at the backward rapidity. The T(2S) R,p;, has also been measured, showing
a strong suppression, similar to the one measured for the Y(1S), in the two investigated
rapidity intervals. Finally, the first measurement of the Y(3S) has also been reported,
although the large uncertainties prevent a detailed comparison of its behavior in p—Pb

collisions with respect to the other bottomonium states.

The measurements of Y(1S) and Y(2S) production at forward rapidity combining the
2015 and 2018 data sets are reported for Pb—Pb collisions at ,/syy =5.02 TeV. The cen-

trality (0-90%), transverse momentum (pp < 15 GeV/c) and rapidity (2.5 < y < 4.0)
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integrated Rpypy, for T(1S) and Y(2S) are 0.353 £ 0.012 (stat.) +0.029 (syst.) and 0.128
+ 0.024 (stat.) £+ 0.026 (syst.), respectively. The suppression of Y(1S) gets stronger for
the more central collisions. The rapidity dependence of T (1S) Rpypy, hints to a decrease
in the value at the most forward rapidity interval comparison to the central range of
the ALICE measurement. Together with the CMS results, these measurements report
the Y(1S) suppression as a function of full rapidity with respect to pp collisions. No
significant pr dependence of Rpypy, is observed up to 15 GeV/c. It is worth noting that
the nuclear modification factor in p—Pb collision shows a significant pp dependence in
both forward and backward interval measured by ALICE and LHCb. The difference
in behavior between p—Pb and Pb—Pb collisions may impose some constraints on the-
oretical models in near future. The available theoretical calculations fail to describe
the bottomonium production fully the rapidity dependence observed for the Rpypy, of
T(1S) in the ALICE forward region. The T(2S) state is found to have larger suppression
than the T(1S). The large uncertainties in Y(2S) Rpyp;, prevent any conclusion on its

centrality dependence.

The larger data samples expected in Run 3 and Run 4, together with improved de-
tector performance and measurement techniques, will allow us to significantly improve
over the Rpypy,, R,p, and v, measurements, with extended kinematic coverage (in trans-
verse momentum) and allowing one to study the currently-unobserved Y(3S) in Pb-Pb

collisions.

I have studied the formalism of the radiative fractional energy loss of a fast moving
heavy quark where it radiates gluons due to the scattering from the static scattering
center in an infinitely extended anisotropic medium. It has been shown that the fractional
energy loss changes with the anisotropy parameter, £ due to the modification of the heavy
quark potential in the aQGP. The fractional energy loss of heavy quarks has been used

to evaluate the D-meson pp spectrum vis-a-vis its nuclear modification factor (R,y)
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by incorporating this effect in the fragmentation function of the energy depleted heavy
quarks. The results for Rpypy, of D-meson are then compared with the ALICE and CMS
data at \/syy = 2.76 and 5.02 TeV in two centrality classes. It has been found that the
value of 7, which describes the data reasonably, lies in the range 2 < 73, < 4 fm/c for

both the energies and the centrality classes considered in the present work.
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APPENDIX A

Fitting functions

A.1 Extended Crystal-Ball or Double Crystal-Ball

(CB2)

The Extended Crystal Ball function (CB2) consists of a Gaussian core portion and power-
law tails on the both side of the Gaussian core. It has a normalization constant N, two
parameters (z and p) for Gaussian core and four tail parameters (g, ny, ag,ngr). The

CB2 is defined by the following equation:

exp( = ) for ag > =F > —ay,

f(x?/'j’7 g, aLanL7aR7nR) = N. < A(B — u)inL for % S —Qy, (Al)

C.(D+ =)™ for =E > ag

where,




Appendix A. Fitting functions

A.2 NAG6O

NAGO is similar to CB2 function. It is a gaussian shape with variable sigma. This
function has total eleven parameters: the normalization factor N | and the two Gaussian

core parameters (x and p) eight tail parameters (ag,pr, pr, Prs O, PR Pro D ). It is

defined as:

i\ 2
f(mv W, o, aLapivpiapia aRaplngQRapi%R) = Nexp <_05 (t_> ) (AQ)

o

with

p=2"H
o
where:

2 3
to=14pi (ap — )PEPVLTD for <

to=1 for o, < 1 < ap

2 3
to =14 ph (ag — )PRPRVERTD for ¢ > ap
\

A.3 Double Exponential (DE)

The DE is the sum of two exponential function. This function has four parameters and
is defined as:

f(x;a,b,c,d) = expla+bxx)+ exp(c+ dx*x) (A.3)
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Appendix A. Fitting functions

A.4 Double Power Law (DP)

The DP is the sum of two power law functions. This function has four parameters and

It can be written as:

f(z:a,b,c,d) = a.a’ + c.a” (A.4)

A.5 Variable Width Gaussian (VWG)

The VWG has the following four parameters: normalization factor N and three param-

eters (i, «, 8). The function is defined as:

F(: N, 0, 8) = N.eap (—M) (A.5)

2072

a:a+5(u)
i

with
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The bottomonium (Y), is a useful probe to investigate the properties of the deconfined medium, created in
ultra-relativistic heavy-ion collisions. The medication of Y production at LHC energies in heavy-ion collisions
with respect to the binary-scaled yield in pp collisions has been explained by color screening mechanisms.
In the bottomonium sector, the regeneration effects are expected to be negligible due to the small number
of b quarks produced in relativistic heavy-ion collisions. However, the Cold Nuclear Matter (CNM) effects
which include shadowing, parton energy loss, interaction with hadronic medium may also lead to a
modification of bottomonium production. In order to disentangle the CNM effects from the hot nuclear
matter effects Y production has been studied in p-Pb collisions in which the QGP is not expected to be
formed. | have studied the bottomonium production via di-muon decay channel in pp, p-Pb and Pb-Pb
collisions using the ALICE Muon Spectrometer.

The inclusive Y (nS) production cross sections have been measured at forward rapidity (2.5 <y < 4) in pp
collisions at v/s = 5.02 TeV. The energy dependency of Y (nS) states have been evaluated and a steady
increase of the cross sections is observed with increasing v/s. The differential cross sections have been
compared with ICEM and CEM model calculation. A good agreement within the uncertainties has been
observed between the experimental results and model calculations.

The measurements of the rapidity, transverse momentum and centrality dependence of the Y(1S) nuclear
modification factor in p-Pb collisions at +/syy = 8.16 TeV have been reported. The results show a
suppression of the Y(1S) yields, with respect to the ones measured in pp collisions at the same centre-of-
mass energy. The Rypp values are similar at forward and backward rapidity with a slightly stronger suppression
at low pr, while in both rapidity intervals there is no evidence for a centrality dependence of the Y(1S) Qgpe.
Models based on nuclear shadowing, coherent parton energy loss or interactions with comoving particles
fairly describe the data at forward rapidity, while they tend to overestimate the RpPb at backward ycms. The
Y(2S) Rypb has also been measured, showing a strong suppression, similar to the one measured for the Y(1S),
in the two investigated rapidity intervals. Finally, a first measurement of the Y(3S) has also been performed,
even if the large uncertainties prevent a detailed comparison of its behaviour in p—Pb collisions with respect
to the other bottomonium states.

The measurements of Y (1S) and Y (2S) production at forward rapidity combining the 2015 and 2018 data sets
are reported for Pb-Pb ollisions at \/syy = 5.02 TeV. The suppression of Y (1S) gets stronger for the more
central collisions. The rapidity dependence of Y (1S) Repes hints to a decrease in the value at the most forward
rapidity interval comparison to the central range of the ALICE measurement. No significant pT dependence
of Revpb is Observed up to 15 GeV/c. It is worth noting that the nuclear modification factor in p-Pb collision
shows a significant pr dependence in both forward and backward interval measured by ALICE and LHCb. The
difference in behavior between p-Pb and Pb-Pb collisions may impose some constraints on theoretical models
in near future. The available theoretical calculations fail to describe the bottomonium production fully the
rapidity dependence observed for the Repp, 0f Y (1S) in the ALICE forward region. The Y (2S) state is found to
have larger suppression (3 times) than the Y (1S).
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