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CHAPTER 7

Summary and Outlook

Summary

This chapter briefly summarizes the results presented in this thesis. The data,
collected by the ALICE Muon spectrometer, in pp, p—Pb and Pb—Pb collisions have
been analyzed and studied. The pp results have been used to normalize the p—Pb
and Pb—PDb results. The results from p—Pb and Pb—Pb data presented in the thesis,
help to extend our understanding of the cold and hot nuclear matter effects on the

charmonia.

1 (2S) production in pp collisions

The results have been presented in two parts. Firstly, the cross section of (2S)
production as a function of p; and rapidity in pp collisions at 5.02 TeV have been
reported. These results are crucial for understanding the QCD processes and pro-
duction of the charmonia. The first measurement of p; and y differential cross
sections at 5.02 TeV, are shown. Secondly the production cross section ratio of

¥(2S) and J/1, has been studied to explore the energy dependence. Comparing
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with the published ALICE results at 7, 8 and 13 TeV, it is established that this

ratio does not show any significant energy dependence.

The inclusive 1(2S) production cross section, integrated over 0 < p, < 12 GeV/c and
for 2.5 <y < 4, has been found to be gy25) = 0.86 = 0.06 (stat.) & 0.10 (syst.) pb.
The cross section of (2S) is described well by the NRQCD calculations except
for higher p; bins. The NLO calculation based ICEM model, on the other hand

overestimates the data at high p;.

The ratio of inclusive ¢(2S)-to-J/¢ production cross sections integrated over py
and y is found to be 0.15 £ 0.01 (stat.) £0.02 (syst.). The calculations based on
NRQCD+CGC well reproduce the ratio as a function of p; and y for p, < 8 GeV/c.
The trend of the ¥(2S) over J/i cross-section ratio as a function of p, and y is

overestimated by the CEM model in the low p; region.

¥ (2S) production in p—Pb collisions

The results on the inclusive ¥(2S) production at the forward (p-going direction,
2.03 < Yems < 3.53) and backward (Pb-going direction, —4.46 < yens < —2.96)
rapidities in p—Pb collisions at 8.16 TeV, have been presented in chapter 5 of the
thesis in the form of production cross sections, the double cross-section ratios with
respect to the J/¢ in p-Pb and pp, and the nuclear modification factors R,p,. The
analysis has been segmented in two parts: 1) p, and y differential cross-section

measurement and 2) centrality dependence measurement.

The main conclusion which has been drawn from the above observables is that
the initial state effects, which are sufficient to explain J/i) suppression behavior,
cannot describe the 9 (2S) suppression at the backward rapidity where it is found
to be significantly suppressed. The final state effects are needed to describe 1(2S)

suppression.
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Apart from that, no significant energy dependence or p; dependence is observed in

Rppb .

J/1v and (2S) production in Pb—Pb collisions

The multi-differential J/¢) and single-differential ¢)(2S) cross-section measurements

are described in chapter 6.

The analysis of J/¢ in Pb-Pb collisions at 5.02 TeV at forward rapidity has been
performed to investigate the recombination scenario in heavy-ion collisions. The
high statistics of 201542018 datasets made it possible to precisely show the effect of
recombination which are visible only at low p; in the most central collisions. This
effect induces a slope in the Raa vs y plot in that particular bins, confirming the

role of in-medium recombination of c¢¢ pairs.

In the next section, the measurement of Raa of 1(2S) as a function of p; and
centrality, has been presented. The 1 (2S) has been found to be more suppressed

compared to J/1 in semi-central and central collisions.

Outlook

ALICE is preparing for a major upgrade for Run 3 and Run 4 to operate in high

luminosity beams.

The introduction of Muon Forward Tracker (MFT) will give the opportunity to study
the prompt J/1 production by separating the contribution to J/1 cross-section com-
ing from B decay. This has not been possible till date because of the presence of the
absorber, which does not allow the displaced vertex analysis. It will be interesting
to look at the J/1 results in different collision systems in the upcoming days and

estimate the B-meson production cross-sections at forward rapidities through J/i
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tagging.

The charged particle multiplicity dependence of J/i cross-section in pp collisions,
has gained a lot of attentions in the past due to the direct evidence of MultiPartonic
Interactions (MPI). A similar study on (2S) will shed light on the role of MPI in

1 (2S) production in pp collisions.

The search for deconfinement in small systems is currently a hot and most debated
topic. A reasonable study of charmonium and in particular bottomonium suppres-
sion in small systems will require much higher statistics than the present pp data
at 13 TeV. Such high statistics is likely to be possible during the high luminosity
periods of Run 3 and 4. If such suppression is observed, then present understanding

of QGP will be challenged.

The 1(2S) production as a function of rapidity in p-Pb collisions at /sy = 8.16 TeV
exhibits a slope towards the forward rapidity in contrary to the model predictions
and J/1 observation of flat dependence. The large uncertainties however does not
allow any firm conclusion. This regions should be explored in future with higher
precision and in more rapidity bins. It may reveal some unknown features of the

¥ (2S) production in p—Pb collisions.

The J /i flow coefficient vo measurement at 20-40% centrality in Pb—Pb collisions at
Vsnn = 5.02 TeV is still not explained by the theory. The installation of MFT will
help to improve the results in the high p; bins for prompt J/¢. Not only vy, but

higher harmonics like vz, v4 will also be interesting observables the Run 3 and 4.

The measurement of ¢ (2S) production is more challenging than that of J/1, because
of a smaller production cross section and even larger suppression in PbPb, giving
rise to a very low signal-to-background ratio. Therefore, we expect improvement in

the uncertainties in ¥ (2S) results in Run 3.

At present, all the states of upsilon(nS) cannot be resolved fully. Better mass reso-
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lution of all the resonance states will ensure precision in the results.

We look forward towards Pb—Pb run at the highest achievable energy /snn = 5.5
TeV. For all those interesting results from ALICE in the upcoming days, we need

to wait till 2022.
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with the published ALICE results at 7, 8 and 13 TeV, it is established that this
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absorber, which does not allow the displaced vertex analysis. It will be interesting
to look at the J/1 results in different collision systems in the upcoming days and

estimate the B-meson production cross-sections at forward rapidities through J/i
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tagging.

The charged particle multiplicity dependence of J/i cross-section in pp collisions,
has gained a lot of attentions in the past due to the direct evidence of MultiPartonic
Interactions (MPI). A similar study on (2S) will shed light on the role of MPI in

1 (2S) production in pp collisions.

The search for deconfinement in small systems is currently a hot and most debated
topic. A reasonable study of charmonium and in particular bottomonium suppres-
sion in small systems will require much higher statistics than the present pp data
at 13 TeV. Such high statistics is likely to be possible during the high luminosity
periods of Run 3 and 4. If such suppression is observed, then present understanding

of QGP will be challenged.

The 1(2S) production as a function of rapidity in p-Pb collisions at /sy = 8.16 TeV
exhibits a slope towards the forward rapidity in contrary to the model predictions
and J/1 observation of flat dependence. The large uncertainties however does not
allow any firm conclusion. This regions should be explored in future with higher
precision and in more rapidity bins. It may reveal some unknown features of the

¥ (2S) production in p—Pb collisions.

The J /i flow coefficient vo measurement at 20-40% centrality in Pb—Pb collisions at
Vsnn = 5.02 TeV is still not explained by the theory. The installation of MFT will
help to improve the results in the high p; bins for prompt J/¢. Not only vy, but

higher harmonics like vz, v4 will also be interesting observables the Run 3 and 4.

The measurement of ¢ (2S) production is more challenging than that of J/1, because
of a smaller production cross section and even larger suppression in PbPb, giving
rise to a very low signal-to-background ratio. Therefore, we expect improvement in

the uncertainties in ¥ (2S) results in Run 3.

At present, all the states of upsilon(nS) cannot be resolved fully. Better mass reso-
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lution of all the resonance states will ensure precision in the results.

We look forward towards Pb—Pb run at the highest achievable energy /snn = 5.5
TeV. For all those interesting results from ALICE in the upcoming days, we need

to wait till 2022.
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CHAPTER 1

Introduction

The story of ‘charmonium suppression’ started around thirty five years ago, with
the results from NA38 experiment at CERN SPS. The term ‘suppression’ was first
proposed by NA38 collaboration in 1996 [1], where they found the nuclear matter
effect. This paper showed that the centrality dependence of ¥)(2S) over J/1) ratio got
diminished in Pb-Pb collisions from S+U. We know that the local energy density
increases in Pb—Pb collisions. So this observation demanded a theory which would
explain a similar centrality dependence of both the resonances at high energy density.
Clearly this observation drew attention of the scientists and another publication
came out in 2000 by NA50 collaboration [2]. This paper reported the abnormal
enhancement of open charm production in nucleus-nucleus collisions and its increase
with centrality. Till then no single theory was able to describe all the charmonium

results of NA38 and NA50 experiments simultaneously and the surprise continued.

The next result that physicists were waiting for was on J/¢ production in Pb-Pb
collisions, which was published in 2001 ( [3]). It showed step-wise J/1¢) suppression
pattern with no saturation for the most central collisions. The models of J/i sup-
pression based on the absorption of the meson by interactions with the surrounding

hadronic matter failed to explain the steepness of the slope (departure from the
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ordinary nuclear absorption scenario). It can be concluded that the J /1) suppression
pattern observed in the NA50 data provided significant evidence for deconfinement
of quarks and gluons in Pb—Pb collisions. It became necessary to extend the study

for other charmonium states in systems other than Pb—Pb collisions.

In 2004 [4], the dependence of the nuclear absorption, on the nucleus size had been
studied by means of studying J /¢ and 1 (2S) production cross-sections for p-A sys-
tems. Comparing the two results, the nuclear absorption was found to be stronger
for the 1(2S) than for the J/i. The study of the p—A system grabbed the attention
for two reasons: it helps (a) to build an idea on how the heavy quarkonia are pro-
duced, testing the Non-Relativistic Quantum ChromoDynamics (NRQCD), Color
Evaporation Model (CEM), Color Singlet (CS) approaches; (b) to properly interpret
the suppression pattern in AA collisions, the determination of nuclear absorption
in p—A collisions became crucial. It was found that ¢)(2S) was strongly suppressed
at the most negative Feynman variable xr bin. Qualitatively this observation was

compatible with the fact that ¢(2S) had a lower breakup threshold [5].

The next important results came after a gap of three years. Till then the formation
of a bound state by means of the evolution of a c¢ pair originated from gluon
fusion at early stages of collision, was not described by the existing theories. So, it
became crucial to test the theoretical models tuned for Pb-Pb collisions, on different
collision systems. In 2007 NA60 experiment published the results on J /¢ suppression
in centrality bins for In-In collisions. The anomalous J/i) suppression was found
towards more central events. The J /i) suppression results in Au-Au collisions from
PHENIX also became available. The new results from NAG0, most accurate at
that time, took the challenge one step ahead for the theoreticians. The theoretical
calculations failed to quantitatively reproduce the J /i suppression pattern observed
in In-In collisions. Thus, SPS and RHIC experiments created the path on which

ALICE started its journey.
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ALICE at the LHC, made it possible to probe low p; region, thereby reaching small
values of Bjorken-z (z < 107°) and corresponding squared momentum transfer
Q* (= m3 sp)- The observation [13] showed that central value given by FONLL,
underestimated the p; differential open charm cross sections. The results on the
dependence of charm production cross sections on the collision energy at central

rapidity, established a good match with the pQCD predictions [14].

During the year 2012, the first ALICE result on heavy-flavour decay muons in heavy
ion collisions got published. As mentioned earlier the heavy quarks are sensitive to
the presence of deconfined phase of matter, the QGP. At LHC the initial energy
density is so high that it creates perfect environment for abundant heavy quark
production. Thus this publication played a crucial role in searching for the QGP in
heavy-ion collisions. It reported that the muons from heavy flavors decay showed

strong suppression, which increased with centrality.

The first study of inclusive J/i production in Pb—Pb collisions at VS = 2.76 TeV
at forward rapidity [21] showed higher nuclear modification factor (Ras) values in
central collision compared to what was observed at PHENIX. This could be a hint
of recombination of unpaired charm quark and anti-quark pair giving rise to low-pr
J/1. For this reason a centrality and p; dependent study was carried out [22], which
supported the theory of recombination in the deconfined partonic medium. As the
charm density in the medium increases with the increase of collision energy, the
probability of recombination also increases. This observation opened a new domain

of study, which has been pursued in more details in this thesis.

The following year, the first p-Pb results at /s = 5.02 TeV were published [15]
which was needed to calibrate and disentangle the initial /final state effects present
in the heavy-ion collisions. The previously available results from Tevatron [16],
HERA [17], SPS [18,19] and RHIC [20], highlighted a suppression of J /i yield with

increase of Feynman-z (zp= 2pr/+/s, prL being the longitudinal momentum). Also
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the suppression tended to increase with /s for fixed zr and the existing theoretical
models could not provide a quantitative explanation. At this stage, the p—Pb results
at the LHC, became very important as the data allowed the access to Bjorken-z «~
10~°, which was unexplored before. Besides, it was also crucial for interpretation
of the Pb—Pb results. This paper reported that there is no strong variation of
the nuclear modification factors, especially at backward rapidity. This observation
contradicted with the theoretical model calculations (including coherent energy loss),

which suggested a steeper dependence on rapidity.

This interesting findings demanded similar study for weakly bound (2S). The first
inclusive ¥(2S) measurement in p-Pb collisions at /sy = 5.02 TeV at forward
rapidity [23] showed a larger suppression of ¥(2S) compared to that of J/i at both
the rapidity ranges. The final state effects, like interaction with cold nuclear matter
was employed to explain this behavior. But there is an inconsistency, as in the
forward rapidity, the crossing time of the quark pair is less. Thus it does not get
enough time for interaction with the cold nuclear matter. No p; dependence was

reported due to inadequate statistics.

The results presented in this thesis extends our knowledge on the phenomenon of

‘charmonium suppression’.
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CHAPTER 2

Theory

The quarkonia (bound state of quark-antiquark pairs like cc, bb) decay electromag-
netically to opposite sign lepton pairs of definite mass. Although quarkonium cannot
be detected directly, it is easy to locate the peak around its mass in the dilepton
invariant mass continuum. For this reason, it can be used as a probe to investigate
the matter produced relativistic collisions. Even after 46 years of discovery of J/i
by Brookhaven National Laboratory [1] and Stanford Linear Accelerator Center [2],
it is guiding us to find the secret of the universe. But how did it start? It was not
before 1986, when Matsui and Satz [3] predicted suppression of charmonium in the
deconfined medium by means of color screening. The suppression was quantified
using the reference of nucleon-nucleon collisions. The suppression confirms that a
part of the produced quarkonia is depleted in the medium produced in the heavy-ion

collisions.

Standard Model of elementary particles

The biography of particles known as the Standard Model, has successfully accom-

modated all the particles interacting via electromagnetic, strong and weak forces.
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The 215 century Standard Model has traveled through many roads, beginning with
unification of electromagnetic and weak forces in 1960s to the present day struc-
ture. Its framework is guided by the gauge symmetry of the SU(3)cxSU(2),xU(1)y
group. SU(3)¢ belongs to the symmetry group of strong interaction, while SU(2),,
and U(1)y corresponds to the weak and electromagnetic interactions respectively.
Fig. 2.1 summarises the basic constituents of the Standard Model. Based on the
spin, the elementary particles are categorized into two classes: fermions for the

particles with fractional spin and bosons as particles with integer spin numbers.

The fermions are further classified into three generations of quarks and leptons
following a mass hierarchy from lower to higher. The leptons participate in electro-
magnetic and weak interaction, but not strong interaction. The most stable charged
lepton is electron, differing in mass and finite lifetime from other leptons such as
muon, taon. The charged leptons have their neutral partner called neutrino and
each of them has their anti particle with the same property but different quantum
number. The gluons, quanta of the strong field, are massless. The challenge for
experimental investigation of quarks is that they do not exist as isolated. The most
elementary quark systems that are found include baryons (made of three quarks)
and mesons (made of a quark and an antiquark). But there are also exotic hadrons

made of more than three quarks. In 2003, Belle collaboration claimed the discovery

suojdal g

Figure 2.1: The constituents of Standard Model at a glance [4]
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of a tetraquark state X(3872) [5]. In 2015, LHCD collaboration at CERN claimed
to have found an exotic structures which they referred as pentaquark-charmonium
states [6]. Later in 2019, LHCb confirmed discovery of narrow pentaquark states
P.(4312)" and P.(4450)" [7]. Recently LHCD collaboration has reported to observe
an exotic particle made up of four charm quarks X(6900) [8]. W*~ and Z bosons
act as the mediator in weak interactions in the same way as photons play the role
for electromagnetic interactions. The electromagnetic and the weak interaction are

unified in the standard model through electroweak symmetry [9-11].

One cannot write a mass term for the particles in the standard model, respecting
both the Lorentz and gauge symmetries, unless there is a mechanism known as Higgs
mechanism. The SU(2),xU(1)y symmetry is spontaneously broken into U(1) gy, in
the Higgs mechanism and as a result of it, the three gauge bosons W+- and 7 get
masses from the gauge invariant kinetic terms of the Higgs field and the fermions
(namely quarks and charged leptons) get masses from the Yukawa term. About
forty years after the prediction of Higgs mechanism, CMS and ATLAS collaboration
at CERN discovered the Higgs boson [12,13].

Quantum ChromoDynamics (QCD)

In the late sixties, it was believed that the perturbation method in Quantum field
theory cannot be applied to describe strong interaction of colored quarks and gluons,
even if it was proved to be successful in explaining the Quantum ElectroDynamics.
So, a new formulation independent of the perturbative approach evolved, which is
known as Quantum ChromoDynamics (QCD). The mathematical foundation derives
from the SU(3). gauge symmetry. The essential properties of this theory are:

- Quarks carry both the electric and color charges, which are red, green and blue

and their anticolors.
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- Exchange of color is mediated via eight bicolored gluons which can interact among
themselves too.

- The interaction strength is described in terms of the strong coupling constant a.
The two important features of QCD are asymptotic freedom and chiral symmetry

breaking.

Asymptotic freedom

As a result of quantum fluctuations, the vacuum is viewed as a polarising medium.
It means when a quark propagates it emits gluons, which can further annihilate into
quark-antiquark pairs. Thus a test charge will see a quark surrounded by a cloud
of color charges. This is called the color screening effect. But unlike QED, strong
interaction has an additional feature which makes the behavior of the force different.
As the colored gluons can interact with other gluons (non-abelian interaction), the
force increases with increase of the distance from the quark. This kind of vacuum

polarisation gives rise to the anti-screening effect, which is stronger than screening

effect (Fig.2.2).

As shown in Fig.2.3, the coupling constant «, decreases when the inter-partonic
distance is small (high energy limit). In this situation, the quark behaves as quasi-
free. This is called asymptotic freedom. Conversely, at large distances the a; value

increases, which leads to the confinement of quarks into color neutral states.

Chiral symmetry breaking

QCD lagrangian exhibit chiral symmetry for zero quark mass (m, ~ 0), i.e. the
lagrangian is invariant when the left handed and right handed parts are rotated
independently. In that case, the interactions between quarks with different chiralities

are absent. This symmetry is expressed in terms of chiral condensate written as:

10
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() = (Yrpp +Yribr) # 0, where 1y and g are left and right hand quark fields
respectively. During spontaneous symmetry breaking, the Higgs field gets a vev (as
the potential has nonzero minima, as shown in right panel of Fig.2.4), resulting in
mass terms of all the particles including quarks. This in turns breaks the chiral
symmetry. However at high energy limit, the Higgs potential has its minima at
0, as shown in left panel of Fig.2.4, hence the chiral symmetry is restored. This

phenomena is a signature of QCD phase transition.

Figure 2.2: Vacuum polarisation in QCD: a)screening and b)anti-screening effect
[14].
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QCD phase diagram and Quark-Gluon Plasma(QGP)

Fig. 2.5 illustrates the phase diagram of QCD, as a function of net baryon density
(ug) and temperature. At low temperature and low baryon density, i.e. at the left
bottom region of the plot, quarks are confined to make hadrons. Moving towards
the right of the plot, i.e. at high density and low temperature, a degenerate gas of
neutrons are formed, which exists in the neutron star. The interior of the neutron
star is believed to be made of dense neutron rich matter due to strong gravitational

pull. The Neutron star Interior Composition Explorer (NICER) is aiming to in-

Temperature T [MeV]

Figure 2.5: A pictorial representation of the phase diagram of QCD [18].
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vestigate further about the neutron star especially the massive one with a mass of
2.4 times the solar mass. Although the equation of state of the interior matter is
not yet known, but the relations between the mass and radii suggest the following
possibilities- i) individual neutrons dissolve into soup of quarks and gluons, ii) a
phase transition to 'Bose Condensate’ of pions and kaons may take place, iii) phase
transition to more exotic matter such as hyperons may also occur [19]. For even
higher density (up — 00) the matter becomes color superconductor forming color

Cooper pairs.

A theory of possible existence of deconfined quarks and glouns were proposed, with
the discovery of asymptotic freedom. At high energy (or temperature) and high
baryon density, the strength of the strong interaction between quarks weakens, thus
leading to a deconfined state of quarks and gluons, known as Quark-Gluon Plasma
(QGP) [20,21]. It is believed that after few micro seconds of Big Bang, the universe
passed through the QGP phase, from which all the nuclear matter were formed
afterwards. Since the transition from normal hadronic matter to deconfined quark
is a non-perturbative process, the conventional perturbative QCD approaches are
no longer applicable. A new approach which is used to solve this problem is appli-
cation of Lattice QCD (IQCD). In 1QCD, non-perturbative QCD calculations are
done numerically on a discrete grid of space time points. The calculations attain
continuum QCD in the limit of infinitely small lattice spacings. Undoubtedly, this
approach suffers from computational limitation, as numerical calculations get com-
plicated with increasingly small lattice spacing. The corresponding equation of state
for the phase transition from hadronic matter to QGP has been obtained from Lat-
tice QCD calculations at finite temperature. The transition temperature is found
to be around 180-200 MeV [22] with the required energy density as 1 GeV/fm® [23]
at ug = 0. The results also show that the QGP properties deviate from the ideal
gas behavior and indicate that the deconfined and chiral phase transition occur at

the same temperature interval.

13
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As u,d and s quark masses do not vanish, the transition from hadronic matter
to deconfined one is not a phase transition, rather it is a smooth crossover [23].
Near the critical point at ug «~ 0.72 MeV, the transition seems to become second

order [24,25], while beyond this point, the transition is of a first order.

Although the complete diagram is still not established, the model predictions need
to be experimentally verified. Thus, different experiments are engaged in exploring

different regions of the diagram.

Search for QGP in heavy-ion collisions

LHC at CERN and RHIC at BNL are aimed to explore the low baryon and the
high temperature region of the QCD phase diagram through the ultra-relativistic

heavy-ion collisions.

The energy density produced can be indirectly estimated from the charge particle
produced per unit rapidity range using: ¢ = %%, where (mr) (:M) is
the mean transverse mass of the produced charge particle, 74 is the formation time
of the charged particle, A is the overlapping area of the two colliding nuclei and dN
is the charge particle multiplicity in the given rapidity range dy [26]. It can be seen
that the energy density diverges for 7y — 0. So this formula is applicable with the

two conditions: i) a finite formation time must be defined, ii) crossing time should

be small compared to the formation time.

A schematic view of the colliding medium is shown in Fig.2.6. During the colli-
sion, multiple interactions among the participating nucleons give rise to an out-of-
equilibrium system of partons, provided the nuclei crossing time is much smaller
than the characteristic time of the strong interaction (Tytrong) 1.€. Teross K Tstrong &
1/Aqep ~ lfm/c, where Agep is the QCD scale parameter. If the energy density

achieved by the system crosses the critical energy density ( 1GeV/fm?), then QGP
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formation is expected. The dynamical evolution of such a system is an important
tool to study as it decides the fate of the final state particles. Bjorken provided a

complete picture of this kind of system [27].

Space-time evolution of matter in heavy-ion collisions

The evolution of the conceived system is accounted in the Landau hydrodynamical

model [28]. Few assumptions made for simplification are:

e The characteristic time of the strong interaction (7yong) should be greater
than the nuclei crossing time, which means that the partons are created after
the nuclei have crossed each other. In ultra-relativistic heavy-ion collisions, the
crossing time is expressed as Teross = 2R /7y, where R is the nuclei radius and 7 is
the Lorentz factor in the center-of-mass system. The condition 7eyoss < Tstrong

is satisfied only if v > 12, considering the center-of-mass energies per nucleon

Feur Times T = T
longitud inal expansion
starts

Tiomg = R
End of longitudinal

R -

Figure 2.6: A pictorial representation of the relativistic heavy ion collision [14].
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above sy > 25 GeV [14].

e The particle production distribution follows a plateau near mid-rapidity. This
leads to a symmetry of the system along rapidity, thus simplifying the calcu-

lations involving the hydrodynamic equations.

The Bjorken scenario is described below.

Pre-equilibrium (0 < 7 < 1 fm/c¢): The time at which collision of the nuclei
occurs is considered as 7 = 0. Just after the collision, the partons go through
multiple interactions among themselves giving rise to a medium of pre-equilibrium
phase. The hard processes with high momentum transfer take place within partons.

For example, formation of heavy ¢q pair occurs for gluon fusion at this phase.

QGP formation and hydrodynamic expansion (1 < 7 < 10 fm/c): At this
phase, the QGP is formed, provided the energy density of the system is sufficiently
high. The lifetime of the QGP is decided by the energy density reached in the
collision, which is few fm/ ¢ in case of LHC. A pressure gradient due to the difference

in density with the surrounding vacuum favours the system to expand.

Mixed state (10 < 7 < 20 fm/c): Once the expansion starts, the system gradually
cools down. As a result, when the temperature goes below the critical temperature,

after about 1072 sec, the hadronization of quarks and gluons gets initiated.

Hadronic gas phase (7 > 20 fm/c): Once the hadronization is accomplished,

the system is described by an expanding gas of hadrons.

Freeze-out (~ 50-60 fm/c): This can be viewed in two steps:

e Chemical freeze-out : As the kinetic energy of the created particles becomes too

low for inelastic collision, the abundances of hadrons and their ratios become

fixed.

e Kinetic freeze-out : When the system further expands, the elastic collisions

16



CHAPTER 2. THEORY

between hadrons also stops. So the kinematics get fixed at this stage and the

hadrons are received by the detector.

The above scenario is illustrated in Fig.2.7.

Different probes to study the QGP in collider experiment

The QGP phase has a very short lifetime. It lasts for a very small time and then
subsequent cooling of the system makes the hadron to appear on the detector. Thus,
QGP cannot be studied directly, rather we depend on some indirect probes based
on the final products to investigate it. Few important probes for QGP are listed

here [30].

A probe can deliver a signal for QGP provided its property changes appreciably
depending on the formation of QGP phase. As there is no single unequivocal identi-
fication probe for QGP, the best way to identify QGP is to rely on several signatures

of deconfinement. They are as follows:

Dilepton production in QGP: A quark and anti-quark pair can produce a virtual
photon, which further decays to a lepton and anti-lepton pair. This lepton pair

propagate through the medium before reaching the detector, as they only interact

Time Freeze-out /
T Hadgon gas

=
=
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=9
~
5
=
2

Preequilibrium
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Figure 2.7: Space-time evolution of the matter formed in heavy-ion collisions [29]
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electro-magnetically. Due to the fact that the leptons have large mean free path,
they are less likely to undergo further collisions making it a reliable diagnostic tool

for the thermodynamical state of the medium.

Photon production in QGP: Analogous to the process mentioned above, the
properties of the QGP can be studied directly from the emitted photon from the
annihilation of a quark-antiquark pair. A gluon can also interact with the quark to

create high energy photon associated with a quark.

As photon does not interact strongly, it can also be detected before encountering with
too many collisions. It carries the information about the momentum distributions
of the quarks and gluons inside plasma, thereby accounting for the thermodynamic

state of the system at the time of its birth.

The Hanbury-Brown-Twiss (HBT) effect: When identical particles meet at
different space-time coordinates or energy momentum points, an interference oc-
curs due to difference in intensities. Detection of two photons in coincidence in two
detectors shows a correlation along the transverse distance of the detectors depend-
ing on the angular diameter of the source. This space-time or energy-momentum

correlation observed in high energy collisions is called the HBT effect.

The intensity interferrometry is applied for two identical pions detected at coinci-
dence. The momentum correlation of the pions is related back to the phase space
distribution function of the chaotic source through its Fourier transform. In this way,
this method provides information about distribution of matter during late stages of

the collision adding one more dimension to the QGP search.

Strangeness enhancement: In nuclear matter, generally there are small num-
ber of valance strange quarks. This number, determined by the dynamical state,
usually differs in case of quark gluon plasma. In this medium, due to the inter-

actions between quarks and gluons their momentum distribution changes and the
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strangeness content may get enhanced due to the chemical non-equilibrium. Thus
enhancement in the strangeness can be regarded as a signature of QGP. However,
strangeness enhancement does not necessarily mean QQGP formation. The Statistical
Hadronisation Model (SHM) can describe this phenomena as well. This model is
an extension of the Fermi model of hadron production based on the hypothesis that
the strong interactions saturate the quantum particle production matrix elements.
Therefore, the yield of particles is controlled primarily by the accessible phase space,
and not by reaction strength.. The relative yield of hadron resonances are measured

to test the statistical hadronisation hypothesis.

Jet Quenching: Energetic partons, which later emerge as hadronic jets, lose energy
while passing through the QGP either by elastic collisions or by gluon radiation.
Generally at high energy, radiation dominates. Collisional energy loss becomes
significant when it comes to intermediate energy partons or heavy quarks. Thus

modification in jet profile may be a sign of QGP.

Quarkonia suppression in QGP: Quarkonium is a bound state of quark and anti-

quark pair. Our main interest revolves around this state throughout this thesis.

An effect analogous to charge screening in electrodynamics, is seen in strong inter-
action as well. The color charge gets screened in presence of abundant quarks and
gluons in the neighbourhood. This is called Debye color screening, because of which
the bonding between a quark and anti-quark pair gets weakened. Also in presence
of the plasma, the string potential between them breaks. Thus quarkonium inside

QGP will dissociate leading to suppression in the yield in nucleus-nucleus collisions.

Apart from the above, there are other global observables which provide information
about the initial energy density, parameters defining collision geometry and dynam-
ics of expansion. The impact parameter of the collision, number of participating
nucleons can be determined from the study of charged particle multiplicity [31,32].

Besides, the initial energy density can be estimated from the transverse energy and
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charged particle multiplicity [33]. The particle spectra and azimuthal anisotropies

allow us to estimate the pressure gradient of the expanding medium [34, 35].

Charmonium states

The charmonium is bound state of a charm quark and charm antiquark. Due to its
high mass, charm quark is expected to be produced predominantly in the early stages
of ultra-relativistic nucleon-nucleon collisions. As discussed in the last section, the

charmonium can serve as an useful probe to study the QGP.

Table 2.1: Spectroscopic notation and properties

of charmonium.

Meson | n®*1L; | Parity | Mass (MeV) Width (MeV)
nC(IS) 115, -1 2981.0 £ 1.1 297+ 1.0
J/Y(18) 125, -1 3096.916 £ 0.011 | 0.0929 £ 0.0028
Yo(lP) | 18Py | +1 | 3414.75 + 0.31 10.4 + 0.6
Xe1(1P) 13P, +1 3510.66 £ 0.07 0.86 4+ 0.05
h(IP) | 1'P, | +1 | 3525.41 + 0.06 <1
Xe(1P) | 18P, | +1 | 3556.20 £0.09 | 1.98 + 0.11
ne(28) | 218, -1 3638.9 + 1.3 10 + 4
¥ (28) 235, -1 3686.109 £ 0.034 | 0.304 £ 0.009
yi45) or hybrid
wum“*rrﬂ’w
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Figure 2.8: The spectroscopy of the charmonium family [36]. n, S, L and J are the
principal quantum number, spin angular momentum, orbital angular momentum and

total angular momentum of the charmonium.
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The characteristics of the various charmonium states are summerized in Table 2.1.
Several charmonium states and their decay paths are shown in Fig.2.8. Both J/1
and ¥ (2S) decay into a di-lepton pair. The higher mass states can also decay into
the J/1 through the feed down effect. As a result, J/i can be produced either
from the direct hadronization of a ¢ and ¢ pair or be a decay product of ¥(2S),
Xe- In hadronic collisions, about 91% of the inclusive J/i’s are produced in this
way (prompt production), of which 60% are from direct production, 30% from .
and 10% come from 1 (2S) decays [37-39]. Rest 9% of the inclusive J/1¢) production

comes from B meson decay [40].

Theoretical models for charmonium production

The production of a cc pair in the colliding medium involves energy scales where
perturbative QCD is applicable (2m, > Aqcp). Example for a leading order pro-
duction is shown in Fig.2.9.

But, the evolution of the c¢ pair into the charmonium state involves energy scale of

the order of the binding energy m.v? (where v is the velocity of the charm quark

Figure 2.9: Heavy-quark production processes in QCD (Leading order). [41]
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as viewed from the charmonium rest frame) which can no longer be described by
perturbative QCD. Generally, a c¢ pair is assumed to be produced in 8 color states
with a net color charge (color-octet state) and 1 state without color charge (color-
singlet state). For hadronisation to take place, the net charge of the pair must be
zero. This neutralization of the color charge takes place through interaction with
the neighbouring color fields. Following three models have applied to describe this

scenario.

Color Evaporation Model (CEM)

This phenomenological model assumes that the hadronisation is uncorrelated from
the c¢ pair [42]. The pair exchanges soft gluons with the collision-induced color fields,
which breaks the correlation. This concept supports the name ”color evaporation”.
Next, the cross section of a given charmonium state is obtained by multiplying the
cC cross section with a phenomenological factor which is related to the probability
that the pair hadronises into this state (Fquarkonium)- Fquarkonium 1S an experiment

driven number. Mathematically one can write,

2de

O~

qqd
—am

G 2.1
qu(j qq ( )

O quarkonium = L' quarkonium /
2mg

Due to its limitation in explaining the p; dependence, it has been upgraded to

‘Tmproved Color Evaporation Model’” (ICEM).

Color Singlet Model (CSM)

This is the oldest model which describes the charmonia production [43-47]. The
model considers the production of resonance to be completely correlated to the pair
production. Therefore, the quark pair must be produced in a color-singlet state with

the same quantum numbers as the final bound state. The non-perturbative factor of
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the quarkonium cross section is then taken in proportion to the bound states wave

function or its derivative, which is estimated from the data.

Color Octet Model (COM)

The foundation of the Color-Octet Model (COM) [48] is on the basis of a QCD
effective theory called Non-Relativistic Quantum ChromoDynamics (NRQCD) [49].
Using NRQCD it separates the short-distance factors, which take into account the
pair creation, from the long-distance matrix elements, which take care the transition
to the bound state. The calculations involve summations of all terms running over
all possible quantum numbers of the quark pair. In each term, the short distance
coefficients are nothing but the perturbatively estimated production rates of the
quark pair in the corresponding state n (color, spin and angular momentum), while
the long-distance matrix elements basically give the probability of a heavy quark
pair in the state n to form the bound state. The long-distance matrix elements are

obtained fitting the cross-sections data.

Cold Nuclear Matter (CNM) Efects

The name cold matter suggests that these effects can be found in proton-nucleus
collisions, where no presence of QGP is expected. They can both way modify the
quarkonium yields, either by suppression or enhancement. Cold nuclear matter
effects act in heavy-ion collision as well. To correctly quantify the QGP effect in
heavy-ion collisions, cold nuclear matter should be properly disentangled. That is
why the study of the cold nuclear matter is extremely important. The CNM effects
can be categorised in two classes based on the time frame it takes place: initial and

final state effects.
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Initial-state effects

Initial state effects act on the partons before the hard scattering takes place. They
include nuclear shadowing, anti-shadowing, gluon saturation, parton energy loss and

Cronin effect.

Nuclear Shadowing

The information regarding the parton content inside nucleon is stored in the Parton
Distribution Functions (PDF). The PDF’s (f;(x, Q?)) depict the probability density
of finding a parton ‘i’ inside the nucleon, with fractional momentum ‘x’ at energy
scale Q?. The cross section of a hadronic process can be split into a partonic cross
section (which is quantified using perturbation) and the PDFs that represent those
hadronic bound states. The universal property of PDFs is that, they are indepen-
dent of type of the process. This feature gives us the freedom to calculate it from
particular process and apply it to calculate cross section for any given process. The

PDF is applicable in making theoretical predictions for any hadronic process.

Parton Density Function of proton 1Qx={‘l 0 G.\J‘]z]
CTEQG6L

1

xf(x,(r)
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a
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Figure 2.10: The Parton Distribution Functions for Q% = 10 GeV/c? from CTEQ
collaboration [50]
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An example of PDF (roughly the energy scale relevant for J /i) production) is shown
in Fig. 2.10. These PDF’s are calculated taking data from Deep Inelastic Scattering
(DIS) experiments and Drell-Yan (DY) production. The larger uncertainty on the
gluon distribution is due to the indirect probe from both DIS and DY. The gluon

distribution mostly dominates the hard scattering processes at RHIC and LHC.

It has been found that the PDF’s calculated from the nuclear DIS experiments [51]
get modified for protons which are bound in a nucleus. Due to this, the nuclear

parton distribution functions (nPDF’s) need to replace the free PDF’s.

The modification of the PDF is generally expressed in terms of ratio:

R} (z,Q%) = %32)) (2.2)

where fi(x, Q?) is the free nucleon PDF for parton i, f{(z, Q?) is PDF for the same
flavored parton i of a nucleon, but bound in a nucleus A.
An approximate evolution of this ratio is shown in Fig.2.11. From this figure,

RA(z, Q%) can be split into four regions along the x scale.

Shadowing (z < 0.03, R*(x, Q?) < 1) Clearly, the number of partons, especially of
the gluons, decreases in this region, compared to the free proton case. It is assumed
that the gluons in low-z get fused into a single high-x gluon, because of the greater

density of gluons present in the nucleus, causing deficiency in the low-x region.

Anti-Shadowing (0.03 < z < 0.3, RA(z,Q?) > 1) The same fact is responsible

for causing deficit in low-x region and enhancement in this higher z region.

EMC Region (0.3 <z < 0.7, R#(z,Q?) < 1) Tne reason for this observation is

yet not ascertained.

Fermi motion (z > 0.7, R{(x, Q%) > 1) As the name mentions the ratio increases

because of Fermi-motion of the nucleons.
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We will refer all the four kinds of modifications of PDF’s as shadowing in later chap-

ters. As LHC can explore the very low-x region, shadowing will mostly dominate.

Gluon saturation

From the Fig.2.10, at lower values of the z, the density of the gluons starts dominat-
ing over that of the quarks. After reaching sufficiently higher energy scale, known
as the saturation scale, the individual gluons start overlapping and can no longer be

resolved. The number of gluons get saturated at this stage. This energy scale or in

L5 = antishadowing Fermi-
i motion
1O pFrrrrvnsiinniiiaiin i\
T [
o r EMC-
0.6 B effect
C shadowing
02 -
i 11 |I||II| 11 IIIIIII |1 }IIIII
-3 -2 -1
10 10 10 1
X

Figure 2.11: A schematic example of the modification of the PDF in nuclei [52].

In 1/x

Y=
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2- -
C(.s -~ 1 (15 << 1

Figure 2.12: A schematic representation of the gluon saturation [53].
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other words, Q? dependence is shown in Fig. 2.12. The saturation line separates the
dilute (DGLAP) regime from the saturation region. The QCD evolution equation
for parton densities referred to as DGLAP, are named after Dokshitzer, Gribov, Li-
patov, Altarelli and Parisi [54]. Although the Deep Inelastic Scattering (DIS) data
are well described by the fits based on the DGLAP evolution equation, there are
hints of novel physics events that may exist at very small values of x. Alternatively
the parton evolution can be described analyzing the Regge limit in QCD, where
the energy of the interaction is assumed to be large s— oo, or in the case of the
DIS process, when  — 0, while the scale Q? is perturbative but fixed. In this
limit the cross section is dominated by the exchange of the so-called hard Pomeron
which is the solution to the famous BFKL evolution equation which is useful in de-
scribing the fast growth of gluons. The two main differences between DGLAP and
BFKL evolution equations are that in the latter the solution shows the power like
behaviour, 2~ at small values of  and the transverse momenta in the gluon cas-
cade are not ordered [55]. So the solution is dependent on the transverse momenta
of the exchanged gluons. To explain the evolution when it approaches the satura-
tion region, Jalilian-Marian-lancu-McLerran-Weigert-Leonidov-Kovner (JIMWLK)
equation is used. It considers the nonlinear correction of the strong field with Wilson
renormalization group approach. However, JIMWLK is a complex partial deriva-
tive functional equation and it is hard for one to solve. Another nonlinear evolution
equation is BK equation, in which the correction due to the resuming of the fan di-
agrams (two Pomerons merge into one Pomeron) are added to the standard BFKL
evolution process [56].

At an energy scale far beyond the Agcp, the coupling behaves as weak and it de-
mands of an effective field theory called the Color Glass Condensate (CGC) [57,58].
But CGC framework suffers from the limitation of its applicability through the satu-
ration scale Q5. However at the LHC energies, CGC has a broader range of rapidity

and p; coverage.
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If viewed from other perspective, it will not be surprising to consider shadowing
and gluon saturation as the same phenomena. They both represent modifications of
PDF’s. The only difference is that in case of the gluon saturation, this is caused due
to coherent interactions of gluons above a particular energy scale, whereas the shad-
owing considers the nucleus to be a collection of bound nucleons and parametrizes

this way.

Coherent parton energy loss

An incoming parton may undergo elastic scattering and thereby lose energy by gluon
radiation while traversing the nucleus. This phenomenon occur before the hard
scattering process. As a result, the incoming partons momenta get decreased, which
is reflected as a shift in the parton distribution if seen compared to pp collisions.

Thus the hadron productions are suppressed in p-A collisions.

In general,the energy loss models are standing on the basis of few assumptions and

approximations [59]:

e The partons produced in a hard collision may experience several gluon split-

tings

e Different approaches have been followed to model the medium. For example,

few theorists have considered it as a collection of static scattering centres [60].

e Additionally numerous approximations on the parton and gluon kinematics

are adopted in all the calculations.
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Cronin effect

In p-A collisions, an incoming parton can scatter multiple times inside the nucleus.
Due to this multiple scattering, its transverse momentum (p) spectra get modified

with respect to pp collisions. This effect is called Cronin effect.

Final-state effects

The following effects take place post scattering. That is why they fall under final-

state effects.

Nuclear absorption

The interactions like multiple scattering between the pre-resonant quark, anti-quark
pair with the surrounding nuclear matter can lead to the dissociation of the state. As
a result, a suppression of the quarkonium yields may be observed. There are definite
ways to treat this case. Generally, nuclear absorption depends on the amount of
nuclear matter traversed by the pair. Now the crossing time decreases with increase
of collision energy. Therefore the relationship between the crossing time and the
pair formation can be extended to a dependence with the collision energy. Apart
from the collision energy, nuclear absorption depends on the type of beams and
the collision centrality. In experimental data, it can be shown as a function of a
parameter ‘L’ which is defined as the mean path length of the pre-resonant qq pair

inside the nuclear medium.

Comovers absorption

The suppression of quarkonium can be caused due to comovers such as hadrons like

pions and kaons or partons. In this interaction, the charmonium get transformed
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into pair of D, D mesons leading to a deficit in the charmonium yield.

Hot Matter Effects

The Debye Color screening and the regeneration/recombination are the hot matter

effects. They are briefly discussed below.

Debye Color Screening

To understand this effect let us consider a quark of charge q’ at the origin and

-q’ at a distance r. The color potential as

another anti-quark of opposite charge
viewed by the anti-quark is phenomenologically represented by the Coloumb-like
potential,

Vo(r) = q/4mr (2.3)

Figure 2.13: The Debye screening in two cases: (A) Debye radius is larger than the
binding radius of the quarkonium state, (B) Debye radius becomes much smaller than
their binding radius [52].
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In addition to the above, there is a linear potential acting on them in proportion to
their separation.

where k is the string constant. Thus the total potential energy can be written as:

Hpot = + k’?". (25)

So, the total energy of such system will be,

2 2
H=2_9 L (2.6)

2u  Anr

where p = m,/2 is the reduced mass of the qq system.
If a quarkonium is placed inside QGP. Two effects occur:

Firstly, the string constant k is temperature dependent quantity. Deconfinement
occurs at the disappearance of k. This is another reason as why the temperature

required to be high for deconfinement to happen.

Secondly, in presence of the quark matter in the surrounding medium, the densities
of quarks, antiquarks get rearranged. Consequently the Coulomb potential gets
modified due to color screening. The new potential takes a form of Yukawa short

range interaction.

q e—r/)\D

V(r) =

= , 2.7

AT r (27)
where \p is the Debye screening radius. Beyond this radius the attraction between
the constituent quark, antiquark is negligible and the potential value drops exponen-

tially with distance. Moreover, \p is inversely proportional to the temperature of

the system. Thus at sufficiently high temperature, its magnitude becomes so small

31



CHAPTER 2. THEORY

that it becomes impossible to bind the quark and antiquark together.

Due to the simultaneous influence of these two effects, the quarkonia may no longer
be confined to bound states. They dissociate into free quark, antiquark pair. An-
other fact which makes the quarkonium, a clean QGP signature is that, they are
formed through initial hard scattering and carry the full information of the evolution.

We will discuss details of the charmonium state in the next section.

Regeneration/Recombination

Unlike the other effects discussed so far, it is one effect, sometimes called as co-
alescence, which can enhance the quarkonia yields. In ultra-relativistic heavy-ion
collisions, where a large number of c¢ pairs are created per collision (Fig.2.14) and
there is a fair chance of two uncorrelated ¢ and ¢ forming a bound state. Thus, this
effect is expected to be significant for the charmonium family. The sketch drawn
in the panel in Fig.2.14, is inspired by a statistical model [61,62] which assumes
for simplicity, that all hadrons including the quarkonia are produced simultaneously
during the chemical freeze-out. This model predicts that the charmonium yields

are proportional to the square of the number of c¢ pairs. With the increase of this

Figure 2.14: The pictorial representation showing the recombination of uncorrelated
cc pair forming bound state, in three steps [52].
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number at LHC, this effect becomes more dominant. So, at LHC energies, it is in-

teresting to look for the recombination effects which will be dominant in 0 < p; < 4

GeV /c region.
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CHAPTER 3

Data taking with ALICE detector

This chapter will focus on the ALICE detector and the different stages of data

taking.

CERN houses the Large Hadron Collider (LHC), world’s largest and most powerful
particle accelerator (Fig. 3.1) [1-3], built to accelerate particles to increasingly high
energies. It is giant ring of 27-kilometres with superconducting magnets and a num-
ber of accelerating structures to boost the energy of the particles along their path.
Two high-energy particle beams move in opposite directions in separate ultrahigh
vacuum beam pipes. These beams are made to collide at four points: ATLAS, CMS,
ALICE and LHCb.

ALICE (A Large Ion Collider Experiment) was designed to explore the QCD phase
diagram. It is the only dedicated detector to study the heavy-ion collisions and
investigate the QGP [4,5]. The central barrel contains an Inner Tracking System
(ITS) consisting six planes of high-resolution silicon pixel (SPD), drift (SDD), and
strip (SSD) detectors, as viewed from the beam pipe. Next to the ITS, there is
a cylindrical Time-Projection Chamber (TPC), followed by three particle identi-
fication arrays of Time-of-Flight (TOF), Ring Imaging Cherenkov (HMPID) and

Transition Radiation (TRD) detectors. In addition to that, there are two electro-
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magnetic calorimeters installed, called PHoton Spectrometer (PHOS) and Electro-
Magnetic Calorimeter (EMCal). Among these detectors, only ITS, TPC, TOF and
TRD cover the full azimuth. The Muon Spectrometer (MS) is placed at the forward
angle (2deg-9deg) for the detection of muons. It includes a front absorber, a large

dipole magnet, ten planes of tracking and four planes of trigger chambers.

Apart from the above there are few smaller detectors installed to augment the exper-
imental observations, namely Zero Degree Calorimeter (ZDC), Photon Multiplicity
Detector (PMD), Forward Multiplicity Detector (FMD), TZERO (T0), VZERO
(V0) which provide the global event characterization and triggering. In case of data
taking with cosmic rays, an array of scintillators (ACORDE) was placed on top of

the L3 magnet is built for trigger purpose.

Design features

The detector designs have been chosen to meet the required physics motivation and
performance graph. Plotting the invariant mass spectra after taking a sample of

data gives an idea about the alignment and correct resolution of the detector.

ALICE ’ LHCH

Figure 3.1: Schematic diagram of the accelerator complex of CERN.
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The biggest challenge for any detector design in ALICE is the high particle multi-
plicity in Pb—Pb collisions. Keeping in mind the huge particle flux and maximum
energy density at the mid rapidity, the detector acceptance has been made sufficient
to cover the particle decays at low momentum as well as jet fragmentation. Some
analyses require several thousand reconstructed particles per event. The detector
is so designed that a fast triggering is delivered to the concerned detector. To de-
tect rare signals selective triggers are also applied wherever desired (jets, high p;

electrons, muons, photons).

A schematic diagram of ALICE detectors is shown in Fig. 3.2. This thesis is based
on the analysis done using the data from the forward muon spectrometer. The
other detectors involved in the analysis are: (i) Silicon Pixel Detector (SPD) i.e.
the innermost detector of Inner Tracking System (ITS); (ii) the two VO scintillator
hodoscopes; (iii) the Zero Degree Calorimeter (ZDC). More emphasis will be put on

describing these detectors in the upcoming sections.

Figure 3.2: A schematic diagram of the ALICE detectors.
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Central Barrel Detectors

The central barrel detectors cover an acceptance range of 0.9 < n < 0.9. Their
applications vary starting from vertex reconstruction with a resolution better than
100 pm, identification of particles with momentum below 200 MeV /c, to study of the
matter produced in the central region. The schematic pictures of different central

barrel detectors are shown in Fig. 3.2 and Fig. 3.3.

COIL

TRD

15810

TOF

Figure 3.3: The front view of the central barrel detectors.

SPD SDD SSD°

Figure 3.4: The layout of the Inner Tracking System (ITS).
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e Inner Tracking System (ITS), [6]: To meet the requirement of efficient
track finding and high impact-parameter resolution, the number, position and
granularity of the tracking layers are optimized. It is made of six layers of
silicon detectors based on the requirement of segmentation and schematically

shown in Fig.3.4.

Silicon Pixel Detector (SPD): Being the closest detector to the interaction
point, it experiences the highest particle multiplicity during the collision. For
that reason, it is constructed in the form of 50 gm x 50 pum pixels. The radius
of the innermost SPD layers is so chosen that it provides support to the beam
pipe restricting any movement. It has the capacity to handle 80 particles per
cm? at a rate about 1 kHz. The SPD layers determine the primary vertex
position and help in the estimation of the impact parameter of the secondary

tracks.

Silicon Drift Detector (SDD): The intermediate two layers of ITS are made
in the form of drifts with the target particle density up to 7 ecm~2. For the
particle identification, four energy deposits samples are needed, out of which

two are given out by the SDD.

Silicon Strip Detector (SSD): The outermost two layers of the ITS pro-
vide matching of tracks from the TPC to the I'TS. They are essential for a
two dimensional measurement of the track position. In addition they provide
energy deposits (dE/dx) information which is crucial for identification of low-
momentum particles. The system is designed with minimum material budget
so that the low momentum particle will be minimally affected by multiple

scattering.

e Time Projection Chamber (TPC, [7]): It also provides the vital information
about the particles like transverse momentum and particle identification with

corresponding multiplicity, and accurate vertex determination, together with
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the other central barrel detectors.

e Transition Radiation Detector (TRD, [8]): It mainly provides electron identi-

fication in the central barrel for momentum greater than 1 GeV/ec.

e Time of Flight (TOF, [9]): It identifies particle in the intermediate momentum

range.

The detectors mentioned above cover the full azimuth. There are few detectors

that cover partial azimuth.

e PHOton Spectrometer (PHOS, |n| < 0.12, [10]): It is aimed to test the thermal
and dynamical properties of the initial stage of the collision obtained through
low p; direct photon measurements and jet quenching from the measurement

of high-p; pion and photon jet correlations.

e Electromagnetic Calorimeter (EMCAL, |n| < 0.7, [11]): It enables the possibil-
ity of unbiased LO trigger for high energy jets, improves jet energy resolution.
This calorimeter enables ALICE to study high momentum photons, neutral

hadrons and electrons.

e High-Momentum Particle Identification Detector (HMPID, [12]): As the name
indicates, this detector is useful for particle identification for momentum above

1 GeV/e. Tt is even beyond the momentum interval achievable by energy-loss

(in ITS and TPC) and time-of-flight detection (in TOF).

e ALICE Cosmic Ray Detector (ACORDE, —1.3 < n < 1.3, [13]): It is an
array of plastic scintillators located on the upper surface of the L3 magnet. It
serves both the detection and trigger purpose. Firstly, it provides a signal for
the commissioning, calibration and alignment of some detectors. Secondly, it
detects, together with the TPC, TRD and TOF, the single atmospheric muons

as well as multiple-muon events.
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Forward Detectors

The ALICE forward detectors mainly play a role in estimation of the particle mul-

tiplicity and the centrality estimation. The following detectors fall in this category:

e Forward Multiplicity Detector (FMD, —3.4 < n < —1.7,1.7 < n < 5.0, [14]):
As the name indicates, this detector is involved in the estimation of charged-

particle multiplicity.

e VZERO detector (2.8 < n < 5.1 for VOA, —3.7n < —1.7 for VOC [14]): The VO
detector is a small angle detector which consists of two arrays of scintillators,
called VOA and VOC, located asymmetrically on either side of the interaction

point. It performs the following actions.

- it provides the L0 (zeroth level) trigger for ALICE.

- it provides Multiplicity Trigger (MT), semi-Central Trigger (CT1) and Cen-
tral Trigger (CT2) in Pb-Pb collisions, which roughly gives estimation on
centrality.

- it measures the charged particle multiplicity, thus resulting in a centrality
indicator.

- it participates in estimation of the luminosity.

- it helps to rectify the false signals from the muon trigger.

e TZERO Detector (T0, [14]): The TO detector produces a start time (TO0) for
the TOF detector. This timing signal corresponds to the real time of the
collision (plus a fixed time delay) and is independent of the position of the

vertex.

e Photon Multiplicity Detector (PMD, 2.3 < n < 3.7, [15]): PMD is built to

measure the multiplicity and spatial distribution of photons.
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e Zero Degree Calorimeter (ZDC, [16]): The ZDC consists of two electromag-
netic calorimeters (ZEM) which are placed, on either sides of the LHC beam
pipe. Each ZEM consists of two distinct detectors: one for spectator neutrons
(ZN), located between the beam pipes and another for spectator protons (ZP),
is installed externally to the outgoing beam pipe on the side of positive parti-

cles deflection.

The geometry of the A-A collisions leads to the number of participant nucleons
in a collision. To estimate this number, one has to measure the energy carried
by the non-interacting (spectator) nucleons in the forward direction (parallel
to the beam axis). This is achieved with the help of ZDC. If all the spectators
are detected, then the number of participant nucleons in PbPb collisions at
5.02 TeV, can be obtained using: Ezpc(TeV) = 5.02.Nypectators ad Nparticipants
= A-Ngpectators- But practically it is difficult to estimate Nparticipants » @s all the

spectators are not detected.

The Muon Spectrometer (—4.0 <n < —2.5)

The aim of the Muon Spectrometer is to scan the whole vector meson resonance
spectra through their dimuon (u*p~) decay channel in pp, pA and AA collisions [17].
In addition to vector mesons like p, ¢, its interest also extends to the study of bosons
like Z, Wt~ and open flavours such as D, B mesons. It can detect muons in their

dimuon rapidity range 2.5 < y < 4 and go as low as p; = 0.

The Muon Spectrometer has the following components:

e Dipole Magnet
e Front Absorber

e Tracking Stations
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e Trigger Stations
e Muon Wall

e Beam Shield

Dipole Magnet

To measure the p; of the incoming particle, the tracks need to be bent in a magnetic

field.

To fulfill this task, a Dipole magnet is installed about 10 m away from the IP to
provide horizontal magnetic field perpendicular to the beam direction (z axis). It
also houses the third Muon Tracking station. It covers the pseudorapidity range
2.5 < n < 4. The general idea of the magnet is based on a window-frame return
yoke, made of low-carbon steel sheets. It is the world’s largest warm dipole magnet
of 850 tons (dimension 5 m x 7 m x 9m) [18] which provides a nominal field of 0.7
T and a field integral of 3 Tm along the beam axis. An additional space of 10 cm to

15 cm is provided radially to house the support frames of the Muon Trackers inside

Figure 3.5: The layout of the ALICE Muon Spectrometer.
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the magnet. The magnet is also used as a support for the front absorber, the beam
shield and the Front Absorber Support Structure (FASS), inside which the first two

tracking stations are housed.

Front Absorber

The 4.13 m long front absorber is placed inside the solenoid magnet, at a distance
90 c¢m from the IP. It is made out of carbon, concrete and steel in a conical shape

corresponding to 10 radiation lengths, as shown in Fig 3.6.

The main purpose for building this absorber is to reduce the forward flux of primary
hadrons from nucleus-nucleus collisions by at least two orders of magnitude thereby
decreasing the muon background by limiting the free path for muons, which originate
from pion, kaon decay. Most of the low energetic electrons which are produced inside
the absorber, get absorbed by a tungsten cover of 100 mm thickness at the back end.
An additional ring of 100 mm of tungsten act as a shield against particles emerging
from the beam pipe. Three layers of polyethylene are installed at the end of the

absorber in order to stop slow neutrons.

Tungsten

Figure 3.6: The layout of the Front Absorber of ALICE.
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Muon tracking chambers

The 10 m long tracking length starts from about 5 m from the IP. Along this length,
five tracking stations each containing two tracking chambers are placed. The third
station is housed inside the dipole magnet with two other stations on either side of
the dipole magnet (Fig. 3.5 and Fig.3.7). The second tracking station, shown on
the left side of Fig.3.7, is indigenously constructed in India. The tracking detectors
cover a sensitive area of about 100 m?. In Pb-Pb collisions, muon trackers experience
a huge flux of particles which reaches upto a few hundred in central collisions, with
a maximum hit density around 5x10? cm™2. The tracking chambers are so designed
that they can withstand such particle density in the forward direction at the same
time provide a spatial resolution of about 100 pum in order to distinguish different
resonance states with 95% efficiency. This requirement of good tracking resolution
at huge particle flux is achieved by the Cathode Pad Chambers (CPC). The tracking
detectors are built in the form of segmented Cathode with anode wires in between
the separation between the anodes and cathode planes is 2.5 mm, which is also

the anode wire pitch. The detectors are operated with gas mixture of Ar+COQO,

Figure 3.7: The 2" and 3'9 tracking stations of Muon Spectrometer.
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in 80%+20% proportion. The choice of this gas mixture gives the detector low
efficiency for neutral particles, small Lorentz angle for good spatial resolution and
minimizes the detector ageing problem. The applied high voltage on the anode wires

is 1650 V.

As shown Fig.3.8, the cathode planes are segmented into definite number of sensitive
pads, which are used to determine the position of particle traversing the detector.
To know the two-dimesional coordinates of the hit precisely, two informations are
needed: hit coordinates in the bending and the non bending planes. The local
granularity of the trackers is decided on the basis of their distance from the IP or the
expected hit density, i.e. chambers in the 4th station have longer pads compared to

that in the 3rd station. The issue of overlapping charge clusters is circumnavigated

by shifting the pads on the two cathods relative to each other by half width.

The particle multiplicity not only depends on the distance from the IP, but also on
the distance from the beam pipe as well. In order to keep the number of overlapping
clusters to be below 1%, the pad occupancy should be less than 5%. To satisfy this
condition pads of smaller widths are necessary. For example, pads as small as 4.2

x 6.3 mm? are needed in the first station for the region near the beam pipe, where

Non Bending Cathode

Q(x\y \_/ // //
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QW)
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Figure 3.8: The basic working principle of a cathode pad chamber.
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highest charged particle multiplicity is expected. Since the hit density decreases
with the distance from the beam axis, larger pads are sufficient for the use at larger

radii.

The charged particle passing through the active gas volume, ionizes the medium
along its trajectory. Due to the high electric field, an avalanche generated by the
primary electrons (about 80 in number), which moves towards the closest anode
wire. The image charge is induced on both the cathode, which leads to a charge
cluster involving three or more pads. The relative values of the induced charges and
the absolute positions of the pads in a charge cluster, give the required position of

the charged particle inside the detector.

In order to minimize multiple scattering of the muons, the frames of the detectors
are made of composite materials with the radiation length below 3%. The sizes
of the chambers are gradually increased to maintain the solid angle from the first
station to the fifth. The first two stations are built in quadrant structure. Geometry
of the other stations are chosen as slat architecture with maximum size as 40 x 280

cm?.

Muon Wall

The Muon Wall is made of 5.6 x 5.6 x 1.23 m cast iron, located at 15 m from the
IP. It is placed in the gap between the tracking station 5 and the trigger station 1.
Its job is to reduce the background on the trigger stations by absorbing the pions,
hadrons and low momentum muons (from pions and kaons decay) that escape the
absorber. Together with the front absorber, the muon wall prevents muons with
momentum less than 4 GeV/c from reaching the trigger station thereby enhancing
the trigger chamber performance. The picture of muon wall and the dipole magnet

is shown in Fig.3.9.
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Trigger Stations

The main goal of the muon trigger system is to select unlike sign muon pairs origi-
nating from the decay of quarkonia resonances and single muons coming from heavy
flavors. In addition to that, like sign muon pairs are selected for generating the

combinatorial background for analysis.

In central Pb—Pb collisions, about eight low-p; muons per event from pion and
kaon decays are expected to be detected. They contribute to the background in
the data, making it difficult to distinguish signal from the background. To reduce
this unwanted background to an acceptable level, a low p; cut on the detection of
muons that are not accompanied by the high p; ones, is necessary. This requirement
is fulfilled by applying a low p; threshold at the trigger level on each muon. Two
programmable cuts on high and low p; ranging from 0.5 to 2 GeV /¢, are applied in
parallel by the trigger electronics so as not to lose signal efficiency. The p; selection
is done using a position-sensitive trigger detector with spatial resolution better than
1 cm. Six trigger signals, depending on the combination of types of muons, are

sent to the ALICE Central Trigger Processor (CTP), within less than 800 ns after

Figure 3.9: A photograph of the Muon Wall (left) and dipole magnet (right).
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interaction, at 40 MHz frequency.

The trigger system has two stations each containing two Resistive Plate Chamber
(RPC) planes operating in streamer mode (for hit rates less than 50 Hz/cm?), located

behind the muon filter about 16 m and 17 m, from the IP.

The main purposes served by RPC are, fast time response and good time resolution

with about 98% efficiency at low background.

The schematic design of a RPC is shown in Fig. 3.10. The gas is allowed to flow
through the gap between resistive electrode plates. The high voltage is applied to
the plate using a conducting layer coating on their surfaces. The constant distance
between the resistive plates (the electrodes) is maintained by plastic spacers placed
inside the gap. The RPC is operated at the atmospheric pressure and at a voltage
of 4-5 kV/mm. When an ionizing particle crosses the gap between the plates, the
electrons create a discharge on the anode, which in turn, gets absorbed by the
organic+electronegative gas mixture (Ar + CoHsFy + isobuthane + SFg in a ratio
49:40:7:1, decides the spatial resolution). The duration of the discharge (about 10

ns) is much less than the relaxation time of the electrodes. Thus, they behave as an

Resistive electrod
plates pick-up x-strips

S

\ 2mm

Gas 2mm

R U A

= pick-up y-strips
GND Graphite painted
electrodes

High Voltage (+H.V.)

Insulating film

Figure 3.10: The basic layout of a Resistive Plate Chamber.
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insulator during the full discharge. The insulated conductive strips placed on the

electrodes help to pick up the signal using induction method.

Beam Shield

The front absorber cannot to stop the small angle or secondary particles that emit
from the beam pipe. To absorb them, a beam shield made of high atomic number,
W-Pb mixture implanted in a 4 cm thick stainless steel cover, is positioned. It
surrounds the beam pipe along the Muon Spectrometer following 178° acceptance

line up to a maximum radius of 30 cm.

Detector Readout

The read-out electronics of muon spectrometer is based on the principle of an analog
multiplexed measurement of induced charges on the pads. A 16-channel chip named
MANAS, which works as a charge preamplifier, filter. This ASIC has been designed
at SINP and fabricated by the Semiconductor Laboratory (unit of ISR Chandigarh).
The muon tracker uses 65,000 MANAS chips to read out 1.1 million pads. The
channels of four MANAS chips are connected to two 12-bit ADCs which are read
out by the MARC chip. The data is stored after zero suppression. This circuit is
mounted on front-end board, named MANU. Total 16,816 of such MANU cards are
assembled on the chamber of the second tracking station to read the 1,076,224 pads.
MANUSs (26) are connected (via PATCH bus) to the translator board from which
data transmission to the Concentrator ReadOut Cluster Unit System (CROCUS)
takes place. Each chamber is readout by two CROCUS. Thus, a total number of
20 CROCUS in 10 chambers, concentrates data from the chambers and sends them
to the DAQ, where the front-end electronics, calibration, dispatch of triggers are

controlled. The data link which connecting the top most CROCUS to the DAQ is
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called Detector Data Link (DDL). This scheme is shown in Fig.3.11.

To identify the bunch crossing, the trigger detector reaction timing should be fast.
To achieve a good time resolution (1-2 ns), dual-threshold front-end discriminators
are used in the RPCs. The signals from the discriminators are propagated to the
trigger electronics i.e. the local trigger cards, where the coordinates estimated in
the first and second stations are compared for the rough evaluation of the muon p;

. The decision time of the trigger electronics is usually about 600-700 ns.

Online Control System

The successful data acquisition is ensured by several Online Control Systems of

ALICE. They are discussed below briefly.

DETECTOR CROCUS craee
Up 1050 PATCH BUS connected. |

Upto26or3x 17
MANU BOARD.

i
Up to 100 PATCH BUS;
per detector. i

e N /i [Manu: manas numérique. :
L ; PATCH: Protocol for ALICE Tracking ; |} :
Chamber., Ol JICx HH
c? (CROCUS: Concentrator Read Out ]
I .TAGE Cluster Unit System. :)' :
HIGH VOLTAGE FRT: Frontal. (
| ETHERNET:
CRT: Concent rator. [~ - Monitoring.
SLOW CONTROL TCI. Trigger Crocus Interface. -Stand alone DAQ.
N - Test configuration.
DDL: Detector Data Link (1 per CROCUS)

Figure 3.11: A schematic view of the detector readout scheme of ALICE.
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Experiment Control System (ECS)

The Experiment Control System (ECS) [19] is at the top level of the online control
system which integrates the functions of the online systems for all the detectors of
ALICE and within every user defined partition. ECS permits independent, syn-
chronous activities on part of the experiment by different operators. ECS receives
status information from the online systems and issues commands to them via in-
terfaces based on Finite State Machines (FSM). The interfaces between the ECS
and other components of the online systems include access control mechanisms that
manage the rights granted to the ECS. For example, the online systems can ei-
ther be controlled by the ECS or be operated as independent systems. In the later
case the online systems only send status information to the ECS, but do not follow

commands from it.

Detector Control System (DCS)

The ALICE Detector Control System (DCS) [20] bears the responsibility of control-
ling the detector parameters during data taking. By this system, the DCS operator
checks the status of the detectors, any error that can affect the data taking and
recovers failures so as not to lose the efficiency during data acquisition. The flexible
and modular design of DCS enables one to cope with the large variety of different
subsystems and equipments at ease. Its main job is to configure, monitor and control

all the equipments of the experiment.

Central Trigger Processor (CTP)

The main job of the Central Trigger Processor (CTP) [21] is to collect and process

the trigger signals from the detectors participating in data acquisition. Depending
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on the DAQ (Data Acquisition) bandwidth and the physics requirements events are
selected and the corresponding data taking rates are downscaled. The ALICE trigger
manages the detectors which become ‘busy’ for different time intervals after a valid
trigger and performs a trigger selection optimized for different running conditions.
The fastest trigger signal, called Level 0 (LO0), arrives 1.2 us following one collision.
As a result, the inputs from the fast detectors, such as the SPD, VO, TO and the

Muon Trigger are fed to the L0 trigger.

The selection of a certain class of events is performed using logical AND and OR

combination of detectors at three states - asserted, not relevant and negated.

Comparatively slower detectors participate in a Level 1 trigger signal (L1) that is
sent after 6.5 pus. Other events of given types in a time interval before and after the
collision under investigation can also be looked up with the help of a past-future

protection circuit connected to the ALICE trigger system.

Finally the last level called Level 2 (L2), is dispatched after 88 us waiting for the

past-future protection. This trigger is used by the TPC.

All the data are stored in the raw data stream. Dedicated scalars are there for all
the inputs and for each trigger class that store the number of events passing each of

the three stages of trigger (L0, L1, L2).

Data Acquisition System (DAQ)

The ALICE Data AcQusition system (DAQ) [20] is capable of handling large inter-
action rate and huge data volume (1.25 GB/s). It also manages different clusters
of detectors with different trigger rates. The trigger is sent to the front-end read-
out electronics (FERO) of the participating detectors on receiving decision from the
CTP to acquire a specific event. These data are then directed to the Detector Data

Link (DDL4 ) and supplied to a farm of computers, called Local Data Concentra-
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tors (LDC). The LDCs create the event chunks from the front-end electronics into
sub-events. The sub-events are then injected to the Global Data Collectors (GDC)
through an event building network where all the sub-events from various LDCs are

collected, ultimately generating the whole event and sending it to the storage.

Data Quality Monitoring (DQM)

The final stage of online control system includes Data Quality Monitoring (DQM).
The data that is being recorded must be checked continuously to ensure high quality
data taking. In order to do this job, DQM collects the data samples, analyse them
itself using user defined algorithms and shows the result in visual form. It uses a
platform called AMORE (Automatic MOnitoRing Environment), where the event
data are monitored and plots are generated in real time. The DQM shifters can view
the monitoring elements and detect potential issues. Other features are also added
such as the integration with the offline analysis and reconstruction framework, the

interface with the electronic loghook that keeps account for the monitoring results.

Offline Framework

The offline framework is built on a software named AliRoot [23]. It allows the
user to fulfill several purposes like simulation, reconstruction, detector alignment,

calibration, visualization and data analysis.

The AliRoot architecture is based on the ROOT [24] framework made in a com-
mutable structure as shown in Fig.3.12. This framework is developed on the Object
Oriented paradigm, written in C+4. The STEER module administers steering, run
management, interface classes and base classes. For running simulation and recon-

struction, the detector codes are divided into independent modules with specific
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syntax. The feature of linking with the external Monte Carlo modules for event
generation and particle transport through the detector geometry add flexibility to
the AliRoot.

e Simulation: The main simulation class is the AliSimulation. In the interface,
event generators like PYTHIA [25], HIJING [26] and detector geometry are
utilized. As per the requirement, users have the freedom to force the parti-
cles to be generated and to decay in a given acceptance range. This feature
speeds up the simulation processes and tunes their kinematic parameteriza-

tions (namely y and p;) which give the phase space of the particles.

e Particle Transport: The AliRoot provides different Monte Carlo packages (like
GEANTS3 [27], GEANT4 [28] and FLUKA [29]) which simulate the detector
response. The complete geometries of ALICE detectors have been constructed
in these packages. The magnetic field maps of the solenoid and the warm
dipole magnets are also incorporated in the simulation. To deviate from the

ideal geometry, different detector conditions like real time pedestals, noisy or
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Figure 3.12: The Offline analysis blocks of ALICE.
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dead channels and HV trips can be incorporated by taking inputs from the
Offine Conditions Data Base objects (OCDB).

e Reconstruction: Once the particle is transported, next comes the reconstruc-
tion phase (for both the real data and Monte Carlo simulations). This step
makes use of the class AliReconstruction. Calling this class, one can recon-
struct both the primary and secondary vertices, tracks and identify particles.
Finally the output is written in the form of Event Summary Data (ESD), i.e.
a ROOT file which includes all the information relevant for physics analy-
ses [23,24]. Specific processes such as the offine realignment of the tracking
chambers can also be applied during the reconstruction. The ESD files are
further passed through filter for more specific analysis and then kept in the
Analysis Object Data (AOD) output files which are even smaller in size and

can be easily accessible for the users.

For the analysis presented in this thesis, the Muon Analysis Oriented Data
(Muon AOD) files, that summarize all necessary information specific for physics

with the Muon Spectrometer, have been used.

The GRID

The world wide computing facility, Grid [30] at CERN made it possible to share the
enormous amount of data produced by the LHC experiments with the world. The
ALICE computing framework appertains to the program organized by the World-
wide LHC Computing Grid (WLCG). This framework is based on the MONARC [31]
model, with hierarchical levels named as Tiers. The raw data are stored at the 0"
level of the large computing center at CERN, the Tier-0. The data are then cloned
in zonal large computing centers, called Tier-1 which also take part in the recon-
struction and the storage of Monte Carlo data. The local computing centers, i.e.

the resources of the participating institutes, are called the Tier-2. The two lower
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levels of this framework are the Tier-3 and Tier-4. They are local computing clus-
ters of University and user’s workstations. The interconnections between all these
different Tiers are made possible by the Grid Middleware. ALICE has developed
a set of Middleware services named AliEn [32]. Through the AliEn User Interface
(the MonALISA [33] repository for ALICE), the user is allowed to interact with the
Grid (after authentication). The user can access and save files as in a Unix like
system, send his analysis tasks (jobs) and monitor their execution in real time with

the knowledge of cluster where those files are stored.

The data analysis presented in this thesis has been carried out at Saha Institute of

Nuclear Physics using this grid infra-structure.

Data taking

ALICE has taken data in pp, p—Pb and Pb—Pb collisions. In this thesis, analysis
of the data in pp, Pb—Pb collisions at centre of mass energy 5.02 TeV and p—Pb

collisions at centre of mass energy 8.16 TeV will be discussed.

Once the installation was finished, the positions of the trackers were measured with
a precession better than a millimetre using the principle of photogeometry [34]. This
alignment is checked time to time, when no data taking goes on. This is done by
operating the detectors without magnetic field before start of the data taking and
the data is highly affected by the alignment quality. In absence of the magnetic field
the tracks are straight, which are used to modify the alignment file offline with the
help of Millepede algorithm [35]. The residual misalignment is estimated for each
detection element. All these modifications are then propagated to the muon track

reconstruction stage.

But, during the data taking when magnetic fields are switched on, these positions get

modified. Geometry Monitoring System (GMS), an integrated optical monitoring
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system made of 460 optical sensors, is installed to keep track of these displacements.
In the Fig.3.13, GMS can be seen located on the corners of each Muon Tracking

chamber.

This system keeps account of the relative position of two chambers within each sta-
tion as well as between the different stations, together with the absolute displacement
of the entire Muon Spectrometer with respect to the ALICE detectors with about
20 pm a resolution. The alignment can also be checked indirectly with the help of
analysis class operating on the online tracks. It uses the idea that improvement in

mass resolution implies better alignment.

Track reconstruction

Kalman Filter

The technique for charged-track reconstruction involves pattern recognition for lo-

cating the track and once located, fitting the tracks. The charged particles produce

Figure 3.13: The Geometry Monitoring System setup. The optical lines are repre-
sented by the red lines.
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hits while passing through the chambers. The reconstructed hits are viewed as
emerging pattern of tracks which fulfill the condition of at least one hit in each
tracking station. The pattern recognition and the track fitting are simultaneously
performed using Kalman filter [36,37]. It employs a set of mathematical equations

which gives computational (recursive) solution of the least-squares method.

The algorithm begin with the initial parameters and covariance matrices of track
candidates called ‘seeds’. Then each track is propagated to some intermediate point.
The new covariance matrix is calculated using the Jacobian matrix of the transfor-
mation, which is nothing but the matrix of derivatives of new parameters from the

propagated track with respect to current parameters.

While extrapolating the point, if a new seed is found within a certain window around
it, then the vector of its local measured parameters and covariance matrix are added
to the track, and the previously obtained vector of parameters, covariance matrix

are updated along with the x? value of the track fitting.

For muon spectrometer, a Kalman track seed is created for all track segments found
in the last two stations. The tracks are specified with in terms of the parmeters such
as (y,z,«,3,q/p), where y and x are the coordinate in bending and non-bending
plane respectively, a is the track angle in the bending plane with respect to beam
direction, [ is the angle made by the track with the bending plane, ¢ and p represent

the charge and momentum of the track, respectively.

Once a seed is located, it is followed to the station 1 from station 5 unless it is
lost in a station i.e. no hits detected for it as per the procedure. First the track is
propagated from the present z-position to a hit with the nearest z -coordinate. Then
within a certain window around the transverse track position another hit is searched
with the given z-coordinate. This will result in either of the two possibilities. Either
one can consider the hit with the lowest y? contribution as belonging to the track

or alternatively, one can use a track branching which select all the hits inside the
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acceptance window. The latter gives better result as proved from the effciency and
mass resolution tests. As the magnetic field is usually non-uniform, the Runge-
Kutta algorithm has to be used for propagating the track parameters. In order to
include the effect of the track chamber material a multiple scattering term is added

to the track covariance matrix for each chamber passed.

After propagation to the chamber 1 all tracks are collected depending on their

quality, which is defined by:

2 2
. o Xmaz — X

Qualzty = Nhits -+ W (31)

The maximum acceptable x? is set to x2, ... In the next step, tracks having partial

share of hits with another track with better quality is removed.

Tracking Efficiency estimation of Muon Spectrom-

eter

The data collected by a muon chamber are limited by the acceptance and efficiency of
the detector. So, the data must be corrected with proper acceptance times efficiency
(Axe) of the detector to estimate the cross section of the process of interest. As the
determination of the A xe is done from Monte Carlo, it is necessary to ensure that the
data and experimental conditions during the data taking is properly incorporated

in the simulation.

In this chapter, we will discuss the studies of tracking efficiency of Muon Spectrom-
eter carried out for the data collected in pp collisions at /s =13 TeV in 2016, which

has been carried out as the Service Task by me for ALICE.

As stated before, the tracking algorithm looks for only one cluster per station in
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stations 1, 2 and 3 and three clusters in stations 4 and 5. Now, if we assume that
the efficiency of one chamber is independent of the others, then the redundancy
between the chambers in the stations can be exploited to measure the efficiency of

a specific chamber.

For better understanding, a sketch of the arrangement of stations and the possible
responses from a station to a track are shown in Fig. 3.14. There are four possibili-
ties: a given track may have a cluster in both the chambers (NNV;; ), a cluster either in
chamber i or j (N, and Ny; ), or the track does not satisfy the tracking conditions
so it is not reconstructed (Nyp ). Combining all the possibilities, the total number

of tracks crossing the station (V) will be-

Niot = Nij + Nio + Noj + Noo, (3.2)

with the assumption that the efficiency of chamber i (ecy;) is independent of the

efficiency of chamber j (for ecpjzi). Nij, Nio and Ny, can be determined from:

Nij = €chi-€chj-Niot (3.3)

ChiCh2  Ch3Chd  ChSCh6  Ch7Che  Ch9Ch10

My
UTh &
Nog =t
Nog

b oud o N A S S R W
St 5t 83 St 8t

e
5145

Figure 3.14: The arrangement of the chambers into stations and the probable re-
sponses of one station to a track.
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Nio = €cni-(1 — €cng)-Niot (3.4)

N()j = EChj'(]‘ — EChi)-Ntot (35)

But Ny_o cannot be expressed in this way, as it is never measured. So the total
number of tracks remain unknown. If the chamber has non-zero efficiency, then

these equations can be combined to give ecp; and ecy;.

N;

T ——— e — 3.6
e (3.6)
Ni*j
e o 3.7
“Chd Ni—j+ Ni_g (3.7)

For the first three stations the chamber efficiency can be determined from the recon-
structed tracks for which the other chamber has sent response. The same method
can be repeated to calculate the efficiency for the last four chambers using the tracks

for which the other three chambers have sent responses.

This procedure can be applied locally as well to determine the efficiency of a certain
area of a chamber, like a particular Detection Element (DE), Bus Patch (BP), PCB
or MANU. These subregions in the chambers are highlighted in Fig. 3.15. The
convention of numbering of the DE is: DE number = Chamber number + DE
number in the chamber. The calculation of DE inside the chamber begins from the
right hand side of the chamber and follws anti-clockwise direction. The individual
chamber efficiencies are then combined to determine the efficiency of each station.

In case of the stations 1, 2 and 3, the efficiency is defined as the probability for a
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muon to be detected by at least one of the two chambers:

i=10 i=10 Jj=10
€5t4_5 = H €chi + Z ((1 — €Chi) H €Chj> (3.8)
i=7

i=7 =T

At last the tracking efficiency for single muons can be determined from,

€tracking — €St1-€5t2-€5t3-€St4—5- (3-9)

Tracking efficiency systematics studies for the pp

data

In this section the studies performed by me on the data in pp collisions at 13 TeV
as a part of the service task for ALICE, will be discussed. In addition, the efficiency

as a function of the run number will also be presented.

The first step of this method is to estimate single muon tracking efficiency in data

from the reconstructed tracks. Then the results so obtained, are compared to those
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Figure 3.15: Visualization of different substructures for chamber 6: DE (red), PCB
(blue), BP (green) and MANU (yellow).
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in MC.

Efficiency calculation in real data

As a starting point, the overall single muon tracking efficiency, € qcring, 15 examined
on a run by run basis, If any issue is found, then the source of the issue is searched

by looking at the individual chamber efficiency.

The efficiency as a function of run number is then studied for each DE of faulty
chambers, if found in the previous step. The overall efficiency is not affected if there
are efficient DEs in front of the dead ones because of the redundancy of the detection

planes in the stations. Thus the problem will not be that serious in those cases.

The tracking efficiency varies between different parts of the detector and the effi-
ciency measurements are an average over the acceptance region. Therefore, the MC
must be tuned on the corresponding data to reproduce the distribution of muons
across the chambers, giving similar weights to different parts, to make comparable

efficiency measurements.

Comparison data-MC efficiency results

In this section comparison is shown between the results obtained from real data
with the ones from Monte Carlo (MC) simulation. It is important that the two data
samples are not too different, otherwise the tracking estimation cannot be relied
on and we will have to go back to the tuning stage again. Usually the efficiency is
found to be variable along the period. The variation of the efficiency as a function
of ¢ and y may denote the existence of low efficient regions in the detector, while
the p; dependence turns out to be quite flat. The shape of the measured tracking
efficiency in data is more or less well reproduced by the simulation. They are also

checked by applying different kinematic cuts.
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Finally the evaluation of the systematic uncertainty on tracking efficiency consists
of evaluating the difference from tracking efficiency computed from the tuned MC
and from the data. The comparison plots of results from MC and data together

with the efficiency plot is shown in Fig. 3.16, 3.18, 3.17 and 3.19.

From the comparison plots versus pr, y and phi, we can estimate the systematics to

~ 0.5% at single muon level, thus ~ 1% for dimuon.
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Figure 3.16: The tracking efficiency as a function of run number.
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Figure 3.17: The tracking efficiency as a function of rapidity.
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Data Processing

As a first step, the Event Summary Data (ESD) are generated with the help of
standard re-alignment process (Passl) which considers specific sets of data previ-
ously recorded in absence of the magnetic field. The tracks are reconstructed and
their positions with respect to the clusters produced by the pads hit by incoming

particles are determined. The track parameters must be tuned to ensure that the
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Figure 3.18: The tracking efficiency as a function of py.
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Figure 3.19: The tracking efficiency as a function of azimuthal angle.
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position differences observed between tracks and clusters are minimized. The raw

data reconstruction is further revised to improve the quality necessary for analysis.

In most of the cases, a second even third ESD production (Pass2, Pass3) are made
with a much more efficient alignment procedure incorporating also other modifica-

tions that are done later.

Trigger definitions

Minimum Bias (MB) trigger

As per the convention, the minimum bias (MB) trigger for ALICE (CINT7) is defined
by the coincidence between the two VO detectors (V0-A and VO0-C) together with
the passage of the two colliding beams. It has high triggering efficiency (> 98%)
for hadronic interaction. The cross section of the MB trigger, calculated through a
van der Meer (vdM) scan [6], is important for the determination of the integrated

luminosity.

pr trigger threshold

The p; trigger threshold is defined as the value where the trigger efficiency for single
muon comes out to be 50%.

Dimuon trigger

The unlike sign (like sign) dimuon trigger is defined as the coincidence of the MB
trigger with the detection of two opposite-sign (same-sign) muon triggers with one

pr greater than the low p; trigger threshold.
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For the analyses discussed in this thesis, we have used unlike sign dimuon triggered

(CMULT trigger) events.

Track selections

In order to improve the purity of the muon tracks and reduce the background as

much as possible, the following selection criteria are applied in the analysis task:

Both muon tracks reconstructed by the tracking chambers should be above the
low p; threshold (0.5 GeV/c) of the trigger stations. This condition rejects
light hadrons which escape from the front absorber. It also removes a part of

the low-p; muons coming mainly from pion and kaon decays.

the tracks must be in the pseudo-rapidity range -4 < n < -2.5. This condition
is imposed to reject the particles induced by beam-gas interactions those occur

at the edges of the detector.

The dimuon rapidity should lie in the range: 2.5 < y < 4.0.

the transverse radius of the track, at the end of the absorber (Rys), must
be within the range 17.6 < R.ps < 89.5 cm. When the tracks cross the high
density material close to the beam pipe, it may suffer from multiple Coulomb
scatterings. This selection criteria significantly reject these tracks thereby

improving the mass resolution.

To ensure that the tracks point to the interaction vertex, another condition is
sometimes applied for PbPb or pPb collisions. This condition check whether
the tracks momentum (p) times the distance of the extrapolated track to the
transverse plane containing the vertex (DCA: Distance of Closest Approach)

(known as px DCA), lies below an acceptable value. This will help in reducing
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the amount of fake tracks contaminating the muon sample which contributes

to the combinatorial background.

Future ALICE Upgrade Program

ALICE is planning for data taking > 10 nb~! of Pb-Pb collisions with luminosity
reach upto 6 x 107em=2s~! at a collision rate about 50 kHz during run3 period.
The data will be either Minimum Bias or self-triggered. Thus event rate will be 100
times higher than the current statistics. So, the ALICE detectors together with the

readout electronics need upgrade.

In the upgrade plan, following tasks are enlisted.

e Replacement of the present sillicon tracker

e Upgrade other sub-detectors to be capable of reading 50 kHz Pb—Pb collisions,

200 kHz pp and p—Pb collisions
e New implementation of the online system
e installation of GEM based readout detectors in TPC
e Upgrade of the CTP to maintain high trigger rate

e Installation of new detector called Muon Forward Tracker (MFT) for better

resolution of the high mass resonances

e Replacement of the readout electronics of the Muon Spectrometer
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CHAPTER 4

(2S) production in pp collisions at /s =
5.02 TeV

In this chapter, we shall discuss the inclusive production cross section of ¥(2S), in
pp collisions at /s = 5.02 TeV at forward rapidity (2.5 < y < 4). The integrated
cross section has been found to be: o/, = 5.88 4 0.03 £ 0.34 ub, oy 2g) = 0.865 &
0.055 + 0.100 pb, where the first (second) uncertainty is the statistical (systematic)
one. Results on the transverse momentum (p;) and the rapidity (y) dependence
of the production cross sections are presented for J/i¢ and (2S), as well as the
differential ¢(2S)-to-J /1 cross section ratio. The increase in the statistics collected
in pp collisions at /s = 5.02 TeV allows to study for the first time the differential

¥(2S) production cross sections.

A comparison has been shown with the previous pp measurements at /s = 7, 8 and
13 TeV, which helps to establish the energy dependence of quarkonium production
cross sections. In addition, the comparisons with several model calculations which

consider prompt and non-prompt charmonium production have been reported.

The signal extraction, Monte Carlo simulations, evaluation of the acceptance X

efficiency, estimation of experimental uncertainties and cross sections have been
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done as a part of this thesis work.

Data samples

The analysis discussed in this chapter is based on the data collected in 2017 corre-
sponding to an integrated luminosity of L= 1229.9 + 0.4 nb™!. For the analysis,
we have used the passl dataset of AOD files, which contained most updated infor-

mation for the analysis.

Signal extraction

The fit of the Opposite-sign dimuon invariant mass spectra has performed in each

pr and y interval considered.

In the 2 < my+,- < 5 GeV/c* mass region, the fit is performed using the same
functional form to describe the J/i and ¢(2S) signals, together with the conventional

function to describe the background.

For the fit, tests are built by combining:

e Two functions for the signal description : extended Crystal Ball function
(CB2) [1,2] and pseudo-Gaussian functions (used by the NA60 experiment)

2,3].

e Two functions for the background description : variable width Gaussian (VWG)
and a combination of a fourth order polynomial and an exponential functions

(Pol4.Exp).

e Two invariant mass ranges : M,+,- € [2,5] GeV/c* and M,+,- € [2.2,4.5]

GeV/c%.
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e (2S)/J /b width ratios: 1.05 £ 5% obtained by fitting the high-statistics data
sample in pp collisions at /s = 13 TeV [15], where the J/1 and 1(2S) widths

were left free.

Again, three sets of tails have been used for the signal functions:

e from the embedding MC simulation using GEANT3 transport code [6].
e from the MC simulation with using GEANT4 transport code [7].

e from fitting the dataset in pp collisions at /s = 13 TeV keeping the tail

parameters of the CB2 function free.

leading to a total of 60 tests. The extended Crystal Ball consists of a Gaussian core
with a power-law tail towards the low mass region to account for the energy loss ef-
fects caused by the crossing of the front absorber (radiative decays, pair production,
Bremsstrahlung). In order to consider the effect of multi-Coulomb scatterings in the
front absorber and alignment biases, an additional power-law tail is also required
at higher mass. On the other hand, the NA60 function includes a Gaussian-core
around the resonance pole along with two tails on the both side of the Gaussian-
core, expressed as Gaussian with mass-dependent widths. The functional forms of
these funstions are given in appendix. The J/¢ mass pole and width are left free
during the fit procedure, while the ¥ (2S) mass is bound to the J/1 one by the mass

difference between the two states taken from the PDG [4]:

My(as) = myfy +AmPe (4.1)
Op(2s) = 05/5 * 1.05(£5%) (4.2)

stat)

Formulas to calculate average (IV), statistical error (o and systematic uncer-

tainty (™) are:
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i N jostat ;N2
N = —Zw , ottt = —Zw % and %t = \/—Zw L — N2 (4.3)
Z Wi Z W; Z W;

where, N; is number of J/¢ or ¢(2S) for test i and o$*** is the statistical error on

test ¢, provided by the fit. Here %' is obtained from the RMS of the 60 values.

The raw J/1) yield is found to be Njj, = 101285 £ 452 (stat.) £ 3012 (syst.) for
pr below 20 GeV/c, and the (2S) raw yield is found to be Nygy = 2086 £ 133
(stat.) £ 150 (syst.) for p, < 12 GeV/c. Figure 4.1 shows an example of fit of the
OS dimuon invariant mass spectrum in the mass region 2 < my+,- < 5 GeV/ 2,

exhibiting the two charmonium resonance states.

Examples of raw J /1) and 1(2S) yield extractions as outcome of the 60 fits are shown
in Fig. 4.2 and 4.3 for the 0 < p; < 2 and 6 < p; < 12 GeV/c, respectively. The
dashed line in the figure denotes the range of systematics uncertainty in the yield,

while the solid line denotes the mean value of the number distributions.

The number of raw ¢(2S) and J/1 yields are reported in Table 4.1 and 4.2, for the
different p; bins. The number obtained after adding those numbers linearly is also
shown on the same table to check the yield in the range 0 < p; < 12. This number
is closely matching with the ¢ (2S) and J/1 yields obtained by fitting the integrated

mass spectra.

In Table 4.3 and 4.4, the raw ¢ (2S) and J /¢ yields are reported in 6 rapidity bins.

¥ (2S) to J/i raw yield ratio

The ¢(2S)-to-J /¢ yield ratio has been calculated for each of the combination in
order to reduce the systematic uncertainties on signal extraction. The statistical

and systematic uncertainties on the ratio are then evaluated in the same way as in
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Figure 4.1: A typical fit to the OS dimuon invariant mass spectra in the mass region
2 < my+,- <5 GeV/c® for pr < 20 GeV/ec.
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Figure 4.2: J/i and ¥ (2S) raw yields as a function of the tests performed for the
range 0 < pp < 2.

the case for the J/¢ and 1(2S) raw yields. The cross section ratio of (2S) over J /i
has been obtained to be, 0.1458 + 0.0092 4+ 0.0065.
The yield ratio of 1(2S) over J/i has been plotted in Fig. 4.4, 4.5, 4.6, 4.7, 4.8 for
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Figure 4.3: J/¢ and ¢(2S5) raw yields as a function of the tests performed for the
range 6 < pr < 12.

Table 4.1: Number of ¢(25) for different pr bins. First uncertainty is statistical the
second one is the systematic on the signal extraction.

pr (GeV/c) Ny(2s)
0<pp<l 192 + 52 (26.9%) + 30 (15.6%)
1<pr<2 530 + 72 (13.5%) + 44 (8.2%)
0 < pp < 2 729 + 89 (12.3%) + 71 (9.7%)
2 < pr < 3 626 + 67 (10.5%) + 36 (5.8%)
3<pr<4 228 + 49 (22.1%) + 23 (14.0%)
A<pr<5 228 + 38 (16.5%) + 26 (10.41%)
5 < pr <6 103 £ 26 (24.3%) + 9 (8.7%)
6<pr<7 68 + 20 (27.5%) + 8 (11.8%)
7<pr <8 A1 + 14 (33.3%) + 6 (14.6%)
8 < pp < 12 87 + 19 (22.1%) + 7 (8.0%)
6 < pp < 12 198 + 31 (16.0%) + 16 (8.1%)
0 < pr < 12 (adding) | 2112 % 133 (6.3%) + 88 (4.2%)

the bins 0 < pr <12, 1 <pp <2, 7<pr < 8§, 35 <y <37 and 2.5 <y < 2.75

respectively. The dashed lines in the figures denote the ranges of systematics in the
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Table 4.2: Number of J/v for different pr bins. First uncertainty is statistical, the
second one is the systematic on the signal extraction.

pr (GeV/c) N
0<pr<l 16725 + 204 + 736 (4.4%)
1l<pr <2 29985 + 263 + 999 (3.3%)
0<pr<2 16768 + 332 + 1832 (3.9%)
2<pr<3 99337 £ 219 =+ 637 (2.8%)
3<pr<4 14107 £ 167 £ 402 (2.8%)
I<pr<5 8168 + 122 + 219 (2.7%)
5<pr <6 4740 £ 88 £ 117 (2.5%)
6<pr<7 2743 + 67 £ 76 (2.8%)
T<pr<3 1498 £ 51 + 35 (2.3%)
8 < pr < 12 1838 £ 58 + 46 (2.6%)
6 < pr < 12 6096 £ 102 £ 143 (2.4%)
0 < pr < 12 (adding) | 102209 £+ 468 + 2002 (1.9%)

Table 4.3: Number of ¥(25) for different y bins. First uncertainty is statistical, the
second one is the systematic on the signal extraction.

y Ny(as)
2.5 <y <275 | 158 £ 41 (25.6%) & 20 (12.6%)
2.75 <y <3.0| 465 + 64 (13.8%) £ 43 (9.2%)
3.0<y<325| 518 4 67 (12.9%) + 35 (6.8%)
325 <y <3.5| 526463 (11.9%) + 30 (5.7%)
35 <y<3.75] 309449 (15.5%) + 27 (8.7%)
375 <y <4.0| 116 £ 28 (24.3%) & 16 (13.9%)
2.5 <y <40 | 2086 + 133 (6.4%) £ 150 (7.2%)

Table 4.4: Number of J/¢ for different y bins. First uncertainty is statistical, the

second one is the systematic on the signal extraction.

y Nayy
55 <y <275 6912 £ 129 + 362 (5.2%)
2.75 <y < 3.0 | 21639 + 225 £ 761 (3.5%)
3.0<y<325| 27349 + 236 + 776 (2.8%)
325 <y <35 | 23973 £ 221 + 576 (2.4%)
3.5 <y<3.75| 16658 + 177 £+ 424 (2.5%)
375 <y <40 | 5521 £ 101 + 206 (3.7%)
25 <y <40 | 102049 £ 468 + 3120 (3.0%)

evaluated mean yield ratios.

The yield ratio values obtained in differential p; and y bins are reported in Table
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4.5.

Table 4.5: ¢(2S) to J/¢ raw yield ratio for different p; and y bins. First uncertainty
is the statistical one, the second is the systematic one. In addition, the uncertainty
7.5% due to BR are taken to be correlated.

bin Nw(zs)/NJﬂp ratio
O0<pr<1 0.0115 £ 0.0030 % 0.0016 (13.9%)
1<p.,<2 | 0.0180 % 0.0024 =+ 0.0012 (6.7%)
2<p.<3 0.0280 + 0.0029 + 0.0011 (3.9%)
3<pr<4 0.0162 =+ 0.0035 +£ 0.0013 (8.0%)
4<pp<d 0.0279 +£ 0.0046 £ 0.0028 (10.0%)
O<pr<6 0.0218 £ 0.0054 + 0.0016 (7.3%)
6<p. <7 0.0251 £ 0.0070 % 0.0023 (9.2%)
T<pr<8 0.0274 £ 0.0095 + 0.0033 (12.0%)
8<p:<12 | 0.0476 + 0.0102 + 0.0033 (6.9%)
bin Nyzs)/Nayy
2.5<y <2.75 | 0.0229 % 0.0057 % 0.0024 (10.5%)
2.75<y <3.0 | 0.0215 £ 0.0029 £ 0.0018 (8.4%)
3.0<y <3.25 | 0.0190 £ 0.0024 + 0.0011 (5.8%)
3.25<y <3.5 | 0.0220 £ 0.0026 %+ 0.0009 (4.1%)
3.5<y <3.75 | 0.0185 + 0.0029 + 0.0012 (6.5%)
3.75<y <4.0 | 0.0209 + 0.0050 % 0.0022 (10.5%)

atio= 0.0204 = 0.0013(stat.) = 0.0011(sys.)
0<pT< 12 GeV/c

raw
J

raw
Nyes/N
000000000

000000000

cSRRROIGNDB L

CB2VWG py
CB2Pol4Exp py
CB2Pol4Exp py

Figure 4.4: 1(2S) to J/¢ ratio as a function of the tests performed for 0 < p; < 12.

Acceptance and efficiency corrections

The charmonium raw yields need to be corrected with the acceptance times effi-

ciency (A - €) of the muon spectrometer. It is taken as the ratio of the number of
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As a first step, realistic p; and y distributions of charmonia are supplied as input

the online data collections.
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Figure 4.8: 1(2S) to J/1 ratio as a function of the tests performed for 2.5 < y < 2.75.

to the simulation. These distributions are obtained from the RHIC, CDF and LHC

data sets [8].

The particle transport of muons and the detector response has been simulated using
GEANTS3. The detector signals are finally stored as raw data, with an intermediate

digitization conversion finally converting to structure similar to real data.

But these distributions do not well represent the data. In order to get a more
accurate result, an iterative procedure is used to tune the charmonium input p, and
y distributions on the measured data distributions until no significant variation of

the input shapes is observed.

For the 1(2S) A.e simulation, we have used the final J /¢ input p, and y distribution
as initial input shapes. Due to the low statisitics of ¥ (2S) data, we could not rely
on 1(2S) data to extract proper p; and y shapes. The A.e is first calculated from
this MC simulation in order to define the step 0 of the procedure. Then the J/¢
raw yields as a function of p, and rapidity are corrected by A.ey(pr) and by A.eo(y).

The resulted data are then fitted by:

Pr —0.5(y/ps5)?
1) = o oy { @) = Precap Oov/pe) (4.4)

where pg, p1, p2, 3, P4 and ps are the free parameters obtained from fitting the cor-

rected data. Thus only these parameters are updated at each iteration. The resulting
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data is plotted and the deviation from the previous step is measured. When the
result from nth step closely matches with the one obtained from (n-1)th iteration,

the method converges.
In this case, the iterative procedure already converges after the 2nd iteration.

The A.e depends on the p; and y of the particle and is plotted in Fig. 4.9. From
the figure, it is clear that the detector efficiency is low particularly at low p; and
two extreme rapidity bins. The reason is that at low-p;, the bending angle is also
large and either of the muon may escape the spectrometer acceptance. On the other
hand, at the two extreme rapidity ranges i.e. near the edge of the detector, the glue

and supporting frames in the hardware are responsible for fall of the A.e.

Figure 4.9: The acceptance x efficiency for 1(2S), as a function of p; (top) and y

(bottom).
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Systematics

The systematics have the following categories:.

Signal extraction

The final ¢(2S) yields have been obtained as the weighted average of 60 different
tests. The systematic uncertainty is obtained from the RMS of the yields distri-
bution. For the p; and y integrated results, the systematic uncertainty on signal
extraction is 7.2%. The systematic varies from 6-16% and 6-14% in p; and y bins

respectively.

Input Monte Carlo parametrization

The method of MC systematics evaluation has been described below. The system-

atics has two parts.

a) As we directly used the input shape from J/i) p; and y distributions for the MC,
as stated before, we have evaluated the systematics on input due to this method.
After each iteration, the J/¢ yield as a function of p; and y are fitted with the
function mentioned in section 4.3. The deviation in yield compared to the last step,
is calculated till the iteration converges i.e. the deviation becomes negligible. Once
the iteration converges, the newly obtained acc.e is compared with the one obtained
at first step. The ratio of these two A.e gives the uncertainty in the A.e due to the

different input shapes used in MC.

(b) For the current analysis, only the above method will not be sufficient as we
have used J/¢ shape as input instead of 1(2S). To evaluate this uncertainty, the

Oy(28)/ 03 Tatio as a function of p, (Fig. 4.10 a)) and y (Fig. 4.10 b)) has been
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obtained in the current analysis. Next they are fitted with 1st order polynomial
function which has two free parameters. Now these two parameters are varied within
their uncertainties obtained from the fit. Then all possible combinations of these
parameters are considered to draw several straight lines using different colors as
shown in Fig. 4.10. Each straight line gives a particular value of p,-differential
or y-differential cross section ratio for a particular bin. Now taking this value of
the ratio from the straight line, we have calculated new A.e (dividing the raw yield
with this new corrected yield from the polynomial). Thus every combination of free
parameters gives new set of acc.e for each bin. The RMS of all these A.e contribute
to the second part of input MC systematics. The RMS has been plotted in Fig.4.11
a) and the calculated uncertainty in A.e has been plotted as a function of y (Fig. 4.11
b)) and p; (Fig. 4.11 ¢)). This systematics range from 0.1 to 1.6% in rapidity and
0.65 to 0.95% in p; bins. The MC input systematics of J/1 is added in quadrature

to this systematics.

The different analysis steps mentioned above are presented in the following figures.
The plots of the iterative methods are also shown in Fig. 4.12, 4.13, 4.14 and 4.15.
While Fig. 4.12 and 4.13 show the performance of step 2 over step 1 as a function
of pr and y. Finally in Fig. 4.14 and 4.15, we see good agreements between step 2
and 3.

The table 4.6 lists the MC systematics obtained from the present analysis.

A summary of all the systematic uncertainties is reported in Table 4.7. As stated
earlier, few systematics cancel out while taking the ratio of ¥ (2S) and J/¢ yields.
Only the systematics that appear in the cross section ratio are separately shown in

Table 4.8.

The systematics due to B.R. is not included in the results. It is shown separately.
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Figure 4.10: Variation of the free parameters of the fit function to the cross section
ratio as a function of a) pr, b) y.

Results

1 (2S) cross section

The production cross section for inclusive 1(2S) is calculated as:

d20¢,(23) _ Nw(QS)(Aya ApT)
dp-dy Lint X BR x Ae(Ay, Apy) X Ay X Apy

(4.5)
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Figure 4.11: a) The RMS of acc.eff. obtained from the fit results with different
parameters, b) The RMS in % as a function of y, ¢) The RMS in % as a function of
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Figure 4.12: The comparison of p; distribution between step 1 and 2

where Ny2g)(Ay, Apy) is the measured (2S) raw yield in a given Ap, and Ay
interval. The dimuon branching ratio of 1(2S) (BR) is 0.8 £ 0.06%.

The inclusive ¥(2S) production cross section, integrated over 0 < py < 12 GeV/c
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Figure 4.14: The comparison of p; distribution between steps 2 and 3

and for 2.5 < y < 4, is found to be oy 2s) = 0.86 £ 0.06 (stat.) 4 0.10 (syst.) ub.

A significant improvement of the statistical uncertainty, about three times compared
to the previous data set, is achieved. In Fig. 4.16, the first measurements of the p;
(left) and y (right) differential 1)(2S) cross section for 2.5 < y < 4 in pp collisions
at /s = 5.02 TeV are shown.

The NRQCD calculations [9] match with the experimental data for 3 < p, < 12
GeV/e, and the NRQCD calculation of [10] describe well the data except for the

5 < pr < 6 GeV/c range, where it overestimates the data. On the other hand, the
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Figure 4.15: The comparison of y distribution between steps 2 and 3

Table 4.6: The MC input to systematic uncertainties, for different pr and y differ-

ential bins

I 1 L ! L L 1
-4 -38 -36 -34 -32 -3 -28 -26
Yuu

IR

3 .-

855 % - ? T

pr (GeV/e) sys in %
O<pr<1 |095+22(=24)
I<pr<2 | 094118 (=2)
S <pr<3 | 090+ 18 (=2)
S<pr<4 | 086118 (=2)
1<pr<5 | 080117 (=L9)
5<pr<6 | 080+ 14 (=10)
6<pr<7 |0.77+ 1.3 (=1.5)
T<pr<8 |070112(=14)
S<pr<12 | 066+ 12 (=14
0<pr<12 | 004+ 32 (=323)
y sys in %
55 <y<275| 12+49 (=5)
275 <y < 3.0 | 0.95 + 2.4 (= 2.6)
30<y<325]025+ 16 (=10)
325 <y <35 01+ 14 (=14)
35<y<375 | 046+ 1.7 (= 1.8)
375 <y <40 15+ 3.0 (= 34)

NLO calculation of CEM [13] shows significant deviation from the data for p, > 5
GeV/ec.

The NRQCD+CGC [11] and ICEM [12] models provide a good description of the

1 (2S) cross section as a function of y and integrated over p;, despite of the large
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Table 4.7: The systematic uncertainties estimated for the present analysis

source integrated (%) | vs pr (%) | vs y (%)
signal extraction 7.2 5.8-15.6 | 5.7-13.9
trigger 2 1.4-2.2 1-2.6
tracking 2 2 2
matching 1 1 1
MC inputs 3.3 1.4-2.4 1.4-5.0
Luminosity (global) 1.8 1.8 1.8
BR (global) 7.5 7.5 7.5

Table 4.8: The systematic uncertainties for cross section ratio of ¢ (2S) and J /¢

source integrated (%) | vs pr (%) | vs y (%)
signal extraction 5.4 3.9-13.9 | 4.1-10.5
MC inputs (¢(28)) 3.9 1.4-2.4 1.4-5.0
MC inputs (J/9) 3.2 1.2-2.2 1.4-4.9
BR (global) 7.5 7.5 7.5
Q E\\\ \\\‘\\\‘\\-\‘\\\‘\\\7 S27\‘\\\‘\\\‘\\\‘\\\‘\\\‘\\\‘\\\‘\\\‘\\L
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Figure 4.16: The left and right panels show the p; and y dependence, respectively,
for the 1 (2S) production cross section in pp collisions at /s = 5.02 TeV. The error
bars represent the statistical uncertainties, while the boxes correspond to systematic
uncertainties.
The results are compared with the calculations based on NRQCD [9-11], ICEM
and NLO CEM [12,13], and FONLL calculations [14]

uncertainties.

FONLL [14] varies from about 10 to 25% as a function of p, and y.
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¥ (2S) over J/i cross section ratio

The ratio of inclusive 1(2S)-to-J /1 production cross section integrated over p, and
y is found to be 0.15 4+ 0.01 (stat.) £0.02 (syst.), being consistent with the other
measurements in pp collisions at /s = 7 TeV, 8 TeV and 13 TeV as shown in Fig.

4.17. The ratio has been found to be independent of the centre-of-mass energy.

I
~

ALICE inclusive J/, Y(2S),2.5<y <4
e pp (s=5.02TeV, L, =1.23pb™
¢ pp Vs=7TeV, L, =14 pb™(EPJC 74 (2014) 2974)
pp Vs =8TeV, L, = 1.2 pb™* (EPJ C 76 (2016) 184) ]
+ pp Vs=13TeV, L, = 3.2 pb™ (EPJ C 77 (2017) 392) ]
r [JUncorr. sys. 7
0.25 BR uncert.: 7.5% -
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°
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Figure 4.17: The ¢(2S)-to-J /1 cross section ratio at various centre of mass energies.

In Fig. 4.18, the p; and y dependence of the 1(2S) over J/1) cross-section ratio in pp

collisions at 1/s = 5.02 TeV are shown in the top and bottom panel, respectively.

The NRQCD calculations from [9] describe well the p; dependence of the cross-
section ratio albeit with large uncertainties while the NRQCD result from [10] de-
scribe well the p; dependence but systematically overestimates the data for 5 < pr <
8 GeV/c. The NRQCD+CGC [11] model provides a good explanation of the 1(2S)
over J/1) cross-section ratio as a function of p; and y for p, < 8 GeV/e. The trend
of the 1(2S) over J/1 cross-section ratio as a function of p; and y is overestimated

by the ICEM model [12] in the low p; region.
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Figure 4.18: The ¢(2S)-to-J/¢ cross section ratio as a function of p; (top) and
rapidity (bottom) and compared with the theoretical calculations [9-12,14].

Discussions

The inclusive cross section measurement of ¢(2S) in pp collisions at /s = 5.02 TeV
has been described in this chapter. The ) (2S) results are in good agreement with
the previous publication at the same collision energy. The first p; and y differential
cross section measurement of (2S) has extended the scope of comparison of cross

section ratio at various energies. The results are described well by the models based

on CEM and NRQCD.
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CHAPTER 5

1 (25) production studies in p—Pb
collisions at /syy = 8.16 TeV

In this chapter two analysis have been presented based on the data collected in p—
Pb collisions at /syy = 8.16 TeV. These are p, and y dependence and centrality

dependence of 1)(2S) production cross-sections.

In p—Pb collisions, the rapidity in CM frame is shifted by + 0.46 with respect to
the laboratory frame. When the proton (lead) beam is directed towards the muon
spectrometer, the collision is called p-Pb (Pb—p) and corresponds to the rapidity

coverage of 2.03 < y < 3.53 (-4.46 < y < -2.96).

We have used the latest AOD files which were pass2 for p—Pb and pass3 for Pb—p

collisions.

The signal extraction, Monte Carlo simulations, evaluation of acceptance x effi-
ciency, evaluation of pp cross section for reference, estimation of all the experimental

uncertainties and evaluation of R,py, have been done as a part of this thesis work.
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pt and y dependence of (2S) cross-section

Motivation

A larger suppression of ¢(2S) compared to J /i has been observed in p—Pb collisions,
especially at backward rapidity at /sy = 5.02 TeV [1-5]. However, the CNM
effects are expected to affect similarly both charmonium resonances. The additional
suppression for ¢(2S) is believed to be the result of the break-up of this more loosely
bound state due to the collisions with the dense system of interacting particles
produced in p—Pb collisions [6-8]. A similar effect was also reported, although with

larger uncertainties, by the PHENIX experiment in p-Al and p-Au collisions at
A/SNN — 0.2 TeV [9]

Recently, p—Pb collisions data at /sxy = 8.16 TeV became available providing
larger statistics than the last one. In this chapter, we will present the first results

on inclusive ¥(2S) production in p—Pb collisions at /syy = 8.16 TeV.

Data samples

The data have been collected during the p—Pb (integrated luminosity of 8.4 nb™!)
and Pb—p (integrated luminosity of 12.8 nb™') at \/syy = 8.16 TeV period in

November-December 2016.

Signal Extraction

The 1)(25) yields are extracted starting from the opposite sign invariant mass spectra
in the range 2 < my,+,- < 5 GeV/c? and fitting them with a number of phenomeno-

logical functions which describe the signal of J/¢ and 1 (25) and the background.
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The 9(2S) final yields are calculated considering the average of all the fit performed
for each pr and y bin and for the integrated bin and the RMS of the results of tests
provides the systematic uncertainty. The different combinations used for the tests

are the following:

— signal shape : extended Crystal Ball function (CB2) and “NA60” function

— background shape : Variable Width Gaussian (VWG), combination of a fourth

order polynomial and an exponential function(PoldxExp).

— fitting ranges : 2.2 < my+,~ < 4.5 GeV/c? or 2 < my+,- <5 GeV/c?

J/1 and ¥(2S) are described by the same signal shape and ¢(25) mass and width
are bounded to the .J/v¢ ones, which are let free in the fit. The ratio between (25)
and J/v widths is around 5% with a relative uncertainty of 5% which has been
estimated from the fit of pp /s = 13 TeV high statistics data. To estimate the
effect of this uncertainty on signal extraction, fits have been performed varying the
scale factor &5 %. The systematics induced an additional systematic of 5% in the
raw numbers. To consider that, an uncorrelated syatematics of 5% has been added
to all the bins. This method allows to include all possible variations due to scaling

of the width independent of fitting methods.

Fig. 5.1 shows the plots of the MC simulated invariant mass spectra for J/¢ and
1 (29) fitted with a CB2 in order to obtain the width of the two resonances and

evaluate their ratio.

Because of the small number of ¢(2S5) (approximately 1 ¢(25) for every 100 J/1))
the yields are sensitive to the choice of backgrounds and tails, which are described

below :
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Figure 5.1: Fits to the J/¢ (top) and ¥ (2S) (bottom) MC spectra at 8.16 TeV using
an extended Crystal Ball function (CB2) with all parameters free.
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— tails tuned on p-Pb MC invariant mass spectrum at /syy = 8.16 TeV (CB2

and NAG0)

— tails fixed to the values extracted directly from data in pp collisions at \/syny =

8 TeV (CB2 only)

— tails fixed to the values extracted directly from data in p-Pb collisions at

/NN = 8.16 TeV (CB2 only)

pr and y integrated ) (2S) yield

The signal extraction procedure is performed using 16 different combinations of the

signal, the background and the tail: 2 signal functions, 2 backgrounds shapes, 2

invariant mass fitting ranges and 3 sets of tails for the CB2. The plots with the

results of all the tests is shown in Fig. 5.2 and Fig. 5.3. The values are reported in

Table 5.1 and 5.2.

In Fig. 5.4 two examples of fit for the integrated invariant mass spectrum are

presented.
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Figure 5.2: The (2S) raw yields as a function of the tests performed for the p-Pb

period.
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Figure 5.3: The J/¢ raw yields as a function of the tests performed for the p-Pb

period.

S ALICE p-Pb, |y = 8.16 TeV
2 | 203<y_ <353
n
N0tk p, < 12 GeV/c
9] E
o -
P C
E -
> -
]
o -
10°
E — Signal+background
- — Jy
- —Y@2s)
— Background
. [ B T B
2 2.5 3 35 4 4.5 5
m,, (GeV/c?)
% 10°g
S ALICE p-Pb, \sy, = 8.16 TeV|
2 -446<y_ <-2.96
Q L p. <12 GeVic
3104 =
[%] E
= s
> C
]
S L
10°
C — Signal+background
i —
L —u(@s)
— Background
AP IR BRI U | SUTE P PR R
2 2.5 3 35 4 4.5 5

m,, (GeV/c?)
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(left) and Pb-p (right) period. For these two canvas the signal function is CB2, the

background shape is VWG.
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Table 5.1: Number of 1(2S) integrated over p; and y for the p-Pb and Pb-p period.
The first uncertainty is statistical, second one is the systematic one.

Period Ny(as)
p-Pb | 3148 4+ 253 (8.0%) + 185 (5.9%)
Pb-p | 3595 + 283 (7.9%) + 321 (8.9%)

Table 5.2: Number of J/i integrated over p, and y for the p-Pb and Pb-p period.
The first uncertainty is statistical, second one is the systematic one.

Period Ny
p-Ph | 167831 £ 713 (0.4%) + 4178 (2.5%)
Pb-p | 252355 4+ 905 (0.4%) + 7123 (2.8%)

pr and y differential ¢ (2S) yield

The signal extraction procedure, followed for the estimation of differential in pr and
y, is the same as the integrated one with some differences in the choice of the mass
ranges used in the fit. The 1(2S) yields are evaluated in 5 pr bins from 0 to 12
GeV/c and 2 y bins from 2.03 to 3.53 (p-Pb) and -4.46 to -2.96 (Pb-p) and fits of
these spectra are more sensitive to the background shapes and to the fitting ranges.
These are shown in Fig. 5.5 and 5.6 for the bin 0 < pr < 2 in p—Pb and Pb—p
periods, respectively. The ¢ (2S) and J /i) raw yields in p; bins are reported in Table
5.3 and 5.4 in p—Pb collisions, respectively. In Table 5.5 and 5.6, the p;-differential
raw 1 (2S) and J/¢ yields are reported in Pb—p collisions, respectively. The (2S)
and J/1 raw yields in y bins are reported in Table 5.7 and 5.8 in p—Pb collisions,
respectively. In Table 5.9 and 5.10, the y-differential raw 1 (2S) and J/¢ yields are

reported in Pb—p collisions, respectively.

Acceptance x efficiency

The acceptance x efficiency is evaluated using the MC simulation. The up-to-date

alignment and misalignment files have been used, together with efficiency maps
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Figure 5.5: The J/¢) and the ¥(2S) raw yields as a function of the tests performed
in for 0 < pr < 2 GeV/c in p—Pb period.

Table 5.3: The number of 1(2S) for the pr bins for the p-Pb period. The first un-
certainty is statistical and the second one is the systematic one. The third uncertainty
is due to the scaling of o,2) which amounts to 5 %.

pr (GGV/C) N¢(25)

0<pr<2 | 764 & 148 (19.4%) + 110 (14.4%) + 38
2<pr<3 | 531 %112 (21%) + 60 (11.3%) + 26
3<pr<b | 1062 £+ 126 (11.9%) + 67 (6.3%) £ 53
5<pr<8 | 570+ 76 (13.3%) £ 51 (8.9%) + 28
S<ppr<12| 150 £ 39 (26%) + 29 (19.3%) £ 7

Table 5.4: The number of J/i for different pr bins for the p-Pb period. The first
uncertainty is statistical and the second one is the systematic one.

pr (GeV/c) Ny

0 < pr <2 | 55342 + 487 (0.9%) + 1396 (2.5%)
2 < pr <3 | 35385 % 310 (0.9%) + 922 (2.6%)
3< pr <5 | 44470 =+ 333 (0.8%) + 1108 (2.5%)
< pr <8 | 24007 227 (0.9%) = 581 (2.4%)
8<pr< 12| 6827 £ 122 (1.8%) £ 171 (2.5%)
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Figure 5.6: The J/¢) and the ¥ (2S) raw yields as a function of the tests performed
for 0 < pr < 2 GeV/c in Pb-p period.

Table 5.5: The number of 1(2S)) for different pp bins for the Pb-p period. The
first uncertainty is statistical and the second one is the systematic one. The third
uncertainty is due to the scaling of o) which amounts to 5 %.

pr (GeV/c) Ny(as)

0<pr<2 | 1296 + 187 (14%) =+ 174 (13%) = 21
2 <pr<3 | 584+ 141 (24%) + 59 (10%) + 29
3<pr<5 | 1101 + 146 (13%) + 84 (3%) + 55
5<pr<8 | 507+ 82 (16%) + 96 (19%) + 25
8<pr<12| 131 40 (30%) * 32 (24%) % 6

Table 5.6: The number of J/¢ for different pr bins for the Pb-p period. The first
uncertainty is statistical and the second one is the systematic one.

pr (GeV/c) Ny

0<pr<2 | 96763 £ 674 (0.7%) = 2773 (2.9%)
2 < pr<3 | 57271 + 414 (0.7%) + 1623 (2.8%)
3< pr <5 | 63108 + 403 (0.6%) + 1869 (2.9%)
5<pr <8 | 27831 £ 233 (0.8%) + 817 (2.9%)
8<pr< 12| 6090 £ 105 (1.7%) £ 191 (3.1%)

109



CHAPTER 5. (2S) PRODUCTION STUDIES IN P-PB COLLISIONS AT
VSnn = 8.16 TEV

Table 5.7: The number of ¢(2S) for different y bins for the p-Pb period. First
uncertainty is statistical the second one is the systematic on the signal extraction.
The third uncertainty is due to the scaling of o,,2g) which amounts to 5 %

Yy Ny (2s)
2.03 <y < 2.78 | 1663 £ 189 (11%) + 192 (11%) + 83
278 <y < 3.53 | 1479 + 163 (11%) + 109 (7%) + 73

Table 5.8: Number of J/i for the y bins for the p-Pb period. First uncertainty is
statistical the second one is the systematic on the signal extraction.

Yy NJ/w
2.03 <y < 2.78 | 91844 4+ 736 (0.8%) + 2351 (2.6%)
2.78 <y < 3.53 | 76233 £+ 472 (0.6%) + 1863 (2.4%)

Table 5.9: Number of ¢(2S) for the y bins for the Pb-p period. First uncertainty
is statistical the second one is the systematic on the signal extraction. The third
uncertainty is due to oy(2s) syst which amounts to 5 %

Yy Ny 2s)
371 <y < —2.96 | 1921 + 227 (12%) + 216 (11%) + 96
—4.46 < y < —3.71 | 1645 + 167 (10%) + 163 (10%) =+ 82

Table 5.10: Number of J/i for the y bins for the Pb-p period. First uncertainty is
statistical the second one is the systematic on the signal extraction.

y Ny
—371 <y < —2.96 | 142446 £ 679 (0.5%) + 4164 (2.9%)
—4.46 < y < —3.71 | 110087 + 533 (0.5%) =+ 3161 (2.9%)

stored in the OCDB. The MC simulation has been performed separately for each
run, in order to correctly reproduce the detectors conditions during the data taking.
The number of simulated 1(2S) in each run is proportional to the number of collected
CMULT triggers.

The p; and y input shapes used for simulation of ¥)(2S) are the ones tuned on p—Pb
data at /s = 8.16 TeV for J/i. The reconstructed spectra have been fitted with
both CB2 and NA60 function to get the acceptance efficiency and extract the tail
parameters which has been used for fitting the data. Fig 5.7 shows the run by run

acceptance X efficiency for ¢(2S) in p—Pb and Pb—p periods. The acceptance X
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efficiency is constant as a function time in p—Pb period and is 0.2802 £ 0.0024 on
average. The acceptance x efficiency in Pbp period has fluctuations as a function of
time due to the HV trips in the overlapping regions of chamber-03 and chamber-04
and it has lowered the value to 0.2499 4+ 0.0017.

The pp reference

The evaluation of the proton-proton reference for ¥ (2S) at /syy = 8.16 TeV is
performed through the study of the single ratio oy 2s)/0y/s. Two possibilities has

been investigated :

An interpolation in /s is performed, starting from the ratio oyas)/0yy in pp colli-
sions published by the ALICE experiment at different center of mass energies, with

a set of appropriate functions to obtain the value at /s = 8.16 TeV

oy28)/0yp ¢ interpolation vs /s

A short summary of the systematics considered in the interpolation process is given

below:

~ /s =5 TeV — only the integrated spectrum is considered and the systematic
uncertainty is given by the the sum in quadrature of the relative uncertainties

on signal extraction and MC input (the whole contribution is around 9%);

— /s =7 TeV — the systematics on the signal extraction and on MC input are
considered, while the one on BRysg) is not included in the ratio reported in

the article (both integrated and differential) [10].
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Figure 5.7: The acceptance x efficiency for 1(2S), integrated over y and py , shown
as a function of time ( run number) for the period LHC16r (top) and LHC16s (bottom).
The blue dashed line represents the average acceptance x efficiency.

~ /s =8 TeV — the systematics on the signal extraction and the MC input
are considered, while the one on BRysg) is included only in the integrated

spectrum [11].
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— /s =13 TeV —only the systematics on signal extraction and MC input are
considered, while the one on B Ry g) is provided separately both in the inte-

grated and in the differential spectra [12].

The ratio oy2s)/054 shows a negligible energy dependence, so the interpolation
is performed using a constant function and, in order to verify the hypothesis of
independence from +/s, data are also fitted with a linear one. These are shown in

Fig. 5.8 for integrated p; and y.

e L Pol0 interpolation

B N RISCY Pol1 interpolation

o 03[ —&— interpolated point
025
02}

ois *# I

0.05 |-

4 6 8 10 12 14
s (TeV)

Figure 5.8: The interpolation of the ratio of ¥(2S) and J /v integrated cross sections
with a constant (red dashed line) and a linear function (blue dashed line).

In Fig. 5.9 and 5.10, the comparisons between experimental ratio and the interpo-
lated one as functions of p; and y are reported.

The shape of the ratio is not flat as function of rapidity. To quantify this deviation
the do/dy distribution of J/1 is studied and compared with the 1(2S) distribution

obtained from the fit of the J/i experimental points with a Gaussian function and
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Figure 5.9: The comparison between (do/dpr)y(2s)/(do/dpr);/y as a function of py
using the interpolation in /s and ratios calculated using measured differential cross
sections at /s = 7, 8 and 13 TeV.

transforming its width as follows :

$(29)
Ymaz Vs Vs
Ymazx My (25) mjpy
FIT y;pb(azxs )
Oyp(28) = Oupp * 375 (5.2)

In this way the dashed blue line is obtained and the point-to-point ratio between
the two distributions is calculated (bottom plot in Fig. 5.11. This plot shows that
there is a variation in the ratio versus rapidity, but it’s quite small.

In order to quantify this systematics the ratio between the integrals of the two
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Figure 5.10: The comparison between (do/dy)y2s)/(do/dy); as a function of y

using the interpolation in /s and ratios calculated using experimental differential
cross sections at /s = 7, 8 and 13 TeV.

Gaussian functions for ¢(2S) and J/1 have been normalized to the integrated value.

b, (z— u)2 (z—w)?
fa (6 2x0 2S/f € 2xo J/w ” O (29) )interpolation

4.0, (@—w? (w—p)? 2.5-4.0
f2‘50(e 2*;; »(28 /f e 2*;; J/w O3/

f=W(28)/J/Y)acy<s =

(5.3)

where a and b are the ranges of p-Pb (2.03 < y < 3.53) and Pb-p (—4.46 < y <
—2.96).

The hypothesis that the ratio as a function of rapidity is constant can be written as

g interpolation
9= (V(28)/T[Vaseyean = (DT (5.4)
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Figure 5.11: (upper panel) ALICE (do/dy);, at /s = 8 TeV and the result of the

fit performed with

a gaussian function (red dashed line). The 1(2S) is obtained from

the J/1 through a suitable transformation (blue dashed line). (bottom panel) The
ratio between J /¢ and 1 (2S) distributions, the ranges for p-Pb and Pb—p analysis are
depicted by coloured lines.

The relative difference between the two hypothesis can be computed as :

(f — ),y 03eyenss = 1.007 — 1 = +0.07 ~ 1% (5.5)

(f—g

)2.96<y<a.46 = 0.992 — 1 = —0.08 ~ 1% (5.6)

The calculation shows that the contribution of this variation in y is smaller than
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1% both in p—Pb and Pb—p and this contribution has been added as a systematic

on the ratio of the references.

pp reference calculation from Theory

An extra systematic has been added to avoid possible bias in interpolation results.
The theoretical results are taken from [13], [14]. The difference in the central value
is used as a systematic added in quadrature with other systematic uncertainties.

The theoretical values are given in Table 5.11.

Table 5.11: The (2S)/J/1 ratio obtained from theory in the integrated and differ-
ential in pr and y bins.

Y(2S)/I /¥
Integrated 0.146 £ 0.008

2.50 <y < 3.25 | 0.147 + 0.010

3.25 <y < 4.00 | 0.133 + 0.009

0<pr<2 0.115 £ 0.008
2<pr <3 0.148 + 0.012
3<pr<d 0.168 + 0.011
< pr<8 0.210 £ 0.014
8 < pr <12 0.263 £ 0.030

Estimation of systematic uncertainties

A summary of all the systematic uncertainties is reported in Table 5.12.

Signal extraction

For the p; and y integrated results, the systematic uncertainty on signal extraction
is 8% and 12%, whereas it varies from 6.3 - 19.3% and 8 - 24% in p; and y bins in
p—Pb and Pb—p, respectively. An additional systematic of 5% has been added in all

the bins to take into account the possible bias on fixing the width.
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Input Monte Carlo parametrization

The Monte Carlo systematics have been evaluated in two steps.

The MC simulation is evaluated performing an alternative MC for the ¢(2S), using
as input shapes those which were tuned on the J/i data in p—Pb at 8 TeV. The
difference between this MC and the default one provides the systematic on the MC
input. A further check has also been done which verified that the usage of a flat y
distribution would have given very similar systematics.

The other contribution due to the uncertainties on the data points has also been
considered by extracting alternative input shapes while allowing the points to vary
within the data uncertainties. The new A X e gives a small difference at the per
mille level with respect to the one already obtained in the first step.

A systematic uncertainty of 3% and 1.5% has been evaluated for in p—Pb and Pb—
p periods, respectively. In p; and y bins, the systematic uncertainty ranges from

0.3-4% and 0.01-4% in p—Pb and Pb—p, respectively.

pp reference

The contribution of systematics from pp reference has two parts: uncorrelated over
pr and y bins and correlated one. Both the systematics are same for p—Pb and
Pb—p period. The uncertainty coming from the interpolation of (2S)/J/¢ ratio
in pp is considered as correlated over bins. The systematics of 1% is taken to be
global systematics. The uncorrelated systematics are added to the systematics in
the calculation of R,py later in section 6.3. The systematic is due to the uncertainty
on the J/1 cross section interpolated at pp 8.16 TeV has been considered. Another
systematic calculated from theory, as stated before, is also added as bin to bin

uncorrelated. This systematic has very negligible contribution.
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Tracking efficiency

A 1% and 2% correlated uncertainty on the tracking efficiency is applied for p—Pb
and Pb—p, respectively. The value of this systematic uncertainty is independent on
the p; or y bin and is considered as bin-to-bin correlated. There were multiple HV
trips in the tracking chambers during the data taking in Pb—p collisions resulting in

higher value of the tracking systematics.

Trigger efficiency

The p and y integrated trigger uncertainty amounts to 2.4% and 2.9% in p-Pb and
Pb-p respectively. As a function of p; and y these uncertainties range between 2 and
4%. A 1% uncertainty is added, to take into account the intrinsic chamber efficiency.
This systematic on trigger efficiency is considered as uncorrelated between p-Pb and

Pb-p.

Matching efficiency

An uncorrelated contribution to the systematic uncertainty of 1% is considered. This
systematics has been estimated by observing the difference in matching between
tracks reconstructed by tracking chambers and trigger chambers by varying x? cuts

in simulations.

Results

The (2S) cross section is calculated as follows:

P(2S) _ sz?grs) (57)

Lint ’ B-R-w(ZS)ﬁpy
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Table 5.12: The systematic uncertainties for both p-Pb and Pb-p periods as esti-
mated from the present analysis

source p-Pb (%) Pb-p (%)
signal extraction 6 (6-19) +5 9 (8-24) +5
trigger 2.6 (1-5) 3.1 (1-6)
tracking (global) 1 2
matching (global) 1 1
MC inputs 3 (0.3-5) 1.5 (0.01-4)
pp reference 72 (1.1-44) + 6 (6-13) + 1(0.22.2) | 7.3 (1.1-4.5) + 6 (6-13) + 1(0.2-2.2)
pp reference (global) 1 1

where, Nyt is the number of ¢(2S) corrected by A.e, B.R.(¢(25) — pp) = (0.78
+ 0.09)% is the branching ratio for ¢ (2S) to dimuon decay, L, is the integrated

luminosity.

The measured inclusive 9(2S) production cross sections for p—Pb collisions at /Sy =
8.16 TeV, times the branching ratio to dimuon pairs and integrated over pr < 12

GeV/c are found to be:

B.R.yo5) st - Oopny (2:03 < Yerms < 3.53) = 1.337 £ 0.108 % 0.121 = 0.007 b

B.Reyo8) st * Oy (—4A6 < Yerns < —2.96) = 1.124 £ 0.089 £ 0.126 = 0.008 pib

where the first uncertainty is statistical, the second and third are uncorrelated and
correlated systematic, respectively. The results on differential (2S) cross sections
are determined as a function of y.ns (with the forward and backward intervals sep-
arated in two sub-intervals) and pr are shown in Figs. 5.12 and 5.13, respectively.
In addition, the reference pp cross section evaluated from the interpolation, scaled

by Apy, is also plotted as a band.

In Fig. 5.14, the pr-integrated cross section ratio of 1(2S) and J/¢ is shown for
the two rapidity intervals. The result is compared to the corresponding pp result at

the same collision energy, obtained through the interpolation procedure explained
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Figure 5.12: The differential cross section times branching ratio

(B.R.w(QS)_mﬂfdaw@s)/dy) for pr < 12 GeV/c. The error bars represent the
statistical uncertainties, while the boxes correspond to total systematic uncertainties.
The latter are uncorrelated among the points, except for a very small correlated
uncertainty (0.5% and 0.7% for the forward and backward yems samples, respectively).
The grey bands correspond to the reference pp cross section scaled by Apy,.
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Figure 5.13: The differential cross sections (B.R.w@s)%lﬁu—dzaw(QS)/dyde) for p—
Pb collisions at /sy = 8.16 TeV, shown separately for the forward and backward
Yems samples. The error bars represent the statistical uncertainties, while the boxes
correspond to total systematic uncertainties. The latter are uncorrelated among the
points, except for a very small correlated uncertainty (0.5% and 0.7% for the forward
and backward yems samples, respectively). The grey bands correspond to the reference
pp cross section scaled by Apy,.

before. At backward rapidity, the ratio seems to be significantly lower (2.90 effect)

than in pp, while at forward rapidity the values are compatible. The results are

further compared with those obtained in pPb collisions at

SNN — 5.02 TeV [1] No

significant /sy dependence can be observed within the experimental uncertainties.
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Figure 5.14: The ratio (B.R.,/)(QS)_)WWa¢(2s)/B.R.J/¢_W+WJJ/¢) as a function of
Yems for p—Pb collisions at /sy = 8.16 TeV, compared with the corresponding pp
values, shown as a grey band and obtained via an interpolation of results at /s =
5, 7, 8 and 13 TeV [15]. The error bars represent the statistical uncertainties, while
the boxes correspond to uncorrelated systematic uncertainties. The published p—Pb
results at /s, = 5.02 TeV [1] are also shown.

In Fig. 5.15 the pp-dependence of the ratio has been plotted. A comparison with

the corresponding ratio in pp collisions obtained through the interpolation is also

provided on the same figure. These results show indication of a stronger relative

suppression of ¢(2S) with respect to J/1 at backward rapidity.
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Figure 5.15: The ratio (B.R.MQS)_WJW,a"/’(QS)/B.R.J/Ip_,WWUJ/w) as a function of
pr, for p-Pb collisions at /sy = 8.16 TeV, compared with the corresponding pp
values, shown as a grey band and obtained via an interpolation of results at /s = 7,
8 and 13 TeV [15]. The error bars represent the statistical uncertainties, while the
boxes correspond to uncorrelated systematic uncertainties.

The suppression of 1(2S) is directly expressed in terms of the nuclear modification
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factors: Rgl(is). Its evaluation is performed through the following expression:

S)
d2 g}gb /dedycms

A d2 Upp /dedycms

¥(2S)
Rp}gb (pT; ycms) -

where Apy, = 208 is the mass number of the Pb-nucleus.

The values of Rflgff), integrated over the interval pr < 12 GeV/¢, are as follows:

RSP (2.03 < goms < 3.53) = 0.628 = 0.050 (stat.) % 0.069 (syst.uncorr.) % 0.045 (syst.corr.)

Rg,%s)( 4.46 < Yems < —2.96) = 0.684 £ 0.054 (stat.) £ 0.088 (syst.uncorr.) £ 0.049 (syst.corr.)

In Fig. 5.16, R;fpi) as a function of rapidity is shown. The observations are also

compared with those for Rpr [16].

1 (2S) exhibits a stronger suppression Compared to J/1 at backward rapidity, while
the results are compatible at forward rapidity. The data are also compared (left
panel) with theoretical model calculations based on initial-state effects or coher-
ent energy loss. These calculations are independent of the specific resonance, and
therefore they give same predictions for both J/i and ¢(2S). Calculations based
on the CGC approach [17,18] on nuclear shadowing [18, 19] that adopts differ-
ent parametrizations (EPS09NLO [20], nCTEQ15 [21]) as well as coherent energy
loss [18,22], show good agreement with the J/i results, but fail to describe the
¥(2S) Rypp, at backward rapidity. Theory calculations from [6] are based on effects
due to soft color exchanges in the hadronizing c¢ pair. It considers the initial state
as a CGC state, and therefore the results are constrained to only forward rapidity
(low Bjorken-x values in the Pb nucleus), where explanation of the system using
this approach is valid. The calculations based on final-state interactions with the
comoving medium [7] are also compared with the experimental findings. Both the

models reach a fairly good description of the data for both ¢ (2S) and J /4, as shown
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Figure 5.16: The ycms-dependence of Rypy, for 1(2S) and J /4 [16] in p—Pb collisions
at /sy = 8.16 TeV. The error bars represent the statistical uncertainties, while the
boxes correspond to uncorrelated systematic uncertainties and the box at Ryp, = 1 to
correlated systematic uncertainties. The results are compared with models including
initial-state effects [17-19] and coherent energy loss [18,22] (left panel), and to models
which also implement final-state effects [6, 7] (right panel).

in the right panel of Fig. 5.16.

The p,-differential Rﬁ&s) are plotted in Fig. 5.17, separately for the forward and the
backward rapidities, and compared with published results for J/¢ [16]. At forward
rapidity the ¢(2S) suppression is compatible with that of J/v, while at backward
rapidity the ¢ (2S) suppression is visibly stronger. The 1)(2S) suppression is found
to be independent of p; within its experimental uncertainties at backward rapidity.
The CGC-based model [6] calculations give a fair description of the experimental

findings. No model calculation is available at backward rapidity.

In Fig. 5.18, a comparison of the rapidity dependence of ¥ (2S) suppression at
Vo = 8.16 TeV and 5.02 TeV [16] is shown along with the results from theo-
retical models based on final-state effects [6,7]. Both models describe well the 1(2S)
R,py, at both energies. In Fig. 5.19, Rgl(fbs) as a function of p; at the two energies
(/5xx = 5.02 and 8.16 TeV) are presented. The results match within uncertainties,
although at the backward-rapidity, results for /syy = 5.02 TeV seems to indicate

an increasing trend towards high pr.

The double ratio of the ¥(2S) and J/v cross sections between p—Pb and pp as shown
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Figure 5.17: The pr-dependence of Rypy, for 1(2S) and J/¢ at forward (left) and
backward (right) rapidity in p—Pb collisions, at Sy = 8.16 TeV. The error bars
represent the statistical uncertainties, while the boxes correspond to uncorrelated sys-
tematic uncertainties and the box at Rpy, = 1 to correlated systematic uncertainties.
The comparison with the results of a CGC-based model [6], which implements final-
state effects, is also shown.
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Figure 5.18: The comparison of the rapidity dependence of Rypy, for ¢/(2S) in p-Pb
collisions at /sy = 8.16 and 5.02 TeV [1]. The error bars represent the statistical
uncertainties, while the boxes correspond to uncorrelated systematic uncertainties and
the boxes at R,p, = 1 to correlated systematic uncertainties, separately shown for
the two energies. The results are also compared with theoretical models that include
final-state effects [6,7].

in Fig. 5.20 and Fig. 5.21 make it easier to quantify the relative suppression of the
two resonances with respect to pp collisions. A similar observation is also exhibited
here. The y.ms-dependence shows a relative suppression of the ¥ (2S) with respect to

the J/¢ at backward rapidity, while the pr-dependence does not follow any trend.
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Figure 5.19: The comparison of the transverse-momentum dependence of Rypy, for
¥(2S) in p-Pb collisions at /5 = 8.16 and 5.02 TeV [1]. The error bars represent the
statistical uncertainties, while the boxes correspond to uncorrelated systematic uncer-
tainties and the boxes at R,p, = 1 to correlated systematic uncertainties, separately
shown for the two energies.
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Figure 5.20: The double ratio of ¥(2S) and J/v cross sections in p—Pb and pp colli-
sions as a function of rapidity, at /s = 8.16 TeV, compared with the corresponding
results at /sy = 5.02 TeV [1]. The error bars represent the statistical uncertainties,
while the boxes correspond to uncorrelated systematic uncertainties.

Discussions

The results of studies on the inclusive ¢(2S) production in p—Pb collisions at /5. =

8.16 TeV, as a function of p; and rapidity have been presented. The two times

larger statistics of the current datasets than the one at /s ., = 5.02 TeV [16]

have significantly improved the statistical uncertainties in the results and made
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Figure 5.21: The double ratio of 9(2S) and J/v cross sections in p—Pb and pp
collisions as a function of transverse momentum, at forward (left) and backward (right)
rapidity at ,/sgy = 8.16 TeV, compared with the corresponding results at /sy =
5.02 TeV [1]. The error bars represent the statistical uncertainties, while the boxes
correspond to uncorrelated systematic uncertainties.

differential measurements in finer pt and y bins possible.

The values of the R,p, show a 30-40% (2S) suppression at both forward and
backward rapidity, with no significant p; dependence. The suppression being mainly
driven by the initial-state effects such as nuclear shadowing at forward rapidity, is
similar to that for J/v. 1(2S) is strongly suppressed than J/i at backward rapidity,
which is well reproduced in the model based on final-state effects. These results
confirm, with a better accuracy and higher pr reach up to 12 GeV/c, the previous

observations carried out by ALICE in p-—pb collisions at /s = 5.02 TeV.

Centrality dependence study of ¢(2S) cross-section

Motivation

The J /1 and 1(2S) suppression as a function of centrality has also been studied in p-
Pb collisions at \/sxy = 5.02 TeV [23,25]. The difference between the ¢(2S) and J /¢

suppression seems to increase with increasing centrality, especially at the backward
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rapidity, which indicates that shadowing or coherent parton energy-loss mechanisms
are not sufficient to describe the 1(2S) suppression [25]. Complementarily, the
ALICE Collaboration also studied the charged particle multiplicity dependence of
J /¥ production at forward, mid, and backward rapidity. At mid-y [26], the study
has shown an increase of the relative J/v yields with the relative charged-particle
multiplicity. At forward rapidity the increase tends to saturate towards the highest
multiplicities, whereas at backward rapidity there is a hint of a faster-than-linear

increase with multiplicity.

Also, in high-multiplicity p—Pb events, long-range angular correlations between the
J /1 at large rapidity and charged particles at midrapidity are observed [27]. These
correlations are reminiscent of those observed in Pb—Pb collisions, which are often
interpreted as signatures of the collective motion of the particles during the hy-
drodynamic evolution of the hot and dense medium. The data analysis of ¥(2S)
measurement as a function of centrality in p-Pb collisions at /sy = 8.16 TeV is
reported in this section. The centrality dependence has been studied by calculating
the relative ¥(2S) to J/1 cross section ratio in p—Pb to pp collisions known as double

ratio and nuclear modification factor Q),py.

Physics Selection and Pile-up

After passing the track selection cuts, the tracks must satisfy some physics conditions

applied.

In p—Pb collisions, the method of centrality estimation is different from that in case
of Pb—Pb collisions. In this case, the centrality cannot be estimated using the V0
signal amplitudes as they may induce a bias unrelated to the collision geometry in
p—Pb collisions. More details on this can be found in [24]. On the other hand, the
energy deposited in the ZDC by nucleons emitted from the nuclear de-excitation

processes after the collisions, are free from such bias. The centrality classes are
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Figure 5.22: ZNA and ZNC multiplicity with CINT7 trigger for p-Pb (top) and
Pb-p (bottom) respectively.

measured using the ZN detector (neutron calorimeter of ZDC): ZNA (p-Pb) and
ZNC (Pb—p). The centrality are classified on the basis of certain ranges of energy
deposited in the Pb-remnant side of ZN. Then the number of participant nucleons
(Npart) 1s calculated for a particular ZN-energy class. As a next step, number of
binary nucleon collisions (N.y;) is calculated assuming that the charged-particle
multiplicities determined at mid-rapidities are proportional to the (Npg.:). Fig.
5.22 shows the stability of the events over multiplicity range 0-90%. There are few
spikes in the multiplicities over 90%. These events in the range 90-100% cannot be
considered for analysis, as there are still problems related to the association of the

correct centrality estimations using the ZDC.

The number of CMULTY triggers decrease ~ 15% after physics selection and pile-up

cut.
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Signal Extraction

The signal extraction procedure is the same as stated in the previous section.

Few example fits are shown in Fig.5.23.

2-10% 40 -50 %
r Ny, = 20806 + 274 r Ny, = 16440 + 235
10° SIB (INp) = 1.417 105 S/B (I/p) = 1.699
E Ny s) = 516 + 97 E Ny s) = 366 + 82
S/B ((28)) = 0.073 F S/B (W(2S)) = 0.077
[ X?INDF = 1.2 r X?NDF = 1.1
10* 0, =0.071 10* =0.070

S— E Oy

10 ?"'. E‘. 10 §

80- 90 %
Ny, = 6392 + 132
SIB (INp) = 2.560

Nys = 174 + 42

S/B (W(2S)) = 0.139
. [ X?/NDF = 0.9
10 ? Ty = 0.071

Figure 5.23: The typical fits to the invariant mass spectra for three different cen-
trality classes in p—Pb collisions.

Number of ¢(2S) and J/i) as a function of centrality

The number of ¢/(2S) and J /¢ has been obtained for 9 centrality classes, in the range
0 — 90% and are reported in table 5.13 (p—Pb) and table 5.14 (Pb-p). The fitting
results in three centrality bins are shown in Fig. 5.24, 5.25, 5.26 (p—Pb) and 5.27,
5.28, 5.20 (Pb-p).
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Table 5.13: The number of ¥(25) and J/4 in different centrality for the p-Pb period.
The first uncertainty is statistical and the second one is the systematic one. The 5%
systematic due to the resonance width is not included.

p—Pb Ny@s) & stat £ syst
0-10% | 662 + 108 (16.4%) + 52 (8.0%)

2-10% | 524 + 97 (18.6%) £ 40 (7.8%)
10-20% | 356 4= 100 (28.3%) + 26 (7.6%)
20-30% | 228 + 91 (40.1%) + 19 (8.4%)
30-40% | 323 £ 85 (26.4%) + 23 (7.1%)
40-50% | 324 4+ 77 (23.8%) £ 20 (6.4%)
50-60% | 206 4 67 (32.4%) + 12 (6.3%)
60-70% | 174 £ 58 (33.6%) & 20 (11.8%)
70-80% | 188 £ 47 (25.4%) + 12 (6.8%)
80-90% | 165 + 42 (25.5%) £ 9 (5.7%)

20-40% | 555 + 126 (22.7%) + 36 (6.6%)
40-60% | 529 £ 102 (19.4%) £ 32 (6.1%)
60-80% | 362 4 76 (21.2%) + 31 (8.8%)
p—Pb Ny £ stat £ syst
0-10% | 25556 + 304 (1.2%) + 836 (3.3%

(3.3%)
2-10% | 20040 + 270 (1.3%) + 655 (3.3%)
10-20% | 22734 £ 285 (1.3%) + 721 (3.2%)
20-30% | 21651 £ 267 (1.2%) + 689 (3.2%)
30-40% | 18737 & 241 (1.3%) =+ 605 (3.2%)
(1.4%) (3.1%)
(1.5%) (3.1%)
(1.7%) (3.2%)

40-50% | 15901 =+ 219 (1.4%) + 496 (3.1%
50-60% | 12993 & 196 (1.5%) =+ 400 (3.1%
60-70% | 10615 + 180 (1.7%) + 335 (3.2%
70-80% | 8085 + 145 (1.8%) + 256 (3.2%)
80-90% | 6195 + 130 (2.1%) + 198 (3.2%)
20-40% | 40360 + 358 (0.9%) + 1273 (3.2%)
40-60% | 28891 + 295 (1.0%) =+ 896 (3.1%)
60-80% | 18701 + 234 (1.3%) + 592 (3.2%)

Axe

The A x e value for integrated p; and y has been used for all the multiplicity bins.
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Figure 5.24: The 9(2S) and the J/i raw yields as a function of the tests performed
in the centrality class 2 — 10% in p-Pb collisions.
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Figure 5.25: The 9(2S) and the J/i raw yields as a function of the tests performed
in the centrality class 40 — 50% in p—Pb collisions.
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Figure 5.26: The 9(2S) and the J/i raw yields as a function of the tests performed
in the centrality class 80 — 90% in p—Pb collisions.
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Figure 5.27: The 9(2S) and the J/i raw yields as a function of the tests performed
in the centrality class 2 — 10% in Pb—p collisions.
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Table 5.14: The number of ¢(2S) and J/¢ for different centrality bins for the Pb-—p
period. The first uncertainty is statistical and the second one is the systematic one.
The 5% due to the resonance width is not included.

Pb—p Ny@s) & stat £ syst
0-10% | 787 + 139 (17.7%) + 44 (5.6%

)
( )
2-10% | 642 & 124 (19.4%) + 32 (5.0%)
10-20% | 415 4 124 (30.0%) + 26 (6.4%)
20-30% | 505 + 110 (21.9%) =+ 42 (8.4%)
30-40% | 392 4 98 (25.0%) + 36 (9.2%)
40-50% | 227 4 84 (37.3%) =+ 20 (8.9%)
50-60% | 228 4 71 (31.4%) % 19 (8.5%)
60-70% | 146 & 57 (39.3%) + 12 (8.6%)
70-80% | 97 & 44 (45.7%) + 14 (15.1%)
80-90% | 104 + 36 (34.3%) £ 8 (7.7%)

20-40% | 903 + 150 (16.6%) + 76 (8.5%)
40-60% | 456 £ 111 (24.4%) £ 29 (6.5%)
60-80% | 241 4 70 (29.2%) + 23 (9.6%)
Pb—p Nyjpsy £ stat £ syst
0-10% | 44191 + 420 (1.0%) + 1342 (3.0%

)
2-10% | 34586 + 374 (1.1%) + 1003 (2.9%)
10-20% | 38108 & 371 (1.0%) + 1075 (2.8%)
20-30% | 33283 + 342 (1.0%) + 1015 (3.1%)
30-40% | 27894 % 305 (1.1%) + 797 (2.9%)
40-50% | 22115 + 265 (1.2%) + 642 (2.9%)
50-60% | 17055 & 218 (1.3%) + 488 (2.9%)
60-70% | 12601 + 185 (1.5%) + 357 (2.8%)
70-80% | 9080 + 148 (1.6%) + 251 (2.8%)
80-90% | 6069 + 120 (2.0%) + 176 (2.9%)

(

(

20-40% | 61101 & 462 (0.8%) + 1751 (2.9%)
40-60% | 39144 + 345 (0.9%) + 1104 (2.8%)
60-80% | 21686 + 234 (1.1%) + 603 (2.8%)

The p-p reference

The detailed method to obtain pp reference has been described in the previous
section 5.1.5. The cross section evaluated for the integrated p, and y range, has

been used here for all the centrality bins.
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Figure 5.28: The 9(2S) and the J/i raw yields as a function of the tests performed
in the centrality class 40 — 50% in Pb—p collisions.
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Figure 5.29: The 9(2S) and the J/i raw yields as a function of the tests performed
in the centrality class 80 — 90% in Pb—p collisions.
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Op(28)// T3
0.149 & 0.009 (6.0%) £ 1% + 1%

0 <pr <12 (GeV/c)
2.50 <y < 4.00

Systematics

The evaluation of systematic uncertainty is also described in the previous section.

Signal extraction

This uncertainty varies from 5.7-11.8% and 5.0-15.1% in centrality bins in p-A and
A-p respectively. In addition, the extra uncertainty of 5%, which comes from fixing
of the o/ /aw(QS) has also been added in the results. This systematic of 5% has

been estimated using the method mentioned in the previous section.

Trigger efficiency

The p and y integrated trigger uncertainty amounts to 2.4% and 2.9% in p-Pb and
Pb-p respectively. This systematic on trigger efficiency is considered as uncorrelated
between p-A and A-p. In addition to those values, an uncertainty of 1% has been

taken as the intrinsic chamber efficiency.

Tracking efficiency

A 1% and 2% uncorrelated uncertainty on the tracking efficiency is applied for p-A

and A-p respectively.
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Matching efficiency

An uncorrelated contribution to the systematic uncertainty of 1% is considered.

Input Monte Carlo parametrization

A systematic uncertainty of 3% and 1.5% has been considered in pA and Ap respec-
tively.

This uncertainty has been considered correlated for all centrality classes.

pp reference

The pp reference has a systematic uncertainty of 6% for the ratio and a 1% to take
into account the rapidity shift between p-Pb and pp collisions. In addition a 1%
is evaluated to take into account the difference between the theoretical predictions

and the interpolated ratio 1(25)/J /4.

Table 5.15: The systematic uncertainties for both p-Pb and Pb-p periods as esti-
mated from the present analysis.

source p-Pb (%) Pb-p (%)
signal extraction 5.7-11.8 + 5 5.0-15.1 4+ 5
trigger (global) 2.6 3.1
tracking (global) 1
matching (global) 1 1
MC inputs (global) 3 1.5
MC inputs 2.5-2.7 1.6-1.7
pp reference (global) | 6.2(ratio) + 7.1(J/¢) | 6.2(ratio) + 7.1(J /)
pile-up (global) 2 2
FNorm (global) 1 1
FNorm 0.1-1.0 0.1-0.8
Tors 21-4.8 21-4.8

All the systematic uncertainties are summarised in Table 5.15.

137



CHAPTER 5. (2S) PRODUCTION STUDIES IN P-PB COLLISIONS AT
VSnn = 8.16 TEV

Results

All the results are plotted as a function of average number of binary nucleon-nucleon
collisions (Neop1). Neop is determined using hybrid method [24] which gives unbiased
centrality estimator. The relation between the event centrality classes and N are

given in Table 5.16.

Table 5.16: The relation between N and ZN centrality classes determined using
the hybrid model.

ZN classes | Neon
0-10% 12.9
2-10% 12.7
10-20% 11.5
20-30% 10.4
30-40% 9.21
40-50% 7.82
50-60% 6.37
60-70% 4.93
70-80% 3.63
80-90% 2.53
20-40% 9.81
40-60% 7.09
60-80% 4.28

The single ratio : ¢(25)/J/¢

In Figs. 5.30 and 5.31 the ratio of ¥(2S) and J /1 cross-sections times the branching
ratio is plotted for the two resonances for pPb and Pbp collisions. The values for
the same are listed in Table 5.17 and 5.18 for p—Pb and Pb—p collisions, respectively.
The results have been compared with the same ratio obtained in p—Pb collisions at
VSnn = 5.02 TeV [25] as well as in pp collisions at /s = 7 TeV [10]. The systematic
uncertainty includes the systematic on the number of J/1 and (2S), the systematic
from Monte Carlo input for J/¢» and ¢ (2S) and the 5% systematic associated to the

width of ¥(2S). All the other systematics such as tracking, trigger, matching and
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pileup systematics cancel out, as they are the same for the two resonances.

Table 5.17: The 1)(2S)/J /1 values at /snx = 8.16 TeV in p-Pb collisions for different
centrality bins.

¥(2S)/J /¢ £+ stat £ syst [2.03 < y < 3.53]
2-10% | 0.0246 % 0.0046 (18.7%) % 0.0026 (10.5%)
10-20% | 0.0148 = 0.0042 (28.4%) + 0.0015 (10.4%)
50-40% | 0.0130 % 0.0029 (22.3%) < 0.0012 (9.6%)
40-60% | 0.0173 £ 0.0033 (19.1%) £ 0.0016 (9.0%)
60-80% | 0.0182 4+ 0.0038 (20.9%) + 0.0021 (11.3%)
80-90% | 0.0251 4 0.0064 (25.5%) £ 0.0023 (9.2%)

Table 5.18: The 1)(2S)/J/1 values at /sny = 8.16 TeV in Pb-p collisions for different
centrality bins.

¥(2S)/J /1 + stat £ syst [—4.46 < y < —2.96]
5-10% | 0.0176 + 0.0034 (19.3%) £ 0.0014 (3.1%)
10-20% 0.0103 4 0.0031 (30.1%) + 0.0009 (8.9%)
20-40% 0.0140 4+ 0.0023 (16.4%) + 0.0014 (10.1%)
10-60% | 0.0110 £ 0.0027 (24.5%) < 0.0010 (9.2%)
60-80% | 0.0105 = 0.0031 (29.5%) = 0.0012 (11.6%)
80-90% 0.0162 + 0.0056 (34.6%) + 0.0016 (10.0%)
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Figure 5.30: The ratio ¢(2S)/J/¢ as a function of centrality at \/sxy = 8.16 TeV
for p—Pb collisions. The result is compared with the ratio obtained in p—Pb collisions
at \/snn = 5.02 TeV [28] and in pp collisions at 7 TeV. The error bar and the box
correspond to statistical and systematic uncertainties, respectively.
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Figure 5.31: The ratio ¢(2S)/J/¢ as a function of centrality at /sny = 8.16 TeV
for Pb—p collisions. The result is compared with the ratio obtained in Pb—p collisions
at v/sSNN = 5.02 TeV [28] and in pp collisions at 7 TeV.

Several observations can be made from the plots.

Firstly, the 1(2S)/J/4 ratio is independent of the collision energy. Secondly, the
ratio seems to be smaller in p—Pb than in pp collisions, in both the rapidity regions
and for all centrality ranges, except for the most peripheral, and the most central
bins. In this context, it is worthy to mention that no significant energy dependence
is found in the ¥ (2S)/J/v ratio in pp collisions [12] also. Thus, the production of
the ¥ (2S) in p—PDb collisions appears to be suppressed compared to that of the J/«
with respect to the expectation from pp collisions. Thirdly, constrained with the
current experimental uncertainties, it is not possible to conclude the trend of the
ratio as a function of centrality. Finally, the suppression of the 1(2S) relative to
the J/¢ in p—Pb compared to pp collisions seems to be stronger at the backward

rapidity (Pb-p) than at the forward rapidity (p—Pb).

The double ratio : (¥(25)/J/0)pa/(10(25)/I/1)pp

The double ratio is computed dividing the ratio of ¥ (2S) and J/1¢ cross-sections in

p—Pb (and Pb-p) collisions by the same ratio observed in pp collisions. The ratio
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0y(28)/03p in pp collisions is the one obtained with the interpolation procedure.
The uncorrelated systematic uncertainty includes the systematic on the number of
J/v and ¥(2S) and the 5% systematic associated to the width of ¢(2S) and the
Monte-Carlo input systematic, while the global correlated systematic is computed

considering the pp reference.

The values are reported in Table 5.19 and 5.20 for p—Pb and Pb—p collisions, re-

spectively.
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Figure 5.32: The double ratio as a function of centrality at /sxy = 8.16 TeV
for p—Pb collisions. The result is compared with the double ratio obtained in p—Pb
collisions at /SNy = 5.02 TeV [28] and the theoretical predictions of the Comovers
model [29,30].

Table 5.19: The double ratio at /sxy = 8.16 TeV in p-Pb collisions. The first
uncertainty is statistical, the second is the uncorrelated systematic while the third
one is the correlated systematic.

(¢(2S) /I /) ap/ ((2S) /I /1)y £ stat £ syst [2.03 < y < 3.53]
2-10% | 1.2479 + 0.2316 (18.6%) + 0.1307 (10.5%) % 0.0769 (6.2%)

10-20% | 0.7473 + 0.2101 (28.1%) £ 0.0763 (10.2%) =+ 0.0461 (6.2%)
20-40% | 0.6563 £ 0.1491 (22.7%) + 0.0633 (9.6%) % 0.0405 (6.2%)
40-60% | 0.8738 & 0.1687 (19.3%) =+ 0.0815 (9.3%) + 0.0539 (6.2%)
60-80% | 0.9238 £ 0.1943 (21.0%) = 0.1032 (11.2%) % 0.0569 (6.2%)
80-90% | 1.2711 =+ 0.3246 (25.5%) =+ 0.1149 (9.0%) % 0.0784 (6.2%)

A conclusion similar to the one derived from single ratio plot, can be made in case
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Figure 5.33: The double ratio as a function of centrality at ,/sxy = 8.16 TeV
for Pb—p collisions. The result is compared with the double ratio obtained in Pb—p
collisions at \/syy = 5.02 TeV [28] and the theoretical predictions of the Comovers
model [29, 30].

Table 5.20: The double ratio at /sxy = 8.16 TeV in Pb-p collisions. The first
uncertainty is statistical, the second is the uncorrelated systematic while the third
one is the correlated systematic.

(V(25)/3/10) ap/ (V(25)//h)pp £ stat + syst [=4.46 < y < —2.96]
2-10% 0.8914 % 0.1724 (19.3%) £ 0.0711 (8.0%) =+ 0.0549 (6.2%)
10-20% 0.5229 % 0.1563 (29.9%) + 0.0460 (3.8%) =+ 0.0322 (6.2%)
20-40% |  0.7097 % 0.1180 (16.6%) & 0.0742 (10.5%) =+ 0.0437 (6.2%)
40-60% 0.5594 % 0.1363 (24.4%) = 0.0497 (3.9%) =+ 0.0345 (6.2%)
60-80% |  0.5336 % 0.1551 (29.1%) =+ 0.0608 (11.4%) =+ 0.0329 (6.2%)
80-90% 0.8202 % 0.2844 (34.7%) + 0.0812 (9.9%) =+ 0.0506 (6.2%)

of double ratio as well. The Comovers + EPS09LO model considers dissociation of
resonances through interactions with ‘comoving particles’ (partonic or hadronic, not
being declared in the model) created in the same rapidity region. This phenomenon
is governed by the comover interaction cross sections which amounts to, 0.65 mb
for J/¢ and 6 mb (¢(2S)), which is determined from the fits to low-energy experi-
mental data. The main source of uncertainty in this model comes from the nPDF
parametrisation, which is strongly correlated between the J/1) and the ¢(2S) and

consequently is canceled in the ratio. The agreement between the model calculations
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and the experimental results is good at both the collision energies. The double ratio
decreases with increase of collision energy in the model because of the increase of the
comover density. However, with the present systematic uncertainties, it is difficult

to confirm the observation of a decrease of the double ratio as a function of N..

The nuclear modification factor (Q,pp)
To compute the Q,pp the formula used is:

;Pb - i i Nj/w PP (5.9)

where N} o

tiplicity bin i, Ni,p is the number of minimum bias events and it is obtained by

is the number of ¥ (2S) obtained from the signal extraction for mul-

multiplying normalization factor with the number of CMULY trigger in the corre-

sponding multiplicity bin i, while < T ; pp > 1s the average nuclear overlap function.

The Qppp values as a function of centrality are tabulated in Table 5.21 in the rapidity
range 2.03 < y < 3.53 in 6 centrality bins, and in Table 5.22 for the range —4.46 <

y < —2.96.

Table 5.21: Qppp values of 1(25) at /sy = 8.16 TeV in p—Pb collisions in different
centrality bins. The first uncertainty is statistical, the second is the uncorrelated
systematic while the third one is the correlated systematic.

Qppy £ stat £ syst [2.03 < y < 3.53]

2-10% | 0.8580 + 0.1590 (18.5%) + 0.0960 (11.2%) + 0.0867 (10.1%)
10-20% | 0.5140 £ 0.1440 (28.0%) = 0.0525 (10.2%) = 0.0520 (10.1%)
20-40% | 0.4710 £ 0.1070 (22.7%) £ 0.0440 (9.3%) = 0.0476 (10.1%)
40-60% | 0.6190 + 0.1190 (19.2%) £ 0.0605 (9.8%) + 0.0626 (10.1%)
60-80% | 0.6970 £ 0.1460 (20.9%) £ 0.0820 (11.8%) + 0.0705 (10.1%)
80-90% | 1.0650 + 0.2710 (25.4%) + 0.0949 (8.9%) £ 0.1076 (10.1%)
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Table 5.22: Q,py, of 1(25) at /sy = 8.16 TeV in Pb-p collisions in centrality bins.
The first uncertainty is statistical, the second is the uncorrelated systematic while the
third one is the correlated systematic.

Qppb £ stat £ syst [—4.46 < y < —2.96]
510% | 1.0170 £ 0.1970 (19.4%) + 0.0923 (9.1%) + 0.1057 (10.4%)
10-20% | 0.5800 + 0.1730 (29.8%) + 0.0529 (9.1%) + 0.0603 (10.4%)
20-40% | 0.7420 £ 0.1230 (16.6%) £ 0.0774 (10.4%) + 0.0771 (10.4%)
10-60% | 0.5160 = 0.1260 (24.4%) = 0.0498 (9.7%) = 0.0536 (10.4%)
60-80% | 0.4500 < 0.1310 (29.1%) + 0.0549 (12.2%) £ 0.0468 (10.4%)
80-00% | 0.6520 % 0.2260 (34.7%) + 0.0642 (9.8%) + 0.0678 (10.4%)

Comparison with theory

The comparison with theoretical calculations have been shown in Fig. 5.34 and

Fig. 5.35 for p—Pb and Pb—p collisions, respectively.
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Figure 5.34: Q,py, of ¥(2S) and J/1 compared with theory in p-Pb collisions [29,
31,32]. The box in red around unity represents the J/1 global systematic, in blue the
¥(25) one and in gray the global systematic shared between J/¢ and 1(25).

At forward rapidity, the suppression behavior of 1(2S) as a function of centrality
is similar to that for the J/¢. But at backward rapidity, a systematically stronger
suppression of the ¥(2S) relative to the J/v is visible, except for the most peripheral
and most central collisions, where the large uncertainties in the results do not allow

us to reach a firm conclusion. The centrality dependence of ¥(2S) Qppp at /Sy =
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Figure 5.35: Q,p1, of ¢(2S) and J/¢) compared with theory in Pb-p collisions [29,
31,32]. The box in red around unity represents the J/v global systematic, in blue the
1(2S5) one and in gray the global systematic shared between J/v and 1(25).

8.16 TeV shows a similar trend to that at /sy = 5.02 TeV. The EPS09s NLO +
CEM calculations [31] predict a similar Q,pp, for both ¢(2S) and J /1. However, the
model fails to describe 1(2S) results at forward rapidity, while the J/v results lie
near the lower limit of the band. At backward rapidity, the model calculation is close
to the J/¢ data, although it shows different centrality behavior. It again fails to
describe the stronger 1/(2S) suppression. The transport model [32] calculations yield
significantly smaller Q,py, for the 1(2S) than for the J/¢, with the difference being
more prominent at the backward rapidity, where this difference exhibits an increasing
trend with increasing centrality. The description of the forward rapidity results is
fairly good for both J/1b and ¢(2S). At backward rapidity, the model overestimates
the 1(2S) result in the most peripheral centrality bins. This model considers lower
Qppb for the 1(2S) than for the J/¢ caused due to a larger suppression of the (2S)
in the short QGP and the hadron resonance gas phases. Finally, the Comovers +
EPS09LO model [31] gives a significantly lower Qupp for the 1(2S) than for the
J/1 in the backward rapidity region. However, at the forward rapidity, the model

uncertainties are too large to draw any firm conclusion.
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To summarize, we can safely say that the effect of the comovers, responsible for the
stronger suppression of the ¢)(2S) compared to the J/v¢ and is dominant at backward
rapidity due to the larger density of comovers in the Pb-going direction [28]. This
model gives a good description of ¥(2S) Qpp, at backward rapidity. However, the
trend with centrality shown for the J/¢ does not reproduce the one found in the

data.

Thus, only the models, which include the final-state interactions are able to describe,
at least qualitatively, the stronger suppression of ¥ (2S5) than of the J/¢ in p—Pb

collisions at LHC.
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CHAPTER 6

J/i and ¥(2S) production in Pb—Pb
collisions at /sny = 5.02 TeV

In this chapter we shall discuss two separate analyses on multi-differential J /1 cross-

section (first two sections) and single differential ¢ (2S) cross-section.

I participated in the analysis of double differential Raa of J/1 and reproduced the
analysis results presented in this thesis. The signal extraction, Monte Carlo simu-
lations, evaluation of the acceptance x efficiency, evaluation of pp cross section for
reference, estimation of experimental uncertainties, evaluation of triple differential

Raa of J/1p and Raa of ¥(2S) have been done as a part of this thesis work.

Double-differential Rya of J/¢) studies

Motivation
In the present study, the J /i) production as measured by ALICE in Pb—Pb collisions
at /snn = 5.02 TeV, at the forward rapidity region (2.5 < y < 4.0), is discussed.

Over the past decades, the J/i production in heavy-ion collisions has been studied
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at the SPS, RHIC and LHC, which cover a wide range of center-of-mass energies
per nucleon pair (y/sny) beginning from about 17 GeV to 5.02 TeV.

Surprisingly, the observed suppression did not show the increasing trend with in-
creasing collision energy contrary to the expectation of the color-screening scenario
which becomes pronounced due to the rising temperature of the QGP. This may
happen due to regeneration of J/1 from the abundantly produced cc pairs at higher
temperatures. In order to have a closer look at the suppression-regeneration picture,
extensive studies of the centrality, p; and rapidity dependence of the J/i¢ nuclear

modification factor have to be carried out.

Data samples, event and track selection

The present analysis is carried out using the Pb—Pb data at a center of mass energy
v/Snn = 5.02 TeV which was recorded in November 2015. We have analysed the
passl datasets of AOD files. The data samples is further filtered to obtain the events

within the centrality limit of 0-90 % by using the VZERO detector.

Signal extraction

As the ratio of the signal to background in data is very low at the edges of the
signal functions, we have fixed the tail parameters of the fit function (CB2 and
NAGO) used to reproduce the shape of the signal. The sets of tail parameters were
extracted from MC simulation. In the present analysis three sets of tail parameters
are used extracting from the:

- embedding MC simulation where GEANT3 has been used as transport code.

- pure J/¢ simulation using the GEANT4 as the transport code.

- pp at /s= 13 TeV J/1 analysis for the CB2, where fits are performed by letting
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the tail parameters free.

Two functions have been chosen for fitting the background: a second to third order
polynomial ratio (Pol2/Pol3) and an extended variable width Gaussian (VWG2).
All the fits are performed in two mass ranges: [2.2,4.5] and [2.4,4.7] GeV/c?. In

total there 20 tests performed in each bin.

Event Mixing

Another approach for the signal extraction is done by using event-mixing technique.
In this technique, the single muon low-p, trigger threshold (CMSL7) dataset are
combined together to reproduce the invariant mass distribution. Also, the invariant
mass-distribution of like-sign muon-pairs (to get Nt and Ny ) are obtained by
analyzing the CMUL7 or CMLL7 triggered events. The dataset is divided into 9
centrality pools of event each of pool size 10 %. The event-mixing is then done
by mixing the muons of similar events coming from the same centrality pool and
same run (N,;;.). The mixed dimuon invaraint mass spectra is then normalized by
a normalization factor

F = 42 2PV N N 61)

J> Nariz

where, the Ns are the unlike-sign (4-) and like-sign (++ or ——) spectra of the raw

and mixed events and R is a detector related factor. The value of ‘R’ is around 1 in

our integration range.
+_
NMi$

VNN

After the normalization, the dataset in various centrality pools are merged. Finally,

(6.2)

the normalized mix-spectrum is subtracted from the raw spectrum. The subtracted
invariant mass spectrum is used for fitting with the combination of signal function
and background function. The signal shape is fitted by using the same shapes as

used for the direct fit, which are, CB2 and NA60. The background is fitted by
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exponential function for same mass ranges as direct fit.

We have split the data set into 9 centrality bins (10 % intervals) and 11 p; bins for
0-90 % and 0-20 % centrality.

Example of fits using the two methods mentioned above, are shown in Fig. 6.1.

x10° x10°
0.2FT T T . TP TP Tttt
0.18 ALICE Pb-Pb, VSNN =5.02 TeV 3 Combinatorial background 12
G 0.16EN Lin =225 pb? 3 subtracted
E 0.14F I 110
Q 0.12F 0-10 % I 0-10 % Js
g 0.1 0<p <2GeVic 1 0<pT<2GeV/C 16
g 008F X2/ndf = 0.78 3 2/ndf = 1.10
S 0.06F ' i X ' 14
S o.04F N, = 57606 + 1607 } N, = 56657 + 1215
- 42
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. 4140
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S 100f J100
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my, (GeVic?) m,, (GeVic?)

Figure 6.1: Typical fits to the dimuon invariant mass spectra for two centrality
bins.

Acceptance-efficiency correction

In order to evaluate the J/i acceptance efficiency (A x €) correction, the embedded
Monte-Carlo data set has been used. To take care of the different trigger used in the
simulation (CINT7-MUFAST-B) and signal analysis (CMUL7), following weightage

has been applied :

e A weight proportional to number of CMULT trigger in each run for proper
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evalution of A X ¢;

e A weight proportional to the number of reconstructed raw J/i in each cen-

trality has been applied for correct evaluation of centrality-integrated A X e;

e To take into account the centrality dependence of the input shapes of A X e,
a weight proportional to p; and y distribution functions for J/i for given

centrality bin are applied.

The weightage of p; or y can be applied by fitting the A x e corrected data by J/i
pr or y input shapes in different centrality bins. These distribution functions are

used as weights for the embedded data.

The outcome after re-weighting is shown in Fig. 6.2 for the bin 2.5 < y < 3.25 and
3.25 < y < 4. The ratios of the unweighted to the weighted A.e are also plotted to

show the effect of the weight quantitatively.
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Figure 6.2: The A x € corrections for J/i as a function of p; after re-weighting for
rapidity ranges 2.5 < y < 3.25 (3.25 < y < 4) one the top left (bottom left) panel and
their ratio over the central values on the right panel.
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Systematics uncertainties

Tan systematics

The values of the average nuclear overlap function (T'44) used in this analysis were
obtained using Glauber calculation. The value of (T44) only depends on the cen-
trality and independent of p; and y. Therefore, the systematic uncertainties in the

3 centrality bins vary from 3.2% to 4.5%.

Trigger systematics

The trigger response function (RF) has been calculated by taking the ratio of the
Lpt (i.e. py threshold of 1 GeV/c) and Allpt (i.e. p; threshold of 0.5 GeV/c) of
single muon p; distribution. The ratio of the number of J/i using Lpt/Allpt muon

distributions from Data over MC versus p; is shown in Fig. 6.3.

The trigger response has been measured both for raw and simulated data set as
a function of single muon p; by dividing them into 6 n bins to check rapidity de-
pendence. The trigger response function for 7 is shown in Fig. 6.4. The trigger
response function is then fitted with a sigmond function and the parameters are
evaluated for both. The weight is then applied to both the monte-carlo and raw
data set. The number of J /1 is estimated for the data and monte-carlo by applying
this weight factor. The difference between number of J/i in two cases gives the

trigger systematics.

Sytematic on centrality limits

The systematic uncertainty on the centrality limits are determined by comparing
the number of J/¢ in different centrality estimator in various centrality bins. The

estimated systematics vary from 0.2 to 1.4 % for three centrality bins of 0-20, 20-40
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Figure 6.3: The ratio of the number of J/1 using Lpt/Allpt muon distributions from
data over MC versus p; for each centrality and integrated in y.
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Figure 6.4: Response function distributions in MC (red) and in data (blue) obtained
for several pseudo-rapidity ranges.

and 40-90 %.

157



CHAPTER 6. J/¢¥» AND ¢(2S) PRODUCTION IN PB-PB COLLISIONS AT
VSxn = 5.02 TEV

Results on Single and Double-differential R

The nuclear modification factor Raa has been calculated through the following:

Ny

RJ/w _
AA <TAA> . NMB . (A X €>J/¢ . BRJN,ﬁM-ﬁ—u— . J§7¢

(6.3)

where N/, is the number of J/i) obtained from the signal extraction in a kine-
matic region, BRy/y,,+,~ is the branching ratio of J/¢ in dimuon decay channel
= (5.964+0.03)%, Nyp is Number of minimum bias events in the kinematic region,
(Taa) is the average of the nuclear overlap function in the corresponding centrality

bin, a?}jw is the inclusive J/1 cross section for pp collisions at the same energy.

The Fig. 6.5 shows the rapidity dependence of Ra for integrated centrality range
0-90%. The result is also compared with the observation found at the centre of mass
energy 2.76 TeV. At both the energies, there is no rapidity dependence in Rxs. The

transport model gives a flat prediction for the Raa values in those bins.

The Fig. 6.6 shows the rapidity dependence of Rxa for differential centrality bins O-
20%, 20-40% and 40-90%. The slope of the R does not change even in differential

centrality bins. This can also be confirmed by the transport model.

Discussion

Looking at the double-differential R4, it is seen that the rapidity dependence of
Raa in central collision is same as in peripheral collision and also over centrality
0-90% range. Thus, the effect of regeneration/recombination probably gets washed
out if we integrate over the full centrality range. Thus, a triple-differential Raa

study is needed to investigate this aspect further.
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Figure 6.5: Raa as a function of y for integrated p; and centrality. The error bar and
the box represent to statistical and systematic uncertainties. The model predictions
are depicted by shaded boxes. The correlated global syatematic uncertainties are
represented by the filled boxes around 1.
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Figure 6.6: The Raa as a function of y for different centrality ranges.
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Triple-differential Rys of J/i) studies

Need for triple-differential analysis

In the last section we observed that, the rapidity dependence of R4 in central colli-
sion is same as in the peripheral collision and over centrality 0-90% range. However,
the regeneration contribution should favor low-p; J /1, as the bulk of the thermalized

charm quarks present in the medium, have small momenta.

As the number of partons produced at mid-y is more than at forward-y, the in-
medium effect due to this, should induce a slope in Ras vs y plot, for low-p; and

central collisions. Thus, the triple differential Raa estimation is necessary.

The J /1 nuclear modification factor Ras has been measured as a function of rapidity
in different p; (0-2 GeV/c, 2-4 GeV/c, 4-6 GeV/c and 6-12 GeV/c) and centrality
bins (0-20 %, 20-40 % and 40-90 %).

Data samples, event and track selection

The present analysis is carried out using Run-2 Pb—Pb data at a center of mass
energy /sy = 5.02 TeV which was recorded in November 2015 and 2018 for an
integrated luminosity of 250 and 530 pb~!, respectively. We have used both pass3
of AOD files for LHC18q and LHC18r periods.

The data samples is further filtered to obtain the events within the centrality limit

of 0-90 % by using the VZERO detector.

The Fig.6.7 shows the comparison plot for the two periods 2015 and 2018. In this
figure each dimuon invariant mass spectra is normalized by the number of CMUL

trigger. It is observed that the dimuon invariant mass distribution in the J/¢) mass
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Figure 6.7: The dimuon invariant mass spectra for 2015 and 2018 datasets, normal-
ized by the CMUL trigger (left) and their ratio (right).

region is similar for both 2015 (LHC150) and 2018 (LHC18q and LHC18r). It has

been observed that the mass, width and the significance is almost stable. The ratio

of the invariant mass spectra of the two periods are almost constant. This helps to

understand the similarity in datasets between the two periods. Therefore, the two

data samples can be merged together. The results in this analysis is based on this

merged sample of 20154-2018. This was necessary to carry out the triple differential

study.

Signal extraction and Event Mixing

The procedures of signal extraction and event mixing are the same as described in

the previous section.

Acceptance-efficiency correction

In order to calculate the J/1 acceptance efficiency (A x €) correction, the embedded

Monte-Carlo data sample for 2015 and 2018 are merged at the histogram level and

then the analysis has been performed. The run-by-run A x e of the merged dataset

is shown in Fig. 6.8.
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The same weightages have been applied as stated before.

Run-by-Run Acceptance x Efficiency of J/y for LHC18qreLHC150 Pb-Pb@5.02 TeV.
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o
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Figure 6.8: The A x € of J/i for the 201542018 datasets.
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Figure 6.9: The A x € of J/1¢ as a function of y after re-weighting for 0.3 < p; < 2
GeV/c is shown in left panel and their ratio over the central values on the right panel.

Examples of the A X € after the re-weighting, are shown in Fig. 6.9 for the centrality

and rapidity differential bins in 0.3 < p; < 2 GeV/c range. Their ratios with the

central values are also plotted in the same figure.

Systematics uncertainties

The systematic uncertainties for the triple differential analysis have been estimated

following the method used for double differential analysis discussed in the previous

section. The values of systematic uncertainties for the present analysis are listed

below.
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Tan systematics

The Taa systematic uncertainties in the 3 centrality bins vary from 3.2% to 4.5%.

Trigger systematics

This systematics vary from 0-4% in various bins.

Sytematic on centrality limits

The systematics show a variation of 0.2 to 1.4% for three centrality bins of 0-20%,
20-40% and 40-90%.

Results

The Raa has been measured as a function of rapidity in four p, bins, 0.3-2 Gev/c,
2-4 GeV/e, 4-6 GeV/c and 6-12 GeV/c. These results are evaluated in 3 centrality
bins, 0-20 %, 20-40 % and 40-90 %. These results are shown in Fig 6.10, 6.11, 6.12.
If there is no in-medium effect on J/1, then there will be no change in slope in
Pb—Pb. But if there is in-medium production of J/¢, then it will induce a slope in

Raa vs y plot. This effect is visible in Fig. 6.10 for 0.3 < p; < 2 GeV/c.

Discussion

The slope of Raa as a function of rapidity diminishes from the low p; to high p.
bins in the most central collision, which is a clear indication of recombination in
the medium. This is because the recombination effect is prominent only at low-
pr. It is interesting to note that the slope is negligible for non-central collisions.

This is also consistent as these collisions produce less number of ¢¢ pairs and thus
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centrality 0 - 20% in p; ranges 0.3-2 GeV/c, 2-4, 4-6 and 6-12 GeV/c. The statistical
uncertainties are represented by the error bar whereas box represents the uncorrelated
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Figure 6.11: Raa as a function of rapidity measured at /sxy = 5.02 TeV for
centrality 20-40% in py ranges 0.3-2 GeV/c, 2-4, 4-6 and 6-12 GeV /c. The statistical
uncertainties are represented by the error bar whereas box represents the uncorrelated
systematic uncertainties around the data points. The correlated global systematic
uncertainties are represented by the filled boxes around 1.

the recombination effect is small and for the peripheral collisions the Rxs becomes
independent of y. This effect was hidden in the double-differential results. The

higher statistics in the 2018 datasets made it possible to establish the recombination
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Figure 6.12: Raa as a function of rapidity measured at /sy = 5.02 TeV for
centrality 40-90% in p; ranges 0.3-2 GeV /¢, 2-4, 4-6 and 6-12 GeV/c. The statistical
uncertainties are represented by the error bar whereas box represents the uncorrelated
systematic uncertainties around the data points. The correlated global systematic
uncertainties are represented by the filled boxes around 1.

effect in Pb—Pb collisions, through the triple differential cross-section studies.

Single differential )(2S) studies

Motivation

At LHC energies, due to the large increase of the QQ production cross-section with
the collision energy, there is a possibility of quarkonium production enhancement via
recombination of Q and Q [3,4]. Thus, this observation of quarkonium enhancement
in Pb—Pb collisions via recombination also constitutes an evidence of QGP forma-
tion. In addition, since the binding energy of 1)(2S) is very less than the ground

state J /1, 1¥(2S) is expected to be more suppressed than J /1.

ALICE-MS has attempted to measure the suppression of 1(2S) in Pb—Pb collisions

at \/snn = 2.76 TeV (Fig.6.13). But the low statistics did not allow a firm conclusion
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Figure 6.13: The double ratio 1(2S) over J/i cross-sections in Pb—Pb collisions at
V5NN = 2.76 TeV.

since the statistical fluctuations inside one standard deviation allow data points to
range between very low double ratios (strong ¢ (2S) suppression with respect to J/1))

to values higher than unity (less 1(2S) suppression with respect to J/i).

Thus, the ALICE experiment at LHC has studied the inclusive ¥ (2S) production
at forward rapidity (2.5 < y < 4.0) in Pb-Pb collisions at /sy = 5.02 TeV with
higher statistics using the Muon Spectrometer in the p*p~ decay channel. We will
present the measurements of the nuclear modification factor (Rxa) of inclusive 1(2S)

in the centrality and transverse momentum (pr) bins at forward rapidity. We will

: : N, A
also present Raa(10(2S))/Raa(J/1¢) and yield ratio [wﬁi)] = A}ﬁi) X ((AXXSE(/;; as a

function of centrality and pr.

Normalization factor

We have collected data in the dimuon trigger (CMUL7-NOPF-B-MUFAST), so we
need a normalization factor (Fom) to evaluate the number of equivalent minimum

bias (MB) events, which is used in the calculation of the nuclear modification factor.
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N]T;B - Z FfLorm X N]Z'WUL (64)

runno

We have followed two different methods to calculate the Fi.., and the calculations

are done with pileup rejection cuts.

e Offline method: The F,,,,,, for run number i is obtained from,

. . MB
Folli = PU x

norm MB&OMULY’ (6.5)

where MB is the number of physics selected (PS) minimum bias (MB) events,
MB&OMUL is the sample of MB event containing also a OMUL (Muon UnLike)

input and PU is the pile-up correction factor associated to the MB trigger

Nirp(PS,CENT)x LOb, 4" )
Y

calculated as, PU* = —~  with ui = —In(1 — -
’ l—e—H* © ( NNIB(ALL»ALL)XN;D”idinngLHC

where LOb}"\Z?i is the level 0 MB trigger scaler input, N! is the number

colliding

of colliding bunches and fr ¢ is the LHC frequency.

e Online method: In this method F,,,.,, is obtained as,

o FMB L0h
Faott = PU' x R (6.6)
FIUE LObY 1,

where sz\fgé is the purity factor associated to the unlike-sign dimuon trigger

(CMULY).

The average Flom value for 0-90% is 13.06 + 0.0073. The systematic uncertainty

on F,,.m calculation is 0.5%.

The number of equivalent MB events is obtained as Ny = Fuorm X NoMmuLz
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The proton-proton reference

To evaluate the J /1 and 1(2S) nuclear modification factor, the p-p reference, at the
same energy and in the same kinematic domain as the Pb-Pb collisions, must be
computed. The measurement of those cross-sections have been discussed in details

in the chapter 4.

Signal extraction

The J /1 and 1(2S) yields have been obtained by fitting the unlike-sign (OS) dimuon
mass spectrum, either before or after an event mixing procedure to remove the
combinatorial background, with a combination of signal and background functions.
For the J/v¢ and 1(2S) signals, two Extended Crystal Ball (CB2) functions or two so-
called “NA60” functions have been used, while for the background a Variable Width
Gaussian (VWG) function or a combination of a second to third order polynomial

ratio (Pol2/Pol3) or a double exponential function (DE) have been adopted.

During the fit of the experimental invariant mass spectrum the amplitude, position
and width of J /1 for CB2 or NA60 were considered as free parameters. On the other

hand, the position and the width of ¢ (2S) were fixed by the following prescriptions:

e The mass position of 1(2S) is fixed to the J/¢ one by the following relation:

mus) = miy, + (m5R¢ - miBg). (6.7)

where, m’ ¢ and m )¢ are the masses of J/¢) and ¢(2S) from PDG.

e The width of ¢(2S) is fixed to the J/v¢ one:
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MC

_ _fit O-¢(2‘S) 6 8

Typ(28) = /- o)IC (6.8)
J/p

where, U%g and 0%265) are the widths of J/1 and 1 (2S) obtained from em-

bedding Monte Carlo simulations.

The tail parameters for J/1) were fixed to tail parameters obtained by fitting the
shape of the resonance obtained from MC simulation. Other sets of tail parameters
used are pp 13 TeV tails (tails extracted directly from the data in pp collisions at
Vs = 13 TeV) for CB2 only. The same tail parameters have been assumed for 1(2S)
as the resonances are separated by only 590 MeV /c?. This implies that the energy
straggling and multiple coulomb scattering effects of the front absorber on the decay
muons are assumed to be similar. All the parameters of the VWG or Pol2/Pol3 or

DE used for the fitting of the continuum background have been kept free.

The signals have been extracted in seven centrality bins: 0-90%, 0-10%, 10-20%,
20-30%, 30-40%, 40-60% and 60-90% integrated over pr and y (0 < pr < 12 GeV/c
and 2.5 < y < 4) and in six pr bins: 0-2, 2-3, 3-4, 4-5, 5-6, 6-12 GeV /c integrated

over centrality and y (0-90% and 2.5 < y < 4, respectively).

Direct fit

Fig. 6.14 shows the signal extraction in the seven centrality bins integrated over
pr and y while Fig. 6.15 shows the signal extraction in six pr bins integrated over

centrality and y.
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Figure 6.14: Typical fits of the invariant mass spectra in Pb—Pb collisions in seven
centrality bins for 0 < pr < 12 GeV/c and 2.5 <y < 4

Event mixing

Since the CMLL trigger is downscaled, the OS and LS raw data dimuon pairs from

CMLL&!ICMUL triggered events are weighted by the inverse of the downscaling

170



CHAPTER 6. J/¢¥» AND ¢(2S) PRODUCTION IN PB-PB COLLISIONS AT
VSxn = 5.02 TEV

3

N, - 471863 + 5323
M, = 3102.227 + 0.432 MeV/c®
6= 65.372 % 0.543 MeV/c*

I, 208573 £ 2206

2

UL L L e

counts per 25 MeV/c?

counts per 25 MeV/c®
2y 0 0a 3z

100

Ll IR & T, RN " T TR
4 45
m, (Gev/c)

45
m,, (Gev/c?)

2
T

N, = 121597 + 1267

I, 66217+ 763
3097.995 + 0.706 MeV/c*
68369 + 0,845 MeV/c®

counts per 25 MeVic?
counts per 25 MeV/c®

7 a5 45
m,, (GeV/c?) m,, (Gevics)

N, = 36562 + 485 I, 39835 £ 372

counts per 25 MeV/c

4 45 25 3 35 4 45
m,, (Gev/c?) m,, (GeVic?)

Figure 6.15: Typical fits of the invariant mass spectra in Pb—Pb collisions in six pt
bins for 0-90% and 2.5 < y < 4.

factor. After subtraction of the uncorrelated background by the event-mixing tech-
nique, the residual mass spectra are fitted with a sum of two functions, a signal

shape and a background shape.

Dimuon mass distributions for Raw and Mixed events for 0-10% centrality is shown

in Fig. 6.16.

Systematic uncertainties in signal extraction

For each of the signal extraction techniques (direct fit or event mixing), several tests
are done using different functions for the signal and background descriptions on dif-

ferent mass ranges and tail parameter sets.
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Figure 6.16: Like (++ and ——, top and middle plots) and unlike (+-, bottom plot)
sign dimuon mass distributions for Raw and Mixed events for 0-10% centrality.

For the direct fit, tests are built by combining:

e Two functions for the signal description : a CB2 and a NA60 functions

e Two functions for the background description :

functions.

e Two invariant match ranges :

M+ -
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2.4,4.7] GeV/c2.
e Two ¢(2S) /J/¢ width ratios: 1.05 from embedding MC and 1.01 from pp at
Vs = 13 TeV analysis.
Again, two sets of tails have been used for the signal functions:
e from the embedding MC simulation with embedding using GEANT3 transport
code.
e from pp at /s = 13 TeV J/¢b analysis for the CB2, where fits are performed

by letting the tail parameters free.

leading to a total of 24 tests. Concerning the fits after event-mixing, the tests are

built using :

Two functions for the signal description : a CB2 or a NA60 functions.

A double exponential function for the background description.

e Two invariant mass ranges : M+, € [2.2,4.5] GeV/c? and M+~ € [2.4,4.7) GeV/c?.

Two ¥(2S) /J /¢ width ratios: 1.05 from embedding MC and 1.01 from pp at
/s = 13 TeV analysis.

The same sets of tails are used, leading to a total of 12 tests to be added to the 24
tests of the direct fit procedure. The results have been weighted such that fits with
pp data tail parameters have the same weight as tests with MC tail parameters.
The final extracted yield is the average of this 36 values, while the RMS of the

distribution gives the systematic uncertainty on the signal.

Table 6.1 and 6.2 show the results on signal extraction of J /¢ and 1(2S) in different

centrality and pr bins, respectively. The systematic varies from ~ 2.4-9.2%.
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Table 6.1: The number of J/v¢ and (2S) in different centrality bins

Centrality Ny Ny2s)
0-90% 929778 4+ 4767 £ 22318 | 9538 £ 1738 + 919
0-10% 364898 + 3561 £ 10393 | 3709 £ 1309 £ 522
10-20% 229864 4+ 2556 £ 5527 | 3258 £ 892 £ 250
20-30% 148223 + 1695 + 3452 | 1212 4+ 592 + 116
30-40% 83823 £ 988 + 2183 661 + 364 + 44
40-60% 76081 4+ 721 £ 1754 966 + 262 + 65
60-90% 23639 + 228 + 483 368 £ 77 £ 22

Table 6.2: The number of J/v¢ and (2S) in different pr bins.

Ny

Ny 2s)

458874 £ 3654 £ 11779
198781 £ 1829 £ 7781
118570 £ 1128 + 3019

2973 £ 1353 £ 512
3804 + 781 + 374
1906 £ 520 + 119

65643 £ 741 £ 292
36603 £ 530 £ 482
39349 £ 400 £ 623

780 £ 354 £ 120
613 £ 240 £+ 54
677 £ 203 £ 50

Acceptance x efficiency

A xe has been calculated from the official embedding MC. We use embedding tech-
nique since the background is very important in Pb-Pb collisions. We embedded a
MC charmonium in each minimum bias event in order to properly reproduce the
occupancy of the detector. When averaging over run number and centrality a weight
proportional to CMULY in each run has been added, in order to properly account

for the run-by-run evolution of the Acceptance x efficiency.

The J/v input shapes have been tuned directly on the Pb-Pb at /sy = 5.02 TeV,
through an iterative procedure. Same input shapes have been used for ¢ (2S). As
an example, the A x ¢ of 1(2S) for each run using CMUL7 weightage are shown in

Fig. 6.17, for the bin 0 < centrality < 10%.
Fig. 6.18, 6.19, 6.20 show the plots of the A xe vs centrality, y¥ and pr, respectively.

Table 6.3 summarizes the sources of various systematic uncertainties for 1(2S) Raa.

Asterisk correspond to correlated uncertainties as a function centrality or pr.
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Figure 6.17: The Axe of ¢)(2S) (CMULT weighted) for each run for 0 < centrality <
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Figure 6.18: The Axe of ¢(2S) as function of centrality.

Results:

The nuclear effects affecting the production of ¥(2S) are studied using the nuclear
modification factor Raa, which is defined as the ratio of the production yields in
Pb-Pb collisions to the production cross section in pp collisions scaled by the nuclear

overlap function. Rap is defined as:
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R = Notzs (6.9)
(Taa) - Nup - (A X €)pes) - BRy@s)mputu— - 0y(as)
where:

® Ny (2s) is the number of ¢/(25) obtained from the signal extraction in the same

kinematic region;

o (A Xe€)y(s) is the product of the detector acceptance times the reconstruction

176



CHAPTER 6. J/¢¥» AND ¢(2S) PRODUCTION IN PB-PB COLLISIONS AT
VSxn = 5.02 TEV

Table 6.3: Systematic uncertainties (in percentage) on the quantities associated
to 1¥(2S) Raa measurement. Asterisk correspond to correlated uncertainties as a
function of centrality or pr.

Source Integrated vs centrality VS pr
Signal extraction 2.7-7.0 2.4-8.9 2.6-9.2
Trigger efficiency 3 3* 3
Tracking efficiency 3 3* 3
Matching efficiency 1 1* 1

MC input 3 3* 3

Frorm 0.5 0.5% 0.5%

(Tan) 1 0.7-5.4 *
Centrality 0.32 0.14-5.7 0.32%*

pp reference (stat.+syst.) 13.2 13.2% (18.6-36.5)47.7*

efficiency for ¥ (2S);

BRy(28)—sutpu- is the branching ratio of 1(2S) in dimuon decay channel =

(0.840.06)%;

Nyg is Number of minimum bias events in a kinematic region;

(Tan) is the average of the nuclear overlap function in a centrality bin;

O‘ZI()QS) is the inclusive 1(2S) cross section for pp collisions at the same energy.

With combined statistics of 2015 and 2018 Pb-Pb data at /sy = 5.02 TeV it has

been possible to calculate the Rax of inclusive ¢(2S) as a function of centrality and

pr.

Centrality dependence of inclusive 1(2S) Raa

Fig. 6.21 shows inclusive ¥(2S) Raa as a function centrality at /syx = 5.02 TeV
compared to the published J/¢ Ras at the same energy. (2S) shows a stronger
suppression, in semi-central and central collisions, than the J/¢ one. Table 6.4 show

the values of the Raa for 1(2S).

Table 6.5 shows the ratio of Raa for 1(2S) over that for J/i as a function of pr.
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Figure 6.21: The inclusive 1(2S) Raa as a function centrality at /syny = 5.02 TeV
compared to the published J/¢ Raa at the same energy. The boxes centered at Raa
= 1 represent the global uncertainties correlated over centrality.

Table 6.4: Raa of 1(2S) as a function of centrality in Pb—Pb collisions at \/syn =
5.02 TeV.

Centrality Rﬁfs)

0-10%  0.249 £ 0.088 (stat 35.3%) % 0.035 (syst 14.1%) + 0.035 (global 14.3%)
10-20% 0.340 £ 0.093 (stat 27.4%) + 0.026 (syst 7.7%) + 0.048 (global 14.3%)
20-30%  0.203 £ 0.099 (stat 48.8%) £ 0.020 (syst 9.6%) + 0.029 (global 14.3%)
30-40%  0.190 + 0.105 (stat 55.1%) + 0.013 (syst 6.8%) + 0.027 (global 14.3%)
40-60% 0.339 £ 0.092 (stat 27.1%) £ 0.024 (syst 7.0%) + 0.048 (global 14.3%)
60-00%  0.571 = 0.119 (stat 20.9%) =+ 0.039 (syst 6.9%) + 0.082 (global 14.3%)

pr dependence of inclusive ¢(2S) Raa

Fig. 6.22 shows inclusive 1)(2S) Raa as a function pr at \/sxy = 5.02 TeV. Table 6.6

show the values of ¥(2S) Raa as a function of pr.
Table 6.7 lists the values of the ratio of Raa of ¥(2S) over that of J/¢ as a function
of pT-
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Table 6.5: The values of Rjﬁfs) / RJA/X) in different centrality bins in Pb-Pb collisions
at /sy = 5.02 TeV.

Centrality

2S J
R\ /RYL

0-10%

10-20%
20-40%
40-60%
60-90%

0.417 = 0.130 (stat 33.36%) = 0.034 (syst 8.09%) + 0.059 (global 14.2%)
0.590 = 0.144 (stat 24.44%) = 0.051 (syst 8.71%) + 0.084 (global 14.2%)
0.314 = 0.110 (stat 35.09%) = 0.027 (syst 8.61%) + 0.045 (global 14.2%)
0.459 4+ 0.126 (stat 27.42%) £ 0.034 (syst 7.50%) + 0.065 (global 14.2%)
0.596 £+ 0.124 (stat 20.84%) = 0.046 (syst 7.68%) + 0.085 (global 14.2%)
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Figure 6.22: The inclusive ¥(2S) Raa as a function pr at /sy = 5.02 TeV. The
boxes centered at Raa = 1 represent the global uncertainties correlated over pr.

Table 6.6: Raa of (2S) as a function of pp in Pb-Pb collisions at /sNy = 5.02

TeV.

pr GeV/c Ry

0-2 0.217 4 0.099 (stat 45.5%) + 0.038 (syst 17.3%) + 0.017 (global 7.8%)
2-3 0.392 £ 0.080 (stat 20.5%) = 0.039 (syst 10.0%) + 0.030 (global 7.8%)
3-4 0.541 £ 0.148 (stat 27.3%) £ 0.035 (syst 6.4%) + 0.042 (global 7.8%)
4-5 0.200 £ 0.091 (stat 45.4%) + 0.031 (syst 15.4%) + 0.016 (global 7.8%)
5-6 0.326 £ 0.128 (stat 39.2%) + 0.029 (syst 8.8%) + 0.025 (global 7.8%)
6-12 0.175 + 0.052 (stat 30.0%) % 0.012 (syst 7.1%) + 0.014 (global 7.8%)
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Table 6.7: The values of Rjﬁfs /RJ/ Y in different pr bins in Pb-Pb collisions at
v/SNN = 5.02 TeV.

pr GeV/c RUYES) /RIY

0-2 0.326 4+ 0.138 (stat 42.40%) + 0.091 (syst 27.95%) + 0.026 (global 7.9%
2-4 0.700 £ 0.107 (stat 15.31%) £ 0.149 (syst 21.25%) + 0.055 (global 7.9%
4-6 0.500 £ 0.160 (stat 31.96%) £ 0.130 (syst 25.96%) + 0.040 (global 7.9%
6-12 0.531 + 0.182 (stat 34.26%) + 0.202 (syst 38.10%) + 0.042 (global 7.9%

¥(2S)/J /¢ yield ratio

The ¥ is defined as:

J/w

[@/J(?S)} _ Moy (Axe)yy

— 6.10
J/Y Ny (A X e)yes) (6.10)

As it is the ratio of invariant yields, the branching ratio of the dimuon decay channel
does not enter the calculation and all the systematic uncertainties except the signal
systematic and A x ¢ cancel out. The systematic uncertainties on the ratios were
obtained by quadratically combining the systematic uncertainties entering in each
element of Eq. (6.10). The ratio of the invariant yields of ¥(2S) to J/1 integrated

over centrality, pr and y in Pb-Pb collisions at /sxy = 5.02 TeV is:

[w}fj } = 0.0088 = 0.0015 (stat 16.5%) =+ 0.0007 (syst 8.1%)

In Fig. 6.23, the [TQE} as a function centrality and pr are shown.

Discussion

The Raa of inclusive 1(2S) as a function of centrality and transverse momentum

at forward rapidity has been measured along with the Raa(¢(2S))/Raa(J/1) and

yield ratio [%] as a function of centrality and pr. The analysis has been carried

out using the combined data of 2015 and 2018, which leads to improved precision
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CHAPTER 7

Summary and Outlook

Summary

This chapter briefly summarizes the results presented in this thesis. The data,
collected by the ALICE Muon spectrometer, in pp, p—Pb and Pb—Pb collisions have
been analyzed and studied. The pp results have been used to normalize the p—Pb
and Pb—PDb results. The results from p—Pb and Pb—Pb data presented in the thesis,
help to extend our understanding of the cold and hot nuclear matter effects on the

charmonia.

1 (2S) production in pp collisions

The results have been presented in two parts. Firstly, the cross section of (2S)
production as a function of p; and rapidity in pp collisions at 5.02 TeV have been
reported. These results are crucial for understanding the QCD processes and pro-
duction of the charmonia. The first measurement of p; and y differential cross
sections at 5.02 TeV, are shown. Secondly the production cross section ratio of

¥(2S) and J/1, has been studied to explore the energy dependence. Comparing
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with the published ALICE results at 7, 8 and 13 TeV, it is established that this

ratio does not show any significant energy dependence.

The inclusive 1(2S) production cross section, integrated over 0 < p, < 12 GeV/c and
for 2.5 <y < 4, has been found to be gy25) = 0.86 = 0.06 (stat.) & 0.10 (syst.) pb.
The cross section of (2S) is described well by the NRQCD calculations except
for higher p; bins. The NLO calculation based ICEM model, on the other hand

overestimates the data at high p;.

The ratio of inclusive ¢(2S)-to-J/¢ production cross sections integrated over py
and y is found to be 0.15 £ 0.01 (stat.) £0.02 (syst.). The calculations based on
NRQCD+CGC well reproduce the ratio as a function of p; and y for p, < 8 GeV/c.
The trend of the ¥(2S) over J/i cross-section ratio as a function of p, and y is

overestimated by the CEM model in the low p; region.

¥ (2S) production in p—Pb collisions

The results on the inclusive ¥(2S) production at the forward (p-going direction,
2.03 < Yems < 3.53) and backward (Pb-going direction, —4.46 < yens < —2.96)
rapidities in p—Pb collisions at 8.16 TeV, have been presented in chapter 5 of the
thesis in the form of production cross sections, the double cross-section ratios with
respect to the J/¢ in p-Pb and pp, and the nuclear modification factors R,p,. The
analysis has been segmented in two parts: 1) p, and y differential cross-section

measurement and 2) centrality dependence measurement.

The main conclusion which has been drawn from the above observables is that
the initial state effects, which are sufficient to explain J/i) suppression behavior,
cannot describe the 9 (2S) suppression at the backward rapidity where it is found
to be significantly suppressed. The final state effects are needed to describe 1(2S)

suppression.
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Apart from that, no significant energy dependence or p; dependence is observed in

Rppb .

J/1v and (2S) production in Pb—Pb collisions

The multi-differential J/¢) and single-differential ¢)(2S) cross-section measurements

are described in chapter 6.

The analysis of J/¢ in Pb-Pb collisions at 5.02 TeV at forward rapidity has been
performed to investigate the recombination scenario in heavy-ion collisions. The
high statistics of 201542018 datasets made it possible to precisely show the effect of
recombination which are visible only at low p; in the most central collisions. This
effect induces a slope in the Raa vs y plot in that particular bins, confirming the

role of in-medium recombination of c¢¢ pairs.

In the next section, the measurement of Raa of 1(2S) as a function of p; and
centrality, has been presented. The 1 (2S) has been found to be more suppressed

compared to J/1 in semi-central and central collisions.

Outlook

ALICE is preparing for a major upgrade for Run 3 and Run 4 to operate in high

luminosity beams.

The introduction of Muon Forward Tracker (MFT) will give the opportunity to study
the prompt J/1 production by separating the contribution to J/1 cross-section com-
ing from B decay. This has not been possible till date because of the presence of the
absorber, which does not allow the displaced vertex analysis. It will be interesting
to look at the J/1 results in different collision systems in the upcoming days and

estimate the B-meson production cross-sections at forward rapidities through J/i
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tagging.

The charged particle multiplicity dependence of J/i cross-section in pp collisions,
has gained a lot of attentions in the past due to the direct evidence of MultiPartonic
Interactions (MPI). A similar study on (2S) will shed light on the role of MPI in

1 (2S) production in pp collisions.

The search for deconfinement in small systems is currently a hot and most debated
topic. A reasonable study of charmonium and in particular bottomonium suppres-
sion in small systems will require much higher statistics than the present pp data
at 13 TeV. Such high statistics is likely to be possible during the high luminosity
periods of Run 3 and 4. If such suppression is observed, then present understanding

of QGP will be challenged.

The 1(2S) production as a function of rapidity in p-Pb collisions at /sy = 8.16 TeV
exhibits a slope towards the forward rapidity in contrary to the model predictions
and J/1 observation of flat dependence. The large uncertainties however does not
allow any firm conclusion. This regions should be explored in future with higher
precision and in more rapidity bins. It may reveal some unknown features of the

¥ (2S) production in p—Pb collisions.

The J /i flow coefficient vo measurement at 20-40% centrality in Pb—Pb collisions at
Vsnn = 5.02 TeV is still not explained by the theory. The installation of MFT will
help to improve the results in the high p; bins for prompt J/¢. Not only vy, but

higher harmonics like vz, v4 will also be interesting observables the Run 3 and 4.

The measurement of ¢ (2S) production is more challenging than that of J/1, because
of a smaller production cross section and even larger suppression in PbPb, giving
rise to a very low signal-to-background ratio. Therefore, we expect improvement in

the uncertainties in ¥ (2S) results in Run 3.

At present, all the states of upsilon(nS) cannot be resolved fully. Better mass reso-
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lution of all the resonance states will ensure precision in the results.

We look forward towards Pb—Pb run at the highest achievable energy /snn = 5.5
TeV. For all those interesting results from ALICE in the upcoming days, we need

to wait till 2022.
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The cross section of 1(2S) production as a function of p; and rapidity in pp collisions at 5.02 TeV have been
reported in the thesis. These results are crucial for understanding the QCD processes and production of the char-
monia. The first measurement of p; and y differential cross sections at 5.02 TeV, are also shown. The production
cross section ratio of ¥(2S) and J/v, has been studied to explore the energy dependence. Comparing with the
published ALICE results at 7, 8 and 13 TeV, it is established that this ratio does not show any significant energy
dependence. The cross section of 1(2S) is described well by the NRQCD calculations except for higher p; bins. The
NLO calculation based ICEM model, on the other hand overestimates the data at high p;. The ratio of inclusive
¥(2S)-to-J /¢ production cross sections integrated over p; and y is found to be 0.15 £ 0.01 (stat.) £0.02 (syst.). The
calculations based on NRQCD+CGC well reproduce the ratio as a function of p; and y for < 8 GeV/e. The trend
of the over cross-section ratio as a function of p; and y is overestimated by the CEM model in the low p; region.

The results on the inclusive production at the forward (p-going direction, 2.03 < yems < 3.53) and backward
(Pb-going direction, —4.46 < Yems < —2.96) rapidities in p—Pb collisions at 8.16 TeV, have been presented in the
thesis in the form of production cross sections, the double cross-section ratios with respect to the J/v¢ in p—Pb and
pp, and the nuclear modification factors Rypp. The analysis has been segmented in two parts: 1) p, and y differential
cross-section measurement and 2) centrality dependence measurement. The main conclusion which has been drawn
from the above observable is that the initial state effects, which are sufficient to explain suppression behavior, but
cannot describe the suppression at the backward rapidity where it is found to be significantly suppressed. The
final state effects are needed to describe ¢(2S) suppression. Apart from that, no significant energy dependence or py
dependence is observed in R,py,. The multi-differential and single-differential 1(2S) cross-section measurements are
described in the thesis. The analysis of J/¢ in Pb—Pb collisions at 5.02 TeV at forward rapidity has been performed
to investigate the recombination scenario in heavy-ion collisions. The high statistics of 201542018 datasets made it
possible to precisely show the effect of recombination which are visible only at low p; in the most central collisions.
This effect induces a slope in the R vs y plot in that particular bins, confirming the role of in-medium recombination
of cC pairs.

The measurement of Raa of ¥(2S) as a function of p; and centrality, has been presented. The t(2S) has been
found to be more suppressed compared to J/1 in semi-central and central collisions. It also shows a decreasing trend
with increase of py.
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