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Abstract

The Quark-Gluon Plasma (QGP) is a strongly interacting matter with high temperature
and energy density, where partons are deconfined. It is hypothesised being the same state
the universe was in just a few microseconds after the Big Bang. Experimentally, the QGP
is studied at accelerator experiments using heavy-ions. The presence of a deconfined phase
after the ultra-relativistic collisions is expected to influence the system evolution. The search
for modifications induced on the particle production is carried out taking elementary particle
collisions as reference measurement.

The research presented in this thesis focuses on the study of neutral meson and direct pho-
ton production in lead ion collisions at \/sxy = 2.76 TeV with the ALICE detector at the
Large Hadron Collider. The neutral pion and n mesons are reconstructed via their photon
decay channel, exploiting the photon conversions in the detector material. A modification
of the meson spectra is observed and investigated further with the comparison to similar
experimental results as well as theoretical models.

The measurement of neutral mesons is essential for the study of direct photon production,
since decay photons are the largest background for this signal. The photon excess signal on
top of the decay photon background in the transverse momentum interval 1 < pr < 1.6 GeV/c
is measured with a significance of 1.5 ¢. In this region, direct photons are expected to origi-
nate from a phase of the QGP where the system is thermalised. In an attempt to describe
the phenomenon behind the observed signal, comparisons to several theoretical predictions
have been performed.

Das Quark Gluon Plasma (QGP) ist ein Phasenzustand stark wechselwirkender Materie bei
hoher Temperatur und Energiedichte, in dem Partonen nicht mehr in Hadronen eingeschlossen
sind und von dem angenommen wird, dass es der Zustand zu Beginn des Universums kurz
nach dem Urknall war. Das QGP wird experimentell in Beschleunigerexperimenten mit Schw-
erionen untersucht. Insbesondere werden Abweichungen der Teilchenproduktion im Vergleich
zu Referenzmessungen in elementaren Teilchenkollisionen betrachtet.

Diese Dissertation befasst sich mit der Untersuchung der Produktion neutraler Mesonen und
direkter Photonen in Pb-Pb Kollisionen bei einer Schwerpunktenergie von /sy = 2.76 TeV
mit dem ALICE Detektor am Large Hadron Collider. Neutrale Pionen und 7 Mesonen wer-
den durch ihren Photonenzerfallskanal via Photonenkonversion im Detektormaterial rekon-
struiert. Die beobachtete Modifikation der Mesonenspektren wird dann mit anderen ex-
perimentellen Ergebnissen und theoretischen Modellen verglichen. Die Messung neutraler
Mesonen ist wesentlich fiir die Untersuchung der Produktion direkter Photonen, da Zerfall-
sphotonen den gréfften Untergrund fiir dieses Signal darstellen. Im Transversalimpulsin-
tervall 1 < pr < 1.6 GeV/c wird mit einer Signifikanz von 1.5 o ein Uberschuss direkter
Photonen gemessen. In diesem Transversalimpulsbereich wird erwartet, dass die aus der
thermalisierten QGP-Phase stammenden Photonen zur Produktion beitragen. Um das dem
beobachteten Signal zu Grunde liegende Phanomen genauer einzuordnen, wurden Vergleiche
mit mehreren Theorievorhersagen durchgefiihrt.
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Introduction

Scientific research is a travel in uncharted territory. We leave behind the solid ground of
fundamental knowledge and walk on the path built by our predecessors. We improve it,
solidifying the foundations on which we will step next and increasing the details of the map
that will lead us to a better understanding of our world. The farther away we go, the more
uncertain the path becomes, it splits and loses the well defined edges. Even though we may
encounter dead ends, given by wrong assumptions, they are not failures. They instruct us to
search somewhere else, or to look at things in a different way. And experiments, like torches
in the night, shed light on our steps and help us along the way.

Physics has come from assuming solid objects as basic structure of matter to theorise and
prove that the inner workings of matter are all but trivial shapes, they are a multitude of
elements interacting with each other and whose complexity increases the closer we look.
On the opposite end of the horizon is the origin of the universe. How it came to be what
we see today is still explained only with a collection of theories edging towards the most
probable scenario.

The Quark-Gluon Plasma is the linking point between these two extremes: a deconfined
medium which is expected after a heavy-ion collision, and that is theorised to have formed
after the Big Bang. Ultra-relativistic heavy-ion collisions are the perfect tool to study this
phenomenon. They not only allow for the study of fundamental interactions and their influ-
ence on matter but, at the same time, recreate in the laboratory the same conditions that
about billion of years ago followed the Big Bang, before the fundamental forces coagulated
particles into objects such as stars and planets that compose the universe we know today.
The aftermath of the heavy-ion collisions is investigated with the most sophisticated machines
and technologies. The results delivered by the experimental apparatuses are compared to
state-of-the-art theoretical models to deepen and improve our knowledge of the underlying
phenomena.

The focus of the doctoral research presented in this thesis is the study of the neutral pion and
7 meson production and the direct photon measurement in Pb—Pb collisions at a centre-of-
mass energy of \/syy = 2.76 TeV. The two-photon decay channel is used to reconstruct the
neutral mesons. The photons are measured exploiting their conversion in electron-positron
pairs, mediated by the detector material.

Neutral meson production is interesting in its own right, especially for the n meson, which
was never measured at this energy before. Furthermore, its dependence on the particle
multiplicity and momentum can shed light on which production mechanisms are involved.
The presence (or absence) of deviations from the expected behaviour is investigated with the
comparison of the neutral pion and 7 meson to the charged pion and kaon measurements,
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2 Introduction

a comparison motivated by the similarities between these particles, such as quark content
and mass. Last, the neutral mesons, whose most probable decay channel is a photonic one,
are needed to quantify the background of the direct photon measurement. A rather good
knowledge of the decay photon background is an essential baseline for a good direct photon
measurement.

Photons are electromagnetic probes of the Quark-Gluon Plasma and, as such, they do not
interact with the QCD matter. While in general particle production is bound to the study
of the later stages of the heavy-ion collisions, direct photons, i.e. photons not coming from
particle decays, can access information on the early phases instead such as, for example, the
temperature of the initial QGP medium.

The thesis is structured as follows. The first chapter is dedicated to the theoretical back-
ground of the measurements presented here. A brief and generic description of the behaviour
of matter and of the strong interaction under extreme conditions is given, followed by how
this can be studied in heavy-ion collisions. The most important observables are listed, to-
gether with the motivations for the measurements that are object of this thesis and how
these fit in the overall picture.

The second chapter introduces the ALICE detector at the Large Hadron Collider.

The subsequent three chapters are of a more technical nature and illustrate the steps taken
from obtaining the best possible data sample, extracting the signal and applying the effi-
ciency corrections to the final results.

Chapter six gathers the most significant results for the neutral meson measurement achieved
in the course of this doctoral research. These are compared to other ALICE measurements,
similar results from other experiments and theoretical predictions.

Chapter seven and eight introduce, respectively, the electromagnetic cocktail simulation for
the estimation of the decay photon contribution and the analysis details to obtain the photon
sample to be used in the direct photon measurement.

Chapter nine presents the final direct photon results and compares them to theory models.
The conclusions reached are summarised in the last chapter.









Chapter 1

From basic Quantum
Chromodynamics to the
Quark-Gluon Plasma

In this chapter, a general introduction to the theory describing the strong interaction is
presented. The steps that brought us from a simple picture to the collection of theoretical
models and experimental evidences that compose our knowledge of the state of the matter
known as Quark-Gluon Plasma will be given.

1.1 Quantum Chromodynamics

Quantum Chromodynamics (QCD) is a non-abelian gauge field theory describing the strong
interaction. Its history started in the early 1960s, when Gell-Mann [1] and Ne’eman [2] in-
dependently introduced the flavour SU(3) group representation to explain the observation of
the kaons, hyperons and A resonances. Later on, Gell-Mann [3] and Zweig [4] hypothesised
that baryons and mesons are made up of quarks, elementary particles with fractional electro-
magnetic charge. However, the existence of the A™" and 1~ baryons was yet unexplained:
composed of three up quarks and three strange quarks, respectively, they appeared to violate
Pauli exclusion principle. The pieces fell into place in 1971, when Fritzsch and Gell-Mann in-
troduced for the first time three additional charges, the colour charges, and the SU(3) colour
symmetry [5, 6]. This theory agrees with the results obtained by Feynman for the parton
model [7], in which partons are identified with quarks. Experimental confirmation came from
the results of inelastic electron-proton collisions obtained at the Stanford Linear Accelerator
Centre (SLAC) [8] and from the ratio of the hadronic to the muon cross-section for electron-
positron annihilation [9, 10]. The ratio is expected to be dependent on the square of the
quark electric charge and on the number of colours. Experimentally, this dependence has
been found to be R =3 Flavour q}%, with gy electric charge of the quark of flavour f, over a
wide range of centre-of-mass energies. In the SLAC experiment, the scaling behaviour of the
measured inelastic cross sections of electron-proton scattering, introduced by Bjorken [11],
can be explained assuming the proton constituents to be point-like objects, as in the parton
model.
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QCD shares common features with its sister theory describing the electromagnetic inter-
action, Quantum Electrodynamics (QED), such as having particle charges (electric charge
and colour charge) and being mediated by the exchange of a massless boson (photons and
gluons) [12]. Yet, the differences that characterise QCD make it a more elaborate theory.
The most striking fact is that not only quarks, but also gluons carry colour. This means that
they can self-interact, adding gluon-only interaction vertexes and bound states of interacting
gluons, called glueballs, and thus bringing a new level of complexity to the calculations.
Another significant difference between QED and QCD is the running coupling constant,
where “running” indicates that it is not actually a constant but it depends on the interaction
energy. In QED, the coupling constant is small at low energies, o ~ 1/137, and increases
with larger transferred momentum (). The behaviour is rather the opposite in QCD. For
quarks and gluons, the strong coupling constant ay is described at leading order (LO) by

o O‘s(MZ)
as(Q) = 1+ (as(p2)/12m) (110, — an) In(Q2%/u?) (1.1)

where 7, is the number of colours, ny the number of quark flavours and  the energy scale [12].
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FIGURE 1.1: Running coupling constant of the strong interaction as a function of the energy
scale, the transferred momentum (). The value of oy at the Z boson mass is reported.
The points indicate the measurements of a at discrete energy scales @), with the level of
approximation used for extracting the value given in parentheses in the legend [9)].

The strong coupling constant cannot be estimated at low energies, for @? = 0, because
its value is too large to allow for perturbative calculations (pQCD), as it can also be seen
in Figure 1.1. At low energies, the potential between quarks is parametrised as Vig(r) =
—4os/3r+ Kr, where the first term is the Coulomb term and the second term is the “elastic”
force characteristic of the strong interaction. For increasing radius, the potential that keeps
two quarks together also increases, as if it was an elastic string connecting the quarks. At
some point, the potential necessary to pull the two quarks apart is large enough to create
another quark pair, hence the elastic string snaps and a new quark-antiquark pair is formed.
This phenomenon is referred to as infrared slavery: at low energy, quarks are confined into
hadrons and no unbound state is observed. At high energies, basically the opposite behaviour
is observed and is called asymptotic freedom®. For 11n, > 2ny, which is the case with the

!This discovery was of such importance that Gross, Wilczek and Politzer were awarded the Nobel Prize
for it in 2004.
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3 colours and 6 flavours of the Standard Model, the anti-screening effect of the gluons is
stronger than the screening given by the quarks: the strong coupling constant is small and
the coupling is weak. This is one of the most significant results in QCD, as it allows for the
use of Feynman diagrams and perturbative calculations to describe the strong interaction.
Therefore, the coupling constant can be rewritten as a function of the energy scale at which
s is small. Given Agep = Inp? — 127 /[(11n. — 2ny)as(u?)] and the explicit colour number,

127

o %) = .
S(Q ) (33 _ an) ]n(QQ/Aécp)

(1.2)

It needs to be noted that n; also depends on ()2, since the number of flavours accessible
depends on the energy available. Likewise Agcp, which can be understood as the energy
scale at which pQCD diverges, depends on the number of flavours. It is then more convenient
to quote the value for oy calculated at the Z boson mass, My = 91.18 GeV, which gives
as(Mz) = 0.1181 £ 0.0011. The results for a(Q?) at discrete energy scales @ are also shown
in Figure 1.1 for different level of approximation.

As mentioned above, Agcp is giving the limits of validity of pQCD. The standard treatment
of QCD in the low-energy regime is Lattice QCD (LQCD), introduced by Wilson [13]. The
starting point of LQCD is moving from a Minkowski to an Euclidean space-time, achieved
with a Wick rotation, for which ¢t — —i7. Space-time is then discretised and interpreted as
a lattice where the spacing a provides the ultraviolet cut-off, i.e. the finite size limit. The
physical quantities of interest are still well defined for a — 0, where the QCD environment in
a continuous space is recovered. The non-perturbative treatment consists in the numerical
evaluation of the path integrals defining QCD on the lattice. The discretisation also allows
for computer simulation, using the Monte Carlo method, where the size of the lattice is only
limited by the computing resources. The statistical uncertainties of the lattice calculations
are due to the Monte Carlo simulation statistics, while the systematic uncertainties are
mainly originating from working with a finite volume.

The existence of asymptotic freedom hints that there is a transition point between the phase
where quarks and gluons are bound and hadronic matter dominates, and the phase where
hadrons become unbound and partons are free [14-16]. A phase transition could take place if
certain critical conditions of high temperature and/or high net baryon densities are reached.
Such a scenario is expected when colliding heavy nuclei at relativistic energies: the high
energy density permits quarks and gluons to roam freely in a Quark-Gluon Plasma state.
In the following chapters, more details will be given on the QCD phase transition, on the
stages and evolution of the system in a heavy-ion collision.

1.1.1 QCD phase transition

A transition between hadronic matter and a deconfined state of quarks and gluons is expected
to occur when sufficiently high temperature and density are reached [17]. The concept of
a maximum temperature for the hadronic matter was first introduced by R. Hagedorn [18]
in 1965: he concluded that the exponentially increasing number of hadronic states imply a
limiting temperature above which matter cannot exist. With the advent of the QCD, this
idea was interpreted differently. The limiting temperature is seen as delineating a transition

from the commonly know hadronic matter to a new state where quarks and gluons are the
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degrees of freedom.

QCD provides, in the form of chiral symmetry restoration, a way to pin down at which con-
ditions of temperature, pressure and energy density the phase transition takes place. The
finite up and down quark masses lead to the explicit breaking of chiral symmetry, with the
pions as Goldstone bosons [19]. Furthermore, chiral symmetry is also spontaneously broken,
giving rise to a non-vanishing chiral condensate (¢%) [19]. It is hypothesised that chiral
symmetry restoration and a vanishing chiral condensate reflect a phase transition, associ-
ated with a drastic change in the thermodynamic observables. While the chiral condensate
is the order parameter in the chiral limit of vanishing quark masses, the expectation value
of the renormalised Polyakov loop [20] can be taken as an indication of deconfinement, in
a pure gauge theory and in the limit of infinitely heavy quark masses. The Polyakov loop
is related to the free energy of a static quark anti-quark pair. These two quantities, the
chiral condensate and the Polyakov loop, are used to study the chiral and deconfinement
transitions, respectively, using lattice QCD calculations, which assume two light quarks and
a heavier one, referred to as (2 4+ 1), in order to extract the relevant thermodynamic ob-
servables. Chiral symmetry restoration and deconfinement are not identical observables, but
are thought to be closely correlated. The result of the LQCD calculations assuming physical
values for the quark masses, such as m,, 4/ms = 1/27, gives, in the continuum limit, a value
of T, = (154 £ 9) MeV for the chiral transition temperature [21]. This result, obtained by
the HotQCD Collaboration [21], is in agreement with the values obtained by the Budapest-
Wuppertal Collaboration [22, 23].

From LQCD studies it is also evident that the nature of the transition (whether first or
second order or a cross-over) to deconfined matter depends on the mass and flavours of
the quarks considered in the lattice calculations [20, 24, 25]. In Figure 1.2, left, the con-
clusions about the nature of the phase transition from the most recent lattice calculations
are summarised. In this representation, the light (up and down) quarks have degenerate
mass, m, = mg = my, and the heavier strange quark has mass ms. Furthermore, a zero

o N=2 PURE
45t [GAUGE

] nd
nd 2" order ’
%( 4‘)”der z(2) N\ order 1 ‘
; ¢ [GeV/m®]
e il 08
(RN [ _.:"')Nf=3
mi Ne=1 06 |
04|
02|
2" order
2) N o ‘ ‘ . T [MeV]
myg 130 140 150 160 170 180

FIGURE 1.2: Left: Columbia plot. Schematic representation of the QCD phase transition
as a function of the light quarks (up and down) and of the strange quark, assuming zero
baryon chemical potential [20]. Ny indicates the number of flavours. Right: Energy density
versus temperature in the (24-1) LQCD calculation with physical quark masses. The blue
band represent the continuum limit extrapolated from [21] while the red line is the Hadron
Resonance Gas (HRG) result [18, 26-28].
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baryon chemical potential, which quantifies the net baryon density, ¢.e. the difference be-
tween baryon and anti-baryon densities, is assumed. For m;, ms; — 0 and number of flavours
Ny =3 (2+1) and for my,ms — oo and Ny = 0, the chiral phase transition is of first order
and, for the second case, a pure gauge theory is recovered. The first order regions are de-
limited by lines representing second order transitions. For intermediate values of the quark
masses, a cross-over between confined and deconfined phase is expected. There is consensus
nowadays that the latter is the most realistic scenario, as also shown by the “physical point”
indicating the LQCD results using physical quark masses. A more extensive description of
the plot can be found in [20] and in the references therein.

In a procedure similar to the one used to extract T, the critical energy density €. for (2+1)
LQCD calculations with physical quark masses can be obtained too. In Figure 1.2, right,
the energy density is plotted against the temperature. The blue and red bands represent,
respectively, the continuum limit, as estimated from [21], and the Hadron Resonance Gas
(HRG) result [18, 26-28], based on the resonances listed in [9]. The hadron resonance gas is
used to describe the hadronic matter that exists before the transition to deconfined phase,
where the equation of state used to describe the QCD matter is that of a free gas of hadrons.
For the critical temperature T, = (154 4+ 9) MeV, the corresponding critical energy density is
€c = (0.34 £ 0.16) GeV/fm? [20]. Both T, and ¢, are indicated with black lines in Figure 1.2,
right, with the yellow shaded area representing their uncertainties.

The most common way to visualise the QCD phase diagram is as a function of the temper-
ature and net baryon density, as shown in Figure 1.3. In this sketch, the main focal points
of both lattice calculations and heavy-ion physics are summarised: the study of the phase
transition, of the hadronic interaction at high temperature and/or high baryonic density
and the search for the critical point. The study of ultra-relativistic heavy-ion collisions at
different centre-of-mass energies is used to map the boundary between the confined and de-
confined phase and to experimentally search for the critical point of the QCD phase diagram.
An example of the former is given in Figure 1.4, left. The points shown here are obtained
from fits to the hadronic yields in head-on heavy-ion collisions at varying centre-of-mass
energy [29]. The critical point is hypothesised as a second order transition point separat-
ing the cross-over region from a first order transition one. The latter, whose existence has
not yet been confirmed, is indicated in Figure 1.3 with the yellow band at larger values of

> 200F m
Q s
= < Quarks and Gluons
I; % Critical point?
5 2 ot D@“o,,f\
= » e,
o I e,
g o0} 2 Hadrons o,
£ 8 S %
O & &’ g
— & )
& %
< e
Color Super-
Neutronstars  conductor?
’ yy A
o 1 - 7/ ]
Nuclei Net Baryon Density

Fi1GURE 1.3: Sketch of the QCD phase diagram as a function of the net baryon density and
temperature [30].
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FIGURE 1.4: Left: QCD phase diagram showing the results of thermal fits to hadron yields
for several centre-of-mass energies. The dashed lines indicate the temperature at the cross-
over, calculated with LQCD [29]. Compared to the given reference, the points from the
STAR experiment and from Beccattini et al. have been updated here with recent results,
as in [31] and [32], respectively. Right: Pressure, energy density and entropy as a function
of the temperature T for the highly improved staggered quark (HISQ) action [33]. The
critical temperature 7T, is indicated with the shaded area. The solid lines indicate the results
obtained with the HRG calculations, while the dashed line in the top right corner represents
the results for an ideal non-interacting gas of quarks and gluons. For more details see text
and reference [20].

up. On the theory side, LQCD shows increasing accuracy for calculations at non-vanishing
baryon chemical potential, though they are obtained using coarse lattices and are not yet
precise enough to give unambiguous results. Recent calculations put the critical point above
up/T > 2 and T/T.(up = 0) > 0.9 [20, 34]. Rather good results are instead obtained
with lattice calculations using physical quark masses to determine the bulk thermodynamic
observables such as pressure (P), energy density (¢) and entropy (s). The starting point of
these calculations is the trace of the energy-momentum tensor, or trace anomaly, defined as
A = (e — 3p)/T* [33]. The results are shown in Figure 1.4, right, together with the results
from the HRG model. It can be observed that the HRG is in good agreement with the lattice
calculated thermodynamic observables, an agreement that still holds in the cross-over region.
The Stephan-Boltzmann limit, dashed line in the top right corner, is used as reference for
a non-interacting gas of massless quark and gluons. In the Stephan-Boltzmann limit, the
relation between the energy density and the pressure is € = 3p; thus the trace anomaly, also
called interaction measure, can be used to judge the strength of the interaction. The large
difference between the non-interacting limit and the calculated thermodynamic observables
that can be seen in Figure 1.4 indicates that the plasma of quark and gluons is still subject
to (strongly coupled) interactions.
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1.2 Evolution of a heavy-ion collision

To investigate the transition region of the QCD phase diagram between hadronic and decon-
fined matter, a high temperature and energy density environment has to be provided. Heavy-
ion collisions are the only available tool to produce and study the Quark-Gluon Plasma in
the laboratory.

The first experimental programs dedicated to the study of relativistic heavy-ion collisions
were at the Lawrence Berkeley National Laboratory (LBNL) during the early 1970s, where
the Bevalac accelerated heavy ions for fixed target experiments. The study of heavy-ion col-
lisions continued at the Brookhaven Alternating Gradient Synchrotron (AGS), at the CERN
Super Proton Synchrotron (SPS) and at the GSI heavy-ion synchrotron (SIS-18) with scien-
tific programs including light ion beams and heavy-ion targets and then heavy-ion beams.
Nowadays, the Relativistic Heavy Ion Collider (RHIC) at Brookhaven and the Large Hadron
Collider (LHC) at CERN are carrying on the Quark-Gluon Plasma research.

The space-time evolution of the system after a heavy-ion collision is schematically sketched
in Figure 1.5.

hadronic matter | t

free h‘adrons // /
/

|
\R P

pre-cquilibrium quark-gluon plasma

FIGURE 1.5: Schematic representation of the space-time evolution of a heavy-ion colli-
sion [35].

The incoming ions follow the light-cone lines on the negative side of the time axis until the
origin, at which the collisions takes place. The geometry of the colliding nuclei and their
collision itself can be described by the Glauber model [36], introduced in more detail in Sec-
tion 3.1.1. Its assumption of independent binary collisions between nucleons belonging to
two different nuclei shows to be a satisfactory approximation. Once the quarks and gluons
degrees of freedom are liberated, the system goes through a pre-equilibrium phase. The
partons interact with soft and hard scattering until they thermalise at a time 79 ~ 1 fm/c.
At this point, the Quark-Gluon Plasma is assumed to have formed. The first attempts to
model this phase of the system evolution using ideal hydrodynamics immediately showed
remarkable agreement with the experimental results [37-39]. The basic requirements for
hydrodynamics to give a good description are that the system has to be in local thermal
equilibrium, so that its thermodynamic properties are defined, and that the mean free paths
(local relaxation times) have to be small compared to the liquid cell size (macroscopic time
scale) [40]. These requirements and the good agreement shown with the experimental results
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point to a strongly interacting system that behaves like a fluid. The agreement to the data is
further improved with the inclusion of viscosity. Shear and bulk viscosity are two basic quan-
tities for the study of the thermalised system, usually expressed in relation to the entropy
density s of the system. The shear viscosity 1 opposes the pressure gradient that pushes the
system outwards, dampening expansion anisotropies. Similarly, the bulk viscosity ¢ is the
dissipative factor acting on the system volume expansion, and may also influence the shear
viscosity [41].

As the system expands, its temperature and energy density decrease. The matter passes from
the QGP phase to a hadron gas phase. At this stage, as the particles move farther apart
from each other, the inelastic collisions stop first, given their smaller mean free path length,
then followed by the elastic collisions. These two steps are often referred to as chemical (the
particle species are fixed) and kinetic (the particle momentum distributions are fixed) freeze-
out, respectively. In particular, the relative particle abundances at the chemical freeze-out
as they are investigated by the hadronic thermal model predictions [42, 43] are important to
study the phase transition boundary and its temperature. After the kinetic freeze-out, the
free hadrons do not interact anymore and the final stage of the collision evolution is reached.

Centrality of a heavy-ion collision: brief introduction

Several heavy-ion measurements will be described in the following sections, thus it is helpful
to introduce now the concept of centrality of an nucleus-nucleus (A-A) collision, i.e. the in-
terpretation of the particle multiplicity when the colliding elements are not single protons but
nuclei with an extended transverse area. The detailed description is given in Section 3.1.1.
Colliding nuclei can be simplified as disks (not spheres, as they are Lorentz contracted) and
the distance between their centres is called impact parameter. In Figure 1.6 a simplified
sketch is shown. When two nuclei collide with zero or small impact parameter, in what is
called a head-on collision, the interaction area is large and the number of nucleons partici-
pating is high. The larger the impact parameter, the smaller the overlapping area between
nuclei, thus the number of participant nucleons is also lower. The former type of collision
is called central collision, the latter semi-central or peripheral, if the nuclei are just grazing
each other. Centrality is expressed in percentiles, where low values indicate more central

y A ®
“ z, beam axis O central
bI @ semi-central

collisions.

<+
@ peripheral
=' »
z, beam axis X

FI1GURE 1.6: Sketch illustrating the centrality of a nucleus-nucleus collision.

Other recurrent quantities are the mean number of nucleons participating in the collision,
(Npart ), and the centre-of-mass energy per nucleon, ,/syx.
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1.3 Quark-Gluon Plasma signatures

There is not a unique signature that allows one to understand the Quark-Gluon Plasma
formation and evolution in its entirety. While some signatures deliver a stronger message
than others on the existence and characteristics of the phenomenon, it is the collection of
them all that helps in forming a complete picture. Depending on the particle or the quantity
analysed, different stages of the collisions can be accessed. In the following sections, some
of the most relevant observables for the Quark-Gluon Plasma studies and for this work are
introduced.

1.3.1 Charged particle and energy density dependence on ,/syn

One of the first measured and most basic observables in both pp and A—A collisions is the
charged particle pseudorapidity? density, dN,, /dn. The multiplicity of particles produced in
a collision can be related to the collision geometry, given the strong dependence on the im-
pact parameter, to the initial energy density and can be used to distinguish which processes,
between hard and soft scatterings, drive the particle production.

In Figure 1.7, left, the mean charged particle pseudorapidity density, (dN,,/dn), is plotted
as a function of |/syy for several results from central A-A, p~A(d-A) and pp (pp) collisions.
The results are fitted with a power-law function that describes very well the data and high-
lights the much stronger dependence on collision energy of the heavy-ion results, giving an
exponent value of 0.155 for the heavy-ion data points and of 0.103 for pp (pp). It is also
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FIGURE 1.7: Left: Dependence of (dN,/dn) on the centre-of-mass energy per nucleon [44].
The particle density, normalised per participant pair, is shown for central Pb-Pb [45-48]
and Au—Au [49-53] collisions at the LHC and RHIC, respectively, for inelastic pp and pp
collisions [54-56] and for non-single diffractive (NSD) p—A and d—A collisions [57, 58]. The
solid and dashed lines are the power-law fit to the A-A and pp (pD) results, respectively.
The shaded grey bands represent the uncertainties on the extracted power-law dependen-
cies. Right: Comparison of (dNg,/dn), measured for the centrality range 0-80% in Pb—Pb
collisions at /sxn = 5.02 TeV, to theoretical predictions [59-67], as a function of Npars.

2Rapidity and pseudorapidity are defined in Section 2.2
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interesting to observe that the p—A and d—A results fall on the same line as the pp ones. It
is a hint that multiple nucleon collisions are not the only responsible for the strong energy
dependence in A—A collisions, as they also take place with the p—A and d—A systems.

With increasing collision energy, it is expected that hard processes, involving a larger mo-
mentum transfer, become dominant over the soft ones. A better understanding of the particle
production mechanisms can be reached comparing (dNV,,/dn) to theory predictions, as shown
in Figure 1.7, right. The charged particle density is shown here as a function of Npar, in
order to exploit its sensitivity to the impact parameter. The models used for the comparison
are described with more detail in [44]. With exception of HIJING, which uses pQCD to-
gether with soft interactions, the other models combine together elements from pQCD, gluon
saturation and hydrodynamics, with a resulting good description of the data.

Another global observable that gives insight into the initial characteristics of the system
and, more precisely, into the initial energy density, is the transverse energy pseudorapidity
density, (dFr/dn). The transverse energy density is related to the charged particle density
by dEr/dn ~ (pr)dNy/dn and, within the Bjorken model [68], can be used to calculate the
initial energy density e with

L L AR 1 dE
A dy A a dn

. TO

€

(1.3)

where A = mR2, is the transverse area considering a Pb-Pb collision, 7o = 1 fm/c is the QGP
formation time and J(y,n) =~ 1 is the Jacobian of the transformation from pseudorapidity
to rapidity.

The ratio (dEy/dn)/(dNg/dn) is shown in the left side of Figure 1.8 for a compilation of
Pb-Pb collision measurements, as a function of |/syy. The ratio seems to saturate or have
a weaker energy dependence at and above RHIC energies. Comparing with the extrap-

olation from lower energies (grey band), it can be seen that the LHC data deviate from
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FIGURE 1.8: Left: Energy dependence of the ratio of the mean transverse energy density over
the mean charged particle density in Pb-Pb collisions at /syny = 2.76 TeV measured with
ALICE [69] and at other energies [70-75]. The shaded band represents the extrapolation from
lower energies, where the uncertainty of the fit is given by the width of the band [73]. Right:
Bjorken energy density multiplied by the formation time 7 as a function of /sy~ for central
Pb-Pb and Au-Au collisions, measured with CMS [76] and PHENIX [75], respectively. Error
bars represent the total statistical and systematic uncertainty.
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this trend. This suggests that an increase in the collision energy not only increases the
particle production, but also the mean energy per particle. Figure 1.8, right, shows the
Bjorken energy density, multiplied with the formation time 7. Considering the value of
€. = (0.34 + 0.16) GeV/fm? obtained from LQCD, mentioned in Section 1.1.1, it can be
observed that the estimation of the initial energy density from the lowest collision energy at
PHENIX, \/sxy = 7.7 TeV, is already well above this value.

1.3.2 Hadron spectra and in-medium modification

The distribution of particles created in heavy-ion collisions suffers modifications due to the
presence of a QGP medium. These alterations trace back to the characteristics of the medium
itself. In particular, observables such as the temperature and density of the system, inter-
action and hadronisation mechanisms and modifications induced by the presence of QCD
matter are all information contained in the particle spectra.

Chemical and kinetic freeze-out temperatures. In the previous sections, it was men-
tioned how Hagedorn deduced a maximum temperature for hadronic matter by studying
the hadron yields and how they can be used, similarly, to determine the temperature of the
chemical, T.,, and kinetic, Ty,, freeze-out. The system after hadronisation expands and cools
down until the mean free path is such that inelastic collisions stop: chemical freeze-out, the
particle abundances are set. Afterwards, elastic collisions continue until the kinetic freeze-out
is reached: hadrons have fixed momentum distributions. Fits to the hadronic yields using the
statistical models [29, 77, 78] are employed to extract the temperature T, as it was shown
in Figure 1.3. Ty, is also extracted from fitting charged pion, kaon and proton spectra, but
the underlying model in this case is one which includes effects due to a transverse expansion,
the Blast-Wave Model [79]. More details on this model will be given in the next section,
where the collective expansion of the medium will be addressed.

The extracted Ty, and T}, are shown in Figure 1.9 as a function of the centre-of-mass energy.
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FI1GURE 1.9: Energy dependence of the chemical and kinetic freeze-out temperatures for cen-
tral nucleus-nucleus collisions measured at STAR and BES [80]. The dashed lines represent
the thermal model predictions [29, 77].
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All the results are obtained from fits based on central nucleus-nucleus collision measurements.
The behaviour of the two temperatures can be explained by theories that have opposing as-
sumptions, thus it is still under investigation [81]. On one hand, the existence of a prolonged
hadronic phase whose lifetime is proportional to the centre-of-mass energy could explain the
behaviour of T, which increases sharply with |/syy until it plateaus around 10 GeV, and of
Ty, which decreases with /sxy. This would also explain the difference observed between the
freeze-out of light and heavy hadrons. On the other hand, this same difference is explained
as being due to strong resonance decays in models where chemical and kinetic freeze-out
coincide (single freeze-out picture).

In-medium modifications of the hadronic spectra. The most apparent evidence that
the particles undergo some sort of modification due to the presence of the Quark-Gluon
Plasma is given by the nuclear modification factor:

d’N AA/ dprdy
<TAA>d2 Upp/dedy

Ran = (1.4)
The numerator of this ratio is the particle spectrum measured in Pb—Pb collisions. In the de-
nominator, the particle spectrum measured in pp collisions is scaled with the nuclear overlap
function, (Ths) = (Neon)/ois!, calculable with the Glauber Model, introduced in Section 3.1.1,
and which relates the mean number of binary collisions with the inelastic nucleon-nucleon
cross section. The pp measurement is taken as the reference vacuum measurement, thus a
nuclear modification factor smaller than one indicates a modification (suppression) of the
particle spectra, that are otherwise expected to scale with N, from pp to Pb—PDb collisions.
This quantity is mainly studied as a function of the transverse momentum and for different
centrality intervals.

Shown in Figure 1.10, left, is the transverse momentum dependence of the charged hadron
nuclear modification factor in central Pb-Pb collisions at |/sxy = 2.76 TeV measured by
ALICE [82] and CMS [83]. Also reported here are the photon [84], Z° [85] and W™ [86] pro-
duction measured in central Pb—Pb collisions by CMS. The Pb—Pb data is compared with the
charged hadron nuclear modification factor measured in minimum bias (non-single diffrac-
tive, NSD) p—Pb collisions at y/syx = 5.02 TeV centre-of-mass energy with ALICE [87]. The
Pb—Pb results can be explained using the sketch in Figure 1.10, right. The interaction of
two partons can generate back-to-back jets, i.e. collimated emission of particles in opposite
directions. In the presence of QCD matter, as it happens in A—A collisions, the partons
interact with the surrounding medium and lose energy [89]. The energy loss is larger in the
case of the jet taking the longer path to the surface of the system. Consequently, the yields
of the particles originating from the fragmentation of these partons will result reduced. This
phenomenon, referred to as jet quenching, does not take place in a pp collision. Therefore,
when comparing the spectra in the two systems, the suppression due to the parton energy loss
is evident and reflects the density of the strongly interacting matter created in the collision.
The nuclear modification factor reaches its minimum around 6 GeV/c and then increases
again towards higher pr. This is attributed to a smaller relative energy loss for high-pr
particles, a behaviour in agreement with several theoretical models, whose direct comparison
can be found in [82]. An increase is also observed at low-py, where the particle collective
motion is responsible for the characteristic shape of the R, that will be explained in more
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Ficure 1.10: Left: ALICE charged hadron nuclear modification factor R, measure-
ments in Pb-Pb [82] and p-Pb [87] collisions at centre-of-mass energy /sy = 2.76 TeV
and 5.02 TeV, respectively, are compared with the same measurement from the CMS ex-
periment [83]. Also shown, the measurements for v, W* and Z° bosons production at
VSnn = 2.76 TeV from the CMS experiment [84-86]. Right: Jet quenching. Contrary to
what happens in pp collisions, the particle jet that has to traverse a strongly interacting
medium in the aftermath of a nucleus-nucleus collision suffers significant energy loss [88].

detail in Section 1.3.3. In the p—Pb case, no QGP is expected to form and the nuclear mod-
ification factor for this system stays at unity, also indicating that the R,, suppression is a
final state effect and not due to the initial interaction between nuclei (cold nuclear matter
effect). Similarly, particles that are not affected by strong interactions, like v, Z° and W#,
also have R4, equal to one, confirming the scaling with the number of collisions mentioned
above.

The centrality dependence of the charged particle R,, is shown in Figure 1.11. Here, the
ALICE measurement is shown for nine centrality intervals, from peripheral collisions (top
leftmost panel) to most central collisions (bottom rightmost panel). It is interesting to ob-
serve the suppression changing from small and pr-independent to an increasingly pronounced
effect and a clear transverse momentum dependence towards higher collision centrality. This
is understandable considering the higher multiplicities reached in central nucleus-nucleus col-
lisions, with the subsequent formation of a much denser medium. On the other hand, in a
peripheral collision, where the nuclei only graze each other, the environment is closer to what
can be found in a pp collision.

Neutral mesons. The neutral pion and 7 meson, which will be the first measurement object
of this research work, and the other neutral mesons, such as w, 17/, ¢, etc., are expected to
lose energy just like the charged hadrons. While some of the heavier neutral mesons (w and
¢) have been measured in pp collisions, this is very difficult in A-A collisions due to the high
statistics required for such measurements. So far, ALICE has only measured neutral pions
in Pb-Pb collisions at \/sxy = 2.76 TeV. The 7° nuclear modification factor as a function
of the transverse momentum is shown in Figure 1.12, left, for different centrality intervals.
Similarly as for the charged hadrons, the highest suppression is observed in the most central
collisions, while it decreases towards the peripheral ones. In Figure 1.12, right, the ALICE
result for 0-10% Pb-Pb collisions is compared with lower energy results from RHIC and
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FiGURE 1.11: Centrality dependence of the charged particle nuclear modification factor
as a function of transverse momentum for Pb-Pb collisions at /sy = 2.76 TeV [82]. The
measurements are shown for nine centrality intervals, from peripheral collisions, 70-80% cen-
trality (top leftmost panel) to the most central collisions, 0-5% centrality (bottom rightmost
panel). The boxes at unity represent the normalisation uncertainty.

SPS. It is interesting to observe here the “turn on” of the jet quenching, starting with the
RHIC results and showing an increasing suppression with increasing centre-of-mass energy.
This thesis work will contribute to the ALICE results with an updated neutral pion mea-
surement and with the first 7 meson measurement in Pb—Pb collisions at the LHC.

1.3.3 Collective flow

Using hydrodynamics, the QGP can be described as a fluid with small but significant viscos-
ity. This plasma of strongly interacting quark and gluons, which is referred to as a fireball,
expands outwards due to its energy density, which creates a pressure gradient with the out-
side vacuum. The partons are correlated with each other and their collective motion, or flow,
continues until hadronisation. The study of the collective flow, given its origin in the early
stages after the collision, can add details to what is already known of the QGP properties
and improve the knowledge of the equation of state. The addition of shear and bulk viscosity
to the hydrodynamical description of the system, mentioned in Section 1.2 and described in
[41], is one of such improvements.
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FIGURE 1.12: Neutral pion nuclear modification factor as a function of transverse mo-
mentum. Left: ALICE 7° R, for the centralities intervals 0-5%, 20-40% and 60-80% in
Pb-Pb collisions at /syn = 2.76 TeV [90]. The statistical uncertainties are represented by
the vertical bars, the systematic uncertainties by the boxes. The boxes at unity represent
the pp normalisation uncertainty and the nuclear overlap function uncertainty, added in
quadrature. Right: Results for the 7° R, measured in the 0-10% centrality class in Pb—Pb
collisions at \/syy = 2.76 TeV with ALICE, in Au-Au collisions at /syxy = 39, 62.4 [91],
and 200 GeV [92] with PHENIX and in 0-13% Pb-Pb collisions at WA98 [93].

Different types of collective flow have been identified and will be described in the following
paragraphs.

Radial flow

As mentioned before, at the kinetic freeze-out elastic interactions stop and the hadron mo-
mentum distributions are fixed. It is assumed that the free hadron momentum distributions
are the same as the momentum distributions of the particles within the fireball (Cooper-Frey
freeze-out [94]). Since hydrodynamics is no longer valid at this point, a static thermal source
emitting particles at a certain temperature 1" was initially adopted for the description of the
invariant momentum spectrum. The discrepancy emerging from the model comparison to
the 7~ transverse mass (my) spectrum measured by NA35 in S-S collisions at 200A GeV [95]
showed that this picture is too simplistic. The missing ingredients were the feed-down from
resonance decays and the longitudinal flow, already postulated by Bjorken [11] in his 1D-
hydrodynamical model. Though after this inclusion the spectral shape seemed to be under-
stood, theory and other experimental results suggested the need to introduce a transverse
flow. One of the theoretical reasons is, for example, that a purely longitudinal expansion
is inconsistent with the pressure gradients that are expected to develop within the fireball.
Similarly, results from AGS [96] show a flattening of the transverse mass spectra for p; < m
consistent with the presence of a transverse flow. Therefore, the model was changed to a
particle spectrum described by the superposition of radially boosted thermal sources [79]. It
can be written as a function of the transverse mass mr as:

dn R pr sinh(p) my cosh(p)
—_— I K 1.
e oc/o rdrmy 0( T 1 T ) (1.5)
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where Iy and K, are modified Bessel functions, p = tanh™* Br(r) is the boost angle and
Br(r) = Bs(r/R)™ is the transverse velocity profile from the centre of the source to the
surface of the fireball R, dependent on the surface velocity 5s. The shape of the profile is
given by n. This is referred to as Blast-Wave Model [79]. The spectral shape follows an
exponential with slope parameter 1/T.4. For sufficiently large pr, the effective temperature
T.s is connected to the production temperature T' as

146,

Te=T .
- 1_57'

(1.6)

Pion, kaon and proton transverse momentum spectra are fitted with the Blast-Wave function
in order to extract the kinetic freeze-out temperature T,;,. The parameter T, the mean
transverse velocity (3,) and the flow profile parameter n are left free to vary.

Figure 1.13, left, shows the comparison of the particle spectra measured at ALICE, STAR
and PHENIX for central collision. The expected flattening of the spectra at p;, < m is
visible here, especially for the proton yields. Figure 1.13, right, shows the results of Blast-
Wave fits to the ALICE [97] and STAR [98] pion, kaon and proton measurements from
peripheral (left side) to central (right side) collisions. It can be observed that the mean
transverse velocity increases for more central collisions, while T}, decreases, both for ALICE
and STAR results. This dependence is interpreted as a faster expanding system in central
collisions, with a radial flow almost 10% larger at LHC than at RHIC energies. On the
other hand, in peripheral collisions the particles do not have time to build up flow before
the freeze-out is reached, at temperature higher than in central collisions, thus leading to a
fireball with shorter lifetime [99].
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FIGURE 1.13: Left: ALICE particle spectra measured in 0-5% Pb-Pb collisions at
Vsan = 2.76 TeV, compared to RHIC results from Au-Au collisions at 200 GeV in the
same centrality class [53, 100]. The boxes represent the systematic uncertainties while the
statistical uncertainties are smaller than the symbol size. Right: Kinetic freeze-out temper-
ature Ty, as a function of the mean transverse velocity ((fr) = (5,)), for different centrality
intervals, obtained from Blast-Wave fits to ALICE measurements of pion, kaon and proton
transverse momentum spectra [97], compared to results from STAR [98]. The ALICE uncer-
tainties (solid contours) include bin-by-bin systematic uncertainties, while the dashed error
bars represents the full systematic uncertainty. For STAR, only statistical uncertainties are
shown (dashed contours).
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Anisotropic flow

In non-central heavy-ion collisions, the interaction region has an almond shape (see Fig-
ure 1.6) that will be more or less elliptic depending on the impact parameter. The particles
will collectively move with a certain angular distribution: the initial spacial anisotropy causes
larger pressure gradients on the short axis of the ellipse and smaller on the longer axis. With
the subsequent particle interactions, the spacial anisotropies will translate into momentum
anisotropies, as illustrated in Figure 1.14.

Nuclei
y VRN

Reaction plane

FIGURE 1.14: Three-dimensional representation of a non-central nucleus-nucleus collision.
The coordinate system is indicated and the grey grid shows the reaction plane. The ini-
tial spacial anisotropy, left picture, becomes momentum anisotropy, right picture, due to
larger pressure gradients acting on the transverse direction and to the subsequent particle
scattering. Picture modified from [101].

An effective characterisation of the collective flow and its anisotropic components is per-
formed using a Fourier expansion [102] for the azimuthal distribution of the final state par-
ticles:

3 2 o0
Ec(li;;[ = 27rpid]1\;dy (1 + 2; vy, cos [n(p — wn)]), (1.7)
where ¢ is the azimuthal angle and 1), is the angle of the n-th order symmetry plane of the
initial state, which must be estimated event-by-event. The Fourier coefficient v, represents
the magnitude of the n-th order contribution to the collective flow. This coefficient is also
studied event-by-event and is calculated averaging over all the particles. With ¢ = ¢ — ¢,
it is defined by

J d¢dN/d¢ cos(ng)
Un(pT): fd(bdN/d(b

The event plane method, one of the methods used to extract the flow components, assumes

= (cos(ne)). (1.8)

a perfect knowledge of the reaction plane. Experimentally, this is not possible since the
detectors used to estimate the reaction plane angle have a finite resolution, depending on the
number of particles measured. The reconstructed reaction plane angle is given by

1
2pn,rec = E arctan 2(Qn,y7 Qn,z) (19)

where the arguments of the arc-tangent are the two components of the event flow vector,
representing the distribution of the detected particles in the forward (and backward) direc-
tion. Hence, the reconstructed flow components have to be corrected for the resolution of the
reconstructed reaction plane. Other methods that do not depend so heavily on the number of
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measured particles to achieve a good resolution, the scalar products or the cumulant method,
are now preferred.

The scalar product (SP) method calculates the particle correlations using the flow vector
scalar product with the unit vector of the analysed particles, u(n, pr) = €, averaged over
the events. The flow coefficients will be then given by:

wAn, QB
v lSP} = (Z p:) s ) (1.10)
( Ma Mg )

with A and B indicating two subevents, M4 and Mp their respective multiplicities and Q*
the complex conjugate of the flow vector.

The cumulants method is a two step procedure in which two- or four-particle correlations are
obtained. The first step consist in estimating a reference flow. Subsequently, the correlations
between the particles analysed and this reference flow are established, averaged over all the
particles in an event and then over all the events. The cumulants for two and four particles
are defined as

{2} = <<€m(¢r¢>2)>>’ cn{d} = <<6in(¢1+¢2*¢37¢a)>> _ 2<<6m(¢1*¢>2)>>2' (1.11)
The relation between the cumulants and the flow coefficients is

v {2} = e, {2}, v {4} = —c, {4} (1.12)

In all of these methods, non-flow effects, uncorrelated to the initial geometry, can bias the
particle correlations. Non-flow contributions coming, for example, from resonance decays
and jets, need to be accounted for and minimised.

Radial flow can be considered the flow coefficient of order zero, corresponding to an isotropic
flow. It is significant for central nucleus-nucleus collisions, while it becomes less so with
increasing impact parameter, for which the anisotropic flow components become relevant.
The directed flow, or vy, is caused by the repulsive action of the early interacting matter of
the nuclei on the rest of the incoming nucleons. The deflection pushes the nuclear remnants
in opposite directions depending on rapidity. The vy will be larger for non-central collisions
and significant for large rapidities. Given that it is negligible at midrapidity (y ~ 0), it will
not be discussed further here, but details can be found in [103].

The origin of the second order flow coefficient, vs, is the elliptic shape of the overlap region
between the two colliding nuclei, from which it takes the name of elliptic flow. The vy depends
on centrality: it is small for central collisions and then grows for more peripheral ones, where
the asymmetry of the interaction area becomes more and more pronounced. An example of
this can be seen in Figure 1.15. Here the pr-dependence of the elliptic flow for identified
hadrons from Pb-Pb collisions at /syx = 2.76 TeV measured with ALICE is shown. From
the top left to the bottom right panels, it can be observed that the flow increases the more
peripheral the collisions are, i.e. the more asymmetric the interaction area is. Furthermore,
the elliptic flow has different p-dependence for different particle species, as observed also for
the radial flow. At low-p, the mass ordering of the v, is explained considering the influence
of the radial flow on the particle during the hadronic phase. In Section 1.3.3, it was explained
how the radial flow causes a depletion of the low-pr region of the hadron spectra, proportional
to the hadron mass. The heavier particles are pushed towards higher transverse momentum
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FIGURE 1.16: Energy dependence of the integrated elliptic flow vy for the 20-30% most
central Pb—Pb collisions measured at \/syy = 5.02 TeV [105] and /sSxy = 2.76 TeV [106]

with ALICE, compared with results from lower energy experiments (references can be found
in [106]).
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and their differential vy is reduced at low-pr. This blue-shifting effect can also be seen above
2 GeV/c, where the mass ordering reverses. The vy of lighter particles reaches a maximum
and then decreases while the heavier particle maximum is pushed towards higher pr.

The energy dependence of the elliptic flow is shown in Figure 1.16. The pr-integrated results
from ALICE are compared to results from lower energy experiments and clearly highlight
the growth in magnitude of the elliptic flow with increasing collision energy.

Triangular flow, vs, and higher order harmonics depend weakly on the collision centrality
and on the reaction plane. These flow coefficients originate from fluctuations in the initial
collision geometry and from local maxima in the energy density of the fireball. Details can
be found in [107, 108].

1.3.4 Charmonia

Bound states of charm and anticharm quarks are called charmonia. Their large mass, much
larger than the QCD energy scale, Agcp ~ 200 MeV, or alternatively, of any temperature
that can be reached in a heavy-ion collision, allows for a non-relativistic, pQCD treatment
of heavy quark mesons. Moreover, and for the same reason, the charmonia formation time,
t = 1/mgq, is small and so hadrons with heavy quarks will be produced at early times and
probe the early stages of the collisions.

The yields of hadron from lighter quarks undergo modifications due to the Quark-Gluon
Plasma formation, as described in Section 1.3.2. Likewise, medium-induced modifications
are expected also for the heavier kind of hadrons. An important difference here is that, while
the lighter hadron radius is about 1 fm, the charmonia radii range from 0.2 to 0.5 fm. Matsui
and Satz predicted a suppression of the J/1 production due to colour screening and identified
this as a signature for the QGP formation [109]. The colour screening [110], which is anal-
ogous to its QED counterpart, has a characteristic radius dependent on temperature. The
deconfinement happens when the screening radius becomes smaller than the hadron radius,
at which point the bound state is no longer possible. Thus, the J/1) suppression is moti-
vated by the fact that ¢ — ¢ pairs, which find themselves immersed in a quark-gluon plasma
with a screening radius smaller than the .J/v¢ binding radius, cannot form the bound state.
Instead, open charm states will form later during hadronisation. In [109], the comparison of
the J/v to the dilepton spectrum from the Drell-Yan mechanism in pp is indicated as the
observable that should show clearly the .J/1 suppression, if measured in the kinematic range
in which Drell-Yan dominates over thermal dilepton emission. Given the small radii of the
charmonium states, one also expects that they can survive longer than lighter mesons within
the QGP and experience the deconfined stage before melting. One very peculiar feature of
this theory is that a sequential melting of the charmonium states should be observed: first
Y’, then x. and last prompt (directly produced) J/1).

Models competing with the colour screening picture are the suppression due to comover col-
lisions [111, 112], which could occur in deconfined and confined medium alike, but deemed
negligible [113], and enhancement through regeneration [114, 115]. The latter introduces the
concept of ‘exogamous’ charmonium formation: charm and anticharm quarks from different
‘parent’ collisions could create together a charmonium state. If the number of charm quarks
at hadronisation is high enough and the binding force between the pairs strong enough, this
leads to an enhancement of the final charmonia production.
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The J/v¢ production was studied at the CERN SPS in pp, fixed target and A—A colli-
sions [116-119]. The J/v suppression became evident only with the results from Pb—Pb
collisions. In Figure 1.17, the J/¢ and v’ to Drell-Yan cross section ratio is shown for
several collision systems. The black line at unity indicates the expected nuclear absorption
pattern. It is easy to observe that for Pb—Pb collisions both mesons show a distinct deviation
from this line, in agreement with the color screening theory, as indicated in [110].
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FIGURE 1.17: Ratio of the J/v¢ and ¢’ cross section to the Drell-Yan cross section as a
function of the nuclear matter length L, for several collision systems. The data ratios are
compared to the expected nuclear absorption pattern (black line at unity) [120].

The cc cross section grows with the centre-of-mass energy of the collision, thus it could be
possible to observe the onset of the regeneration at higher collision energy with RHIC and
the LHC. These results are shown in Figure 1.18, where the Ry, of the inclusive (prompt
and from decays) J/1 as a function of Npayy measured with ALICE in Pb-Pb collisions at
V/sxn = 2.76 TeV is compared to the PHENIX measurement in Au-Au collisions at 200 GeV.
For both measurements, at midrapidity in the J/¢ — e*e™ channel and at forward rapidity
in the J/1 — p*p~ channel, a similar behaviour can be observed, even though the suppres-
sion is larger in the forward than in the central rapidity region. The PHENIX measurement
shows an increasing suppression towards more central collisions (larger (NV,..)). On the
other hand, the ALICE results, while consistent with PHENIX in peripheral collisions, are
definitely higher in central collisions, confirming that at high collision energy and for a large
number of nucleon-nucleon collisions a charm quark regeneration process is taking place,
leading to an enhancement of the J/v¢ production. The results are also compared with the
respective statistical hadronisation model predictions [114]. The predictions, which pre-date
the experimental results by several years and where the largest uncertainty is given by the
c¢ production cross section, show a good agreement with the data for both RHIC and LHC
measurements.
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FIGURE 1.18: Inclusive J/4 nuclear modification factor as a function of (N,,..) measured
with ALICE in Pb-Pb collisions at /sy = 2.76 TeV and with PHENIX in Au—Au collisions
at 200 GeV [121]. Left: Measurements at forward rapidity in the J/+¢ — p*u~ decay
channel. Right: Measurements at midrapidity in the J/¢ — e*te™ channel. The results are
compared with predictions from the statistical hadronisation model (SHM) [115].

1.3.5 Strangeness

Strangeness enhancement is considered as a potential signature of the QGP formation [122,
123]. Two aspects of this observable are studied. The first is the enhancement with respect to
the light quarks, which increases in magnitude from pp to A—A collisions, since it is expected
to scale with the number of participant nucleons. Strangeness is in fact absent in the initial
colliding objects, so any strangeness in the final state must be produced after the collision
and the more nucleons are present, the more collisions can take place. The second aspect of
strangeness enhancement is the one involving multi-strange baryons in heavy-ion compared
to pp collisions.

Strangeness is a conserved quantity under the strong interaction: for every strange particle
produced, a sister antiparticle must also be created to have zero net strangeness in the system.
For this reason, the two typical production scenarios, hadron gas from pp collisions on one
hand and QGP from A—A collisions on the other, are quite different.

In a hadron gas, strangeness is produced via hadron re-scattering. The threshold for direct
strange hadron production is very high: a pair of strange hadrons need to be created, in order
to conserve strangeness, and the production threshold will be given by twice the particle rest
mass. Instead, the indirect production in incremental steps has a much lower threshold. It
starts with a pion-nucleon interaction producing the lighter strange hadrons, followed by
further interactions of these particles, which give the heavier hadrons (e.g. 71+ N — K + A,
thenm+A > K+Zandn+=2Z— K+ Q).

With the formation of a Quark-Gluon Plasma, strange production is much simpler. One of
the crucial points for taking strangeness enhancement as a deconfinement signature is that
in the presence of a Quark-Gluon Plasma, gluon fusion (gg — s5) becomes the dominant
production channel of strangeness, in addition to quark-antiquark annihilation (¢gqg — s3).
Helping the case is the fact that in a deconfined medium quarks are stripped down to the
bare masses, and therefore the production threshold is just given by twice the strange quark
mass.
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and systematic uncertainty in the pp baseline. Right panel: Hyperon to pion ratios as a
function of (Np..), measured in pp and A—A collisions with ALICE and STAR [124]. The
solid and dashed lines indicate the thermal model calculations by Andronic et al. [29] and
THERMUS [78] with T = 164 MeV and T = 170 MeV chemical freeze-out temperature.

The enhancement of multi-strange hadrons goes also in support of considering strangeness
a QGP signature. The reason lies in the difference between the partonic and hadronic
equilibration times. In the partonic case, the equilibration time is about 10 fm/c, which is
roughly the time-span of a heavy-ion collision, ending with the hadronisation phase. The
equilibration time in a hadron gas is about 30 fm/c for hadrons with strangeness equal to
one. This value is an order of magnitude larger for multi-strange hadrons, thus making their
production very difficult [131].

The enhancement is quantified as the ratio of the yields measured in Pb—Pb collisions over
the yields measured in pp collisions, normalised to the mean number of participant nucleons.
The results from SPS [132, 133], RHIC [134] and LHC [124] are summarised in Figure 1.19.
The ratios are all larger than one and increase as a function of (N,,,.). The increase in the
ratio is also observed as a function of the strangeness content, while it seems to decrease
with increasing collision energy. This dependence on the energy can be understood studying
the hyperon to pion ratios in the different collision systems, in particular Z/x, Figure 1.19,
right: while different centre-of-mass energies show similar enhancement in A—A collisions, in
agreement with the thermal models calculations (solid and dashed lines), the increase of the
ratio with energy is larger in pp collisions. The reason is that with more energy available, the
production of multi-strange hadrons is less suppressed. This increasing trend is confirmed
by enhanced production in high-multiplicity pp collisions [135].

In Figure 1.20, the ratios of the pr-integrated yields of strange and multi-strange hadrons
over mT 4+~ are shown as a function of the average charged particle density, (d N, /dn). The
high-multiplicity pp results are compared to the same measurement in p—Pb [129, 130] and
Pb-Pb [124] from ALICE. The trend of the ratios in pp is similar to that observed in p—Pb
collisions, for increasing multiplicities, until it bridges to the Pb—Pb results. No significant
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FIGURE 1.20: Ratios of the pr-integrated yields of strange and multi-strange hadrons over
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tions across multiplicity bins (dark shaded). The data are compared to Monte Carlo cal-
culations [67, 125-128] and to results obtained in Pb—Pb and p—Pb collisions with AL-
ICE [124, 129, 130].

energy dependence is observed for strange and multi-strange hadrons at the LHC. What
seems to emerge is, instead, that the enhanced strangeness production depends on the final

state environment.

1.3.6 Photons

Photons are electromagnetic probes for the QGP studies. Being colour-neutral, they do not
interact with the medium, which is dominated by strong interactions. Furthermore, they are
produced during all of the stages the system undergoes after the collision, so they directly
probe the entire evolution of the fireball.

Photons can be categorised according to their origin, in order to distinguish the information
they carry and their characteristics. The first classification splits them in direct and decay
photons. Direct photons are all photons not produced by hadronic decays, as opposed to the
decay photons. The latter are emitted only once the system hadronises and constitute the
largest contribution to the total photon yield. As such, they are the main background for
the direct photon measurement.
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1.3.6.1 Direct photons

Direct photons can be further catalogued in prompt, pre-equilibrium and thermal photons.

Prompt photons

Prompt photons originate from initial hard parton scatterings. The main production mecha-
nisms are quark-gluon Compton scattering (a), quark-antiquark annihilation (b) and brems-
strahlung radiation (c) from parton fragmentation. The Feynman diagrams for these pro-
cesses are shown in Figure 1.21. In the presence of a medium, parton-medium interactions
can also take place and give photon emission.

(a) (b) (c)

FIGURE 1.21: Feynman diagrams of prompt photon production via Compton scattering (a),
quark-antiquark annihilation (b) and bremsstrahlung radiation (c¢) from quark fragmenta-
tion [136].

The prompt photon emission rates can be calculated with pQCD and dominate the high-p
part of the direct photon spectrum. The rates are obtained folding the amplitudes of the
processes shown in Figure 1.21 with the parton distribution functions inside the nucleus. The
total prompt photon production cross section is given by [137]:

07" =P 46 =PV up, M, Mp)+ S o\ (ur, M, Mp) © D, (Mp)  (1.13)
k:qzqvg

where the term indicated with (D) refers to the first two Feynman diagrams and has cross
section o(P). The photon from the direct production takes part in the hard scatterings as a
colourless parton. The fragmentation production, indicated with (F) and with cross section
O’,(CF), can be thought as the NLO correction to the LO processes of the isolated production.
The fragmentation of a high-p; parton k into a photon, represented by the third diagram, is
described by the fragmentation functions D, /,(Mp). While the fragmentation photons are
affected by the parton energy loss, this is not the case for the isolated photons. The param-
eters ur, M and Mp are the renormalisation, initial-state factorisation and fragmentation
scales.

The expected behaviour in heavy-ion collision is a scaling from the pp cross section pro-
portional to the number of nucleon-nucleon collisions. This behaviour can be observed in
Figure 1.22, left, where the direct photon yields for pp and Au—Au collisions at 200 GeV mea-
sured at PHENIX are shown, compared to NLO pQCD calculations. Data and calculation,
the latter properly scaled to the corresponding centrality with the nuclear overlap function
T4, are in agreement for pp > 3 GeV /¢, showing that the same hard scattering processes
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FIGURE 1.22: Left: Direct photon invariant cross section (pp) and yield (Au-Au) as a func-
tion of transverse momentum. The filled and empty points indicate two different analyses,
[138] and [139, 140] respectively. The arrows indicate upper limits. The curves plotted with
the pp data are NLO pQCD calculations [139]. The black curves are a modified power-law
fit (dashed lines) and an exponential plus power-law fit (solid lines) to the pp data, scaled
by Taa to match the Au—Au data. The dotted red curve plotted together with the 0-20%
centrality data is the theory calculation mentioned in the legend [141]. Right: Nuclear
modification factor of direct photons [140], 7° [142] and 7 [143] mesons measured in central
Au—Au collisions at 200 GeV. The error bars include all uncertainties and the bands at unity
represent the normalisation uncertainty. The pp reference for the v Ry, is a NLO pQCD
calculation [140, 144-147] where the theoretical scale uncertainties are indicated by the dash-
dotted lines around the points. The yellow curve is a parton energy loss prediction for the
pion suppression factor in a medium with initial gluon density dN9/dy = 1100 [148, 149].

drive the prompt photon production in pp and nucleus-nucleus collisions. A similar con-
clusion can be drawn from Figure 1.22, right, where the direct photon nuclear modification
factor is plotted together with the 7° and 7 meson ones. The prompt photon measurement is
also meant to highlight in-medium modifications, if they exist. It is clear that this is not the
case, as expected for an electromagnetic probe: while the mesons show the suppression due
to the parton energy loss, the direct photon measurement sits at unity for pr > 3 GeV/c.
At low-pr, in both plots form Figure 1.22, an excess with respect to the pp baseline and
the pQCD calculation can be observed. In this transverse momentum region, the prompt
photon is no longer the dominant contribution and the direct photon yield is given mainly
by thermal photons, as it will be discussed in one of the next paragraphs.

Pre-equilibrium photons

The study of pre-equilibrium photons, defined as photons emitted during the early, non-
equilibrium phase of the system evolution, is a relatively unexplored field that has been
attracting more attention in recent times. In particular, the pre-equilibrium photon contri-
bution, in relation with the thermal one, can help in constraining the onset of thermalisation

in semi-peripheral and proton-nucleus collisions.
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After the collision, the system can be described as a Glasma [150], an over-occupied strongly
interacting and longitudinally expanding plasma dominated by gluons (hence the name). The
strong interaction, even in the high-energy QCD environment where the coupling is weak, is
caused by the over-occupation.

The pre-equilibrium photon production will be computed using lattice classical statistical
methods within the bottom-up thermalisation scenario [151]. This model postulates a fast
thermalisation of the system, which is first reached by the soft part of the gluons liberated
during the heavy-ion collision. The thermalised soft gluons, which are much higher in num-
ber than the primary hard gluons, form a thermal bath. The hard gluons, and the system,
thermalise when all their energy is lost to the thermal bath.

The pre-equilibrium temporal evolution is split into three phases, depending on the gluon
saturation scale 2, defined by the typical gluon transverse momentum, and c,. The pro-
cesses considered in calculating the photon yields are Compton scattering and annihilation,
but the different phases are characterised by the occupation number of the hard gluons. The
first stage is the over-occupied one, with the hard gluon occupation number larger than one.
In stage two, the soft gluon component becomes dominant and leads to the formation of the
thermal bath in stage three. At the end of this stage, the system has reached the thermal
equilibrium.

The description of the Glasma within the bottom-up thermalisation is considered the right
approach, as opposed to the somewhat rough assumptions currently used in the hydrody-
namical models [152]. Nevertheless, the photon thermal rates calculated with both methods
point to a contribution from pre-equilibrium photons relevant for the explanation of some of
the discrepancies seen in the comparison of data and theory.

Thermal photons

Thermal photons are emitted during the Quark-Gluon Plasma phase, which acts as a ther-
mal source, as a result of parton scattering (diagrams a and b from Figure 1.21) or produced
during the hadronic (hadron gas) phase, from meson-meson or meson-baryon interactions,
eg m+m —= p—+7v, p+7 — m+ . Certain models also include the contribution from
meson-meson and meson-baryon bremsstrahlung [153]. The thermal photon emission rate
can be calculated as for the prompt photon case, exchanging the parton distributions in the
nucleus for the thermal distribution functions.

An estimation of the temperature of the thermalised system can be extracted from the ther-
mal photon yields, similarly to what is done for the hadrons and the freeze-out temperatures.
Figure 1.23, left, shows the direct photon invariant yields measured with ALICE in Pb—Pb
collisions at /syx = 2.76 TeV [154] and with PHENIX in Au-Au collisions at 200 GeV [155].
Both the ALICE and PHENIX direct photon spectra have been fitted with an exponential
function at low-pr. For the PHENIX data, the contribution from prompt photons, esti-
mated from a parametrisation of the direct photon measurement in pp collisions, has been
subtracted before the fit. The inverse of the slope parameter gives an effective temperature
TAMOP = 304+£115+45%° MeV and TEFPN™ = 2394255 £7 MeV, and therefore a slightly
hotter medium produced at LHC than at RHIC. Unfortunately, the relation of the effective
temperature to the actual initial temperature of the medium is not straightforward. It was
illustrated in Section 1.3.3 that the effective temperature is related to the true initial tem-
perature through the radial flow velocity, meaning that what we extract from the fit is the
blue-shifted value. A good knowledge of the emission rates is needed to extract the initial
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FIGURE 1.23: Left: Direct photon spectra measured in 0-20% Pb-Pb collisions at
V/Snn = 2.76 TeV with ALICE [154] and in Au-Au collisions at 200 GeV with PHENIX [155].
The solid lines represent the fit to the data. Right: Direct photon R4 in 0-20% Pb—Pb colli-
sions at /syy = 2.76 TeV with ALICE. An NLO pQCD calculation for the direct photons in
pp at the same centre-of mass energy [156] has been taken as baseline. The coloured band at
unity represents the normalisation uncertainty while the grey band indicates the uncertainty
from the JETPHOX calculation with similar PDF and FF as for the NLO calculation.

temperature since also later stage photon emission needs to be taken into account.

Figure 1.23, right, is shown as a continuation on Figure 1.22, right. The direct photon R4,
in ALICE is also calculated taking a NLO pQCD calculation as pp baseline [156] and also
here the excess above unity is clear, showing an R,, > 6. Several theory groups are working
on estimating the direct photon production in heavy-ion collisions [153, 156-158] and while
the starting point is common in the assumption of the QGP formation and of the dominance
of photons from hard scattering at high-pr, the system evolution is treated differently, thus
delivering predictions with various level of agreement with the data, as it can be seen in
Figure 1.24.

1.3.6.2 Decay photons

Photons from hadron decays are the largest contribution to the total photon yield, consti-
tuting also the largest background for the direct photon measurement. The highest yield
of photons from hadron decays is due to the neutral pion and 1 meson. They both decay
into two photons with a branching ratio of 98.8% and 39.4%, respectively, and give almost
the totality of the photon decay yield. Contributions from 1’ and w follow with a much
smaller fraction, while photons from ¢ and p” mesons are negligible [9]. In addition to these
direct contributions, the feed-down from heavier particles decaying into hadrons with photon
decays need also to be accounted for, e.g. KO — 7% + 70,

Table 1.1 summarises the decay photon sources, their decays and branching ratio, while
Figure 1.25 shows the fraction of the single photon source over the total photon yield from
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decays. The single sources are obtained from a data driven simulation, called cocktail sim-

ulation, which is used to estimate the decay photon background. The cocktail simulation

production will be described in Chapter 7.
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TABLE 1.1: List of the most relevant
decay photon sources with the rele-
vant photon decays and branching ra-
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Chapter 2

A Large Ion Collider Experiment at
the Large Hadron Collider

The Large Hadron Collider (LHC) [159] is the largest and most powerful existing particle
accelerator. It is located at CERN, the European Organisation for Nuclear Research near
the city of Geneva, astride the border between Switzerland and France. CERN was founded
in 1954 and since then it has been exploring the most fundamental aspects of physics. The
research is conducted using the most advanced and sophisticated instrumentation and has
lead to break-through discoveries in particle physics.

In this chapter, a general description of the LHC and its experiments will be given. More
details will be provided on the ALICE detector and sub-detectors that are relevant for this
thesis, as well as a brief description of the software used for the processing of the reconstructed
data.

2.1 The LHC — The Large Hadron Collider

The LHC is the largest collider in the world. It is the last step of the accelerator complex at
CERN and uses the already existing 27 km tunnel that hosted the previous accelerator, the
Large Electron Positron (LEP) collider. The LHC can collide hadrons (protons) and heavy-
ions. Differently from the LEP machine, which was colliding particle and anti-particle and
thus needing only one ring for the two beams, the LHC has two rings with counter-rotating
beams. The double ring of the hadron accelerator is equipped with superconducting magnets
and is segmented into eight units, or sectors, eight arcs and eight insertions. A total of 1232
dipole bending magnets are contained in the arcs and keep the beams on the circular orbit,
providing a nominal dipole magnetic field of 8.33 tesla. The insertions consist of straight
sections with a transition region at each end, whose structure changes depending on whether
they are used for injection, to collide beams within an experiment, for beam cleaning or
dumping. To focus the beam in these transition regions, 392 quadrupole magnets are used.

Before being ready to collide, protons need to be accelerated to the desired energy. This is
done in steps, using the CERN accelerating chain, shown in Figure 2.1. Hydrogen atoms
are stripped of their orbiting electrons to obtain protons, that are injected from a linear
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FIGURE 2.1: The CERN accelerator complex [160]. A LINAC is the first step in the
acceleration chain for both protons and ions. Protons continue onward in the Booster, while
ions go to the LEIR. The chain coincides for the two starting from the PS, then on to the
SPS and to the LHC. The energy values reached in each step are given in the text.

accelerator (LINAC 2) into the Proton Synchrotron Booster (PSB) with an initial energy of
50 MeV. Here, they are accelerated to an energy of 1.4 GeV before passing to the Proton
Synchrotron (PS) to be further accelerated up to 25 GeV. The beam is then sent to the
Super Proton Synchrotron (SPS) before being injected into the LHC with an energy of
450 GeV. The machine can also accelerate heavy-ions. Lead ions are obtained heating a high
purity solid lead sample to a temperature of about 500°C. The lead vapour, similarly to the
hydrogen case, is ionised by an electron current. The ions are accelerated and stripped of
electrons in successive steps, going through a linear accelerator (LINAC 3), a Low Energy
Ion Ring (LEIR) and the PS and passing through carbons foils until 2°Pb%2* reaches the
SPS where the energy is brought to 450 - Z/A = 177 GeV/u (energy per nucleon) before
being injected into the LHC. Both protons and heavy-ion beams, consisting of finite bunches
of particles, are injected into the LHC in both clockwise and anticlockwise direction. The
bunches are brought to the desired energy before the collisions start, and they keep circulating
in the ring for several hours before it is necessary to dump the beam. A beam dump occurs
either when the beam is not collimated, meaning the transverse size is not optimal for
collisions anymore, or when the desired luminosity is lost, due to the gradual loss of particles.
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The collisions take place within the experiments sitting in caverns and centred around the
interaction points.

There are seven experiments connected to the LHC. The main large experiments are ALICE
(A Large Ion Collider Experiment) [161], ATLAS (A Toroidal LHC ApparatuS) [162], CMS
(Compact Muon Solenoid) [163] and LHCD (the LHC beauty experiment) [164]. On a smaller
scale are TOTEM (Total, elastic and diffractive cross-section measurement) [165], LHCf
(LHC forward) [166] and MoEDAL (Monopole and Exotics Detector at the LHC) [167, 168].

2.2 ALICE — A Large Ion Collider Experiment

ALICE is a general-purpose, heavy-ion detector. Its physics program investigates the QCD
phase transition and the characteristics of the Quark-Gluon Plasma, a strongly interacting
state of the matter with high energy density and temperature (refer to Chapter 1 for more
details).

Since heavy-ion collisions are the experiment main focus, ALICE is designed to withstand
their high particle density environment and process and record the large amount of data
generated. The detector is 26 m long and 16 m high and wide, with a total weight around
10000 t. Tt has high granularity and it is designed to measure charged particle multiplicity
up to dN.,/dy ~ 8000 from a minimum transverse momentum of py ~ 0.15 GeV/c [169)].
The variety of sub-detectors allows particle identification up to 20 GeV/c.

The layout of the ALICE detector is shown in Figure 2.2. The experiment is divided in a
central barrel, fully contained in the solenoid magnet of the L3 experiment at LEP, and a
muon arm. The muon spectrometer is partially inside the central barrel, where the hadron
absorber is situated, followed by two muon tracking chambers at the edge of the solenoid
and by a third chamber, enclosed in a dipole magnet. The spectrometer is completed by
two more tracking chambers and, behind an iron wall, two trigger chambers. The beam pipe
passing through the chambers is surrounded by a low angle absorber. The central barrel
detectors are dedicated to particle tracking and identification. From the inside-out, there
are the Inner Tracking System (ITS), the Time Projection Chamber (TPC), the Transition
Radiation Detector (TRD) and the Time-of-Flight (TOF) detector, all of which have full
azimuthal coverage. On the outer layers and with reduced azimuthal acceptance are the
ring imaging Cerenkov (HMPID, High Momentum Particle IDentification) detector and two
electromagnetic calorimeters, the photon spectrometer (PHOS) and the EMCal. During the
first LHC long shut down (years 2013-2015), a dijet calorimeter, the DCal, has been installed
opposite from the EMCal and has been active in the second LHC data taking run (from
2015 to nowadays). Near the interaction point (IP) and some distance away along the beam
pipe are located several small detectors: VO, TO, PMD, FMD and ZDC. The PMD (Photon
Multiplicity Detector) and the FMD (Forward Multiplicity Detector) are used to measure
particle multiplicity while the other detector are used for event characterisation.

In the following sections, only the detectors relevant to the measurements in this thesis will
be described.
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ALICE coordinate system

ALICE has a right-handed Cartesian coordinate system, with the origin in the IP. The z-axis
is aligned with the beam pipe, pointing away form the muon arm. The half of the detector
on the positive part of the z-axis is called A side, while the one on the negative part is the
C side. The z-axis is pointing left, facing the A side. The y-axis points upwards, towards
the surface. The azimuthal angle ¢, between the x and y-axis, counts clockwise with the
observer facing the A side. The polar angle 6 increases from the positive part of the z-axis
towards the y-axis.

Other relevant quantities are the rapidity in the laboratory system, defined as

1 E+pz)
y (E_pz (2.1)

2

where FE is the energy of the particle considered and p, is the particle longitudinal mo-
mentum component, along the z-axis. Derived form the rapidity is the pseudorapidity,
n = —In[tan(0/2)], with € polar angle, calculable without the knowledge of the particle mass
and that is almost equivalent to y for highly relativistic particles. The ALICE central bar-
rel pseudorapidity range is |n| < 0.9, while the range is — 4.0 < n < — 2.5 for the muon
spectrometer.
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ITS — Inner Tracking System

The ITS [161, 170] is the innermost of the ALICE barrel detectors. It is composed of 6
cylindrical silicon detectors, covering the radius from 4 to 44 cm. From the inside-out,
the layers are two Silicon Pixel Detectors (SPDs), two Silicon Drift Detectors (SDDs) and
two Silicon Strip Detectors (SSDs). The ITS provides primary vertex reconstruction with
resolution better than 100 um in the z-direction and is the first step of the tracking and
particle identification (PID) systems. In particular, the SDD and SSD provide particle
identification via dE/dz in the non-relativistic region. The ITS works in tandem with the
TPC, as it provides particle tracking and identification at low momentum (below 200 MeV/c¢),
helps improving the angle and momentum resolution and rejects the out-of-bunch pile-up.

TPC — Time Projection Chamber

The TPC [171] design was inspired by the need for full azimuthal coverage in a mid-rapidity
detector, with high momentum resolution and a good energy loss measurement for PID. The
TPC is a cylindrical barrel centred around the IP and filled (at the time relevant for this
thesis) with a mixture of Ne-CO3y (90%-10%). The gas active volume extends radially from
85 to 250 cm. The axis of the barrel is aligned with the magnetic field and the field cage
ensures a uniform axial electric field with the central electrode at 100 kV. The drift field is
400 V/cm and the drift time ~ 94 ps. The read-out chambers are Multi-Wire Proportional
Chambers (MWPC) with cathode pad read-out. They are installed in 18 trapezoidal sectors
on each of the two end-plates and have different size depending on whether they are part of
the inner or outer read-out, to accommodate the large radius coverage and the varying track
multiplicity density. The Inner Read-Out Chambers (IROCs) extend from 84.8 to 132 cm
while the Outer Read-Out Chambers (OROCs) from 134.6 to 246.6 cm. The IROCs have a
total of 5504 pads, divided in 63 pad rows with pad size 4 x 7.5 mm? (r¢ x r). The OROCs
have small and large pads, of size 6 x 10 and 6 x 15 mm?, in 64 and 32 rows for a total of
5952 and 4032 pads, respectively. The total number of read-out channels is 557568.

The charged particles passing through the detector ionise the gas. The electrons produced
in the ionisation drift in the electric field towards the MWPCs on the end plates, where
the signal clusters give a precise measurement of the x and y coordinate. The z coordinate
is retrieved from the drift time in the gas together with the beam collision time reference
provided by the T0 detector. These measurements together, with their high precision, allow
for a three-dimensional reconstruction of the initial charged particle track and make the
TPC the main charged particle tracking system. The TPC is also the main PID system: the
particles are identified via their specific energy loss (dF/dx), described by the Bethe-Bloch
function. The particle momentum is measured from the track curvature in the magnetic
field, from a minimum of 100 MeV /¢ to beyond 100 GeV/c. The momentum resolution is
better than 2.5% for electrons of 4 GeV/c and the dE/dx resolution is about 5%(6%) for pp
(central Pb—Pb) collisions.
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TRD — Transition Radiation detector

The TRD [172] has tracking, identification and triggering capabilities, contributing to the
overall experiment performance. In particular, it is meant to improve the electron identifica-
tion above 1 GeV/c, via the characteristic properties of the transition radiation and with a
better pion rejection. The detector working principle is based on the radiation produced by
relativistic electron crossing material of different dielectric constants. The radiation, which
are photons in the X-ray range, deposits energy in a ionisation gas and is detected with a
method similar to the one used for the TPC. The discrimination of electrons from pions is
possible though the characteristic transition radiation signal distribution, which is absent in
the pion case.

The TRD sits at 2.9 m from the IP, has full azimuthal coverage and pseudorapidity coverage
of |n| < 0.84. It is composed of 18 supermodules, each module is segmented in five stacks in
the longitudinal direction and in six layers in the radial direction for a total of 552 read-out
chambers. The chambers consist of a fibre/foam (laminated Rohacell/polypropylene) sand-
wich radiator, a drift region with a mixture of Xe-COy (85%-15%) as counting gas and a
MWPC with pad read-out.

The TRD was not fully installed at the time relevant for this thesis and it is not used for
this work. Even if not completed, it was still used for triggering in pp and p—Pb collisions.
Since 2015 the detector is complete and participating in the data taking.

TOF — Time-of-Flight detector

TOF is a cylindrical Multi-gap Resistive Plate Chamber (MRPC) detector, segmented into
18 azimuthal sectors and 5 sectors along the z-axis, at 370 cm from the IP [161]. The cham-
bers consist of resistive glass plates, on which a high and uniform electric field is applied that
immediately amplifies the ionisation produced by a charged particle in an electron avalanche.
The PID is achieved with a time-of-flight measurement, which is characteristic for each par-
ticle. The time-of-flight is calculated as the difference between the time of the hit measured
by the TOF and the time of the interaction, that can be measured by the TO detector, by
the LHC central timing or by the TOF itself, if enough tracks are present for global timing.
The time resolution is about 80 ps. The detector position and full azimuthal coverage are
optimal for a good measurement at intermediate momentum, extending the K /7 separation
to 2.5-3 GeV/c and the p/K separation to 3.5-4 GeV/c. Moreover, TOF is used to resolve
the TPC dE/dz crossings.

PHOS — Photon Spectrometer

The PHOS spectrometer consists of a highly segmented electromagnetic calorimeter (PHOS)
and a multi-wire proportional chamber as Charged Particle Veto (CPV) detector [161]. At
the time of the data taking of interest for the results in this thesis, three PHOS modules
were installed at a radius of 460 cm from the IP and covering the pseudorapidity range
—0.12 < 1 < 0.12 and from 260 to 320° of the azimuthal angle. The detector is made of a
dense lead-tungsten scintillator (PbWOy) with a 2 cm Moliere radius (20Xy). The crystals
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are kept at a temperature of —25° C to increase the light yield, i.e. improve the energy
resolution.

EMCal — Electromagnetic Calorimeter

The EMCal [173] is a lead-scintillator sampling calorimeter (77 layers of 1.4 mm Pb and
1.7 mm polystyrene scintillators) located at about 4.5 m from the beam pipe. It has cylin-
drical geometry and covers pseudorapidity || < 0.7 and A¢ = 107°, almost azimuthally
opposite to PHOS. The size of the detector has been constrained by the space available in
the barrel. The EMCal has high granularity (6 x 6 cm? cells) and moderate energy resolution
(0p(cevy/E = 5.1%/E & 11.1%/VE & 1.7% [174]).

VO detector

The VO detector [175] consists of two scintillator counters, VOA and VOC, located at either
side of the IP, respectively at 340 cm and pseudorapidity 2.8 < n < 5.1 (on the A side)
and at 90 cm and pseudorapidity —3.7 < n < —1.7 (in front of the hadronic absorber, on
the C side). The VO detectors are used for event triggering and characterisation, since the
multiplicity recorded during an event relates to the centrality in nucleus-nucleus collisions.
Moreover, these detectors are used to reject pile-up and beam-gas interactions [169].

TO detector

The TO detector [176] is also composed of two separate detector, TOA and TOC, located at
about 370 cm and 70 cm from IP, respectively and with pseudorapidity coverage of 5 < n < 4.6
and —2.9 < n < —3.2. The TO are arrays of 12 Cherenkov counters each, with a quartz
radiator and a photomultiplier tube.

It has an overlapping capabilities with the VO, but it is foremost used for triggering and
as timing reference for detectors such as the TPC and TOF. It is also important for the
synchronisation with the central LHC machine clock (for beam tuning and monitoring).

ZDCs — Zero Degree Calorimeters

Together with the VO detectors, the ZDCs are used to calculate the number of non-interacting
nucleons, thus, indirectly, the centrality of an A—A collision. The number of nuclei partic-
ipating in a collisions is given by Nparticipants = A — Nspectator, Where the number of non-
interacting (spectators) nuclei can be estimated by the energy deposit on the ZDCs. Installed
at 116 m from the IP, these sampling calorimeters have a dense absorber and quartz fibers
that detect the Cerenkov radiation produced by the hadronic shower. In order to detect both
neutrons and protons, the ZDC is composed of two separate detectors: the ZN for neutrons
is placed at zero degrees between the beam pipes, while the ZP for the protons is external to
the outgoing beam pipe, in the direction of magnetic deflection of the positive particles. In
addition, two electromagnetic calorimeters (ZEM), also of alternated lead plates and quartz
fibers and located at 7 m from the IP, are used to distinguish between central and (very)
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peripheral A—A collisions. Since the energy deposit in the hadronic calorimeters is small
in both cases, they measure the energy of the particles emitted at forward rapidity, which
increases monotonically with the collision centrality.

2.3 The ALICE software framework

The reconstruction of the data recorded by the experiment is done using a software frame-
work specific for ALICE. The base on which this is built is Root [177, 178], written in the
object-oriented language C++. Root contains many of the functions and tools necessary to
a physics data analysis, such as fitting and unfolding routines and analytic functions. This
is a common software in physics, used by several fields. Since Root is not enough to cover
the many functionalities required by the ALICE data processing and analysis, the AliRoot
and AliPhysics software frameworks [179] have been developed.

Aliroot contains the core classes. Here are defined the data types, the classes describing the
experiment geometry or used for the detector calibration and alignment. The data recon-
struction code is also here, for particle tracking and identification.

AliPhysics contains the day-to-day classes that every user employs in analysing the data. It
is a frequently changed set of classes, to keep up with analyses adjustments. It also contains
the code to access the Grid and use the shared computing resources.

In the ALICE software framework there are several other branches dedicated, for example,
to Monte Carlo simulations with the possibility of using several different kind of event gen-
erators, or to access the stored data. This latter is called Alienv (ALICE environment), and
allows the user to directly access the processed and reconstructed data and Monte Carlo
simulation productions.

2.4 The other LHC experiments

ATLAS

ATLAS [162] is a general-purpose high-energy physics detector that focuses on high-precision
studies of the Standard Model and contributes to the study of the Higgs boson, and searches
for physics beyond the Standard Model. The detector has symmetric geometry, with large
pseudorapidity acceptance and almost full azimuthal coverage. In order to cope with the high
interaction rate delivered by the LHC, high granularity detectors, fast electronics and a highly
efficient triggering system have been adopted. ATLAS magnet is a thin superconducting
solenoid with three large superconducting toroids (one barrel and two end caps) that surround
the inner detectors, delivering a magnetic field of 2 tesla. The inner detectors consist of
semiconductor pixel and strip detectors and straw-tube tracking detectors. Part of the inner
barrel detectors are also the electromagnetic and hadronic calorimeters, while the muon
chambers are the outermost detectors and also sit at the end caps.
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CMS

CMS is a multi-purpose detector with symmetric geometry [163], at whose centre sit a silicon
pixel and strip tracker, a lead-tungsten scintillating crystal electromagnetic calorimeter and a
brass-scintillator sampling hadron calorimeter, surrounded by a high magnetic field (4 T) and
large-bore superconducting solenoid. The detector is also equipped with four muon detector
stations. The large bending power is essential to measure the high energy particle momenta
with high precision. The physics program covers the study of the Standard Model that lead
to the discovery, together with ATLAS, of the Higgs boson, the search for exotic physics and
dark matter candidates. CMS, sharing the same physics goals as ATLAS but equipped with
an alternative design ensures the experimental confirmation of discoveries made by either of
the two detectors.

LHCb

LHCb [164] is the experiment dedicated to beauty (heavy flavour) physics and to the char-
acterisation of charge-parity (CP) symmetry violation in the charm and beauty sectors. The
possibility of tuning the luminosity at the experiment interaction point independently allows
LHCb to have optimal conditions. The detector has a flexible trigger and good vertex and
momentum resolution, essential to study B-mesons. LHCb is a single-arm spectrometer with
forward angular coverage.

LHCDb has also recently enlarged its physics program, studying not only pp collisions but
also proton-lead and lead-lead collisions [180, 181].

LHCf

Two detectors, sitting at 140 m at either side of the ATLAS collision point, make up the
LHCf experiment [166]. They study particles produced in the forward direction, at nearly
zero degrees with respect to the proton beam direction. This setup is adopted in order to
simulate cosmic radiation in the more controllable environment of the laboratory.

TOTEM

TOTEM [165] is designed to measure protons coming from a collision at small angle with
high precision. The experiment surrounds CMS for almost half a kilometre. The combination
of its capabilities with those of CMS could deliver results with much higher precision.

MoEDAL

MoEDAL [167, 168] is primarily dedicated to the search of magnetically charged particles
(magnetic monopoles). The experiment sits at the interaction point of LHCb and consists of
stacks of plastic nuclear-track detectors, working as a camera passively looking for particle
predicted by theories beyond the Standard Model.






Chapter 3

Data sample and Monte Carlo
simulations

In this chapter, the data sample and the Monte Carlo simulations used in the measurements
presented in this thesis will be introduced. Moreover, the event selection criteria and cen-
trality estimation will be described. The detector condition during data taking will also be
reported, since it is relevant to the analysis.

3.1 Data sample and event selection

The lead-lead collision data used in this work have been recorded during the data taking
period that took place at the end of 2011. It is the second heavy-ion run (the first was
in 2010) of what is referred to as LHC Runl, the machine active period that extends from
2008 till 2013. For the 2011 lead run, a total of 358 bunches per beam were injected in the
machine, with 200 ns spacing from one bunch to the other. The LHC provided ALICE with
an interaction rate of ~ 4 kHz. The instantaneous luminosity at which ALICE took data

026 s~ cm™2, one order of magnitude higher than in 2010, leading to a

was of the order of 1
total integrated delivered luminosity of 146 ub~! [169]. During data taking, a minimum bias
trigger and two centrality triggers were active at the same time. The minimum bias trigger
used is called MBgg: hits are required in the SPD and in one of the VO detectors. In addition,
signals are also required in both ZDCs to suppress the electromagnetic interactions between
nuclei. Both the minimum bias and the centrality trigger for semi-central (not head-on)
collisions were downscaled. The online trigger selection ensures that the events recorded are
high purity beam-beam hadronic interactions. The background is estimated using control
triggers that tag events where one of the two bunches has no collision partner or the beam is
passing the luminous region. Rare triggers were also active, but are not interesting for this
work.

As mentioned above, the luminosity in the second lead run is much higher than before and
it was estimated that the data produced would exceed the capabilities of transfer to the
storage system. To cope with the increased event rate, a data reduction had to be applied
already online, within the event, to reduce the data size. This is achieved using the High
Level Trigger (HLT) and the Huffman encoding to store only TPC clusters instead of raw
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signals and compress the data [182-184].

An offline event selection is generally applied to all types of data samples collected (pp, p—Pb,
Pb—PDb). It cross checks that the type of event is correct according to the online trigger and
repeats the selection using offline the stored information. Lastly, it is required that the z-
coordinate of the primary vertex of the collisions lies within 10 cm of the ALICE geometrical
centre (origin of the coordinate system). This requirement is specific for the neutral meson
and direct photon measurements and ensures the good quality of the reconstructed events
selected.

3.1.1 Centrality definition in ALICE

Events in nucleus-nucleus collisions can be classified according to the geometrical overlap of
the colliding nuclei, simplifying, the centrality, and on the subsequent particle multiplicity
produced [185].

At the time of the collision, the spacial position of the two nuclei is characterised by the
impact parameter, b, the distance between their respective centres, as it was shown in the
left sketch of Figure 1.6. For b = 0, the collision is said to be head-on. For larger values,
that can range up to the sum of the radii, the collisions are more and more peripheral.

A direct measurement of b, of the geometry of the collision and of the number of nucleons
effectively participating is not possible. Instead, the average charged particle multiplicity
and the energy deposited in the ZDCs are used to relate the geometry of the collision to its
multiplicity. This connection is possible because, on one hand, the average charged-particle
multiplicity is expected to monotonically decrease for increasing values of the impact param-
eter. On the other hand, the energy on the ZDCs is directly proportional to the number of
spectators, the nucleons that do not participate in the collision. An example can be seen in
Figure 3.1.
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FiGURE 3.1: Left: Energy deposit of the spectators in the ZDCs as a function of the
ZEMs signal amplitude. The coloured areas represent the corresponding distribution using
given VO signal amplitudes. Right: In the top panel, the SPD multiplicity is shown as a
function of the VO amplitude. The total VO signal amplitude distribution is compared with
two distributions for given centrality values selected using the SPD detector in the bottom
panel. Both figures can be found in [185].
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The left figure represents the correlation between the energy deposit of the nucleons escap-
ing the collision and the energy of the particles emitted in the forward direction. The latter
increases with the collision centrality and is used to distinguish between central and very
peripheral events, since in both cases few spectators are detected. Figure 3.1 right shows
instead the correlation between the multiplicity measured by the VO detector, which is given
by the sum of the signals from the VOA and VOC, and by the SPD, in the top panel. In the
bottom panel, their estimations are compared.
The number of nucleons that underwent a binary collision, ¢.e. participant nucleons or Npayt,
is obtained from the number of spectator nucleons. The dependence of the impact parameter
on Npart is then modelled with a Glauber Monte Carlo simulation.
The Glauber model [36] used by ALICE allows to describe the geometry of the nuclear colli-
sions and access the impact parameter. The model treats the nuclear collision as a superpo-
sition of independent inelastic binary nucleon-nucleon collisions, with each one independent
and unaffected by the others. It relies on the impact parameter and purely geometrical quan-
tities such as the number of participant nucleons (Npart) and of colliding nucleons (Neopn) to
give a consistent picture in all colliding systems.
In the simulation, the nuclei are composed of nucleons stochastically positioned according to
the nuclear density function

o(r) = 1+W(r/R)?

— 3.1
Ol—l—exp% (3.1)

where R = (6.62 + 0.06) fm is the radius of the 2°®Pb nucleus, a = (0.546 4+ 0.010) fm is
the nuclear skin thickness and pg is the nucleon density, obtained from the normalisation
condition [ p(r)dr = A, with A the mass number.

The nuclear collisions are simulated randomly selecting the impact parameter up to a maxi-
mum value of 2R. For a binary nucleon-nucleon collision to take place, the distance between
the nucleons has to be d < \/oitg!/m, where o5 is the inelastic nucleon-nucleon cross sec-
tion. Elastic processes are not included in the model calculations. Furthermore, a black-disk
nucleus-nucleus overlap function is assumed, but it has been shown that also a Gaussian
overlap function delivers consistent results [186].

The values of b and Npar extracted from the Glauber model are shown in Figure 3.2.

The simplification that equates the collision centrality to the nuclear overlap is justified be-
cause the former is expressed as a percentage of the total nuclear interaction cross section,
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FIGURE 3.2: Impact parameter b (left) and number of participant nucleons Ny (right) in
slices of percentiles of the hadronic cross section and corresponding centralities, respectively.
These quantities are extracted from Glauber Monte Carlo simulations for Pb—Pb collisions
at y/san = 2.76 TeV [185].
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oaa- The centrality percentile for an impact parameter b is obtained integrating the impact
parameter distribution do/db':

b do q7/

7db 1 [bd

c(b) = ffo & / d—;db’. (3.2)
o0 do qp/ TAA Jo

0 dp

Considering how centrality is measured in ALICE [185], this becomes the fraction of nuclear
cross section above a certain value of charged particle multiplicity,

1 * dn

c(b) =
( ) Nevent Nep dNéh

dN!:h) (3'3)

where the nuclear cross section is substituted with the number of observed events, corrected
for trigger efficiency. As illustrated above, the charged particle multiplicity is measured by
the VO detector. The multiplicity distribution of Figure 3.3 shows a rise towards small ampli-
tudes, visible in the inlaid panel, originating from trigger inefficiencies and electromagnetic
background from interaction between the ions. The coincidence of the V0 signal and of a hit
in the SPD, as well as signals in the ZDCs are required to suppress this background.

For larger VO amplitudes, the multiplicity distribution shows a plateau region and then an
edge corresponding to the most central collisions, sensitive to the detector acceptance and to
fluctuations in the charged particle density. The VO amplitude distributions are fitted with
a convolution of a negative binomial distribution (NBD) fit to the detector amplitude in the
elementary collision system, shown with the red line in Figure 3.3. The good description of
the VO distribution is achieved considering the number of “ancestors” in the characterisation
of the relation between Ncopi, Npart and the multiplicity. The “ancestors”, defined as an in-
dependent source of particles, can be parametrised with Ngpcestors = f+ Npart +(1 — f) Neoll,
where f takes into account the fraction of particles produced due to soft processes.
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FIGURE 3.3: Distribution of the VO amplitude (summed signals from the two scintillators).
The red line represents the fit with the NBD-Glauber distribution [185]. The centrality
classes are indicated with alternating grey and white areas. The leftmost region is zoomed
in the inlaid pad.

As mentioned in Section 3.1, centrality triggers were used during the data taking of the
Pb—Pb run in 2011. It has to be noted that the centrality of the trigger selection and the
event centrality shown, for example, in Figure 3.3 are not the same. Applying a centrality
trigger does not mean cutting on the VO amplitude distribution but setting a certain thresh-
old level on the signals detected in the V0, based on which the events are classified on-the-fly,
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at the time of the data recording. The VO distributions for the separate centrality classes
are obtained offline, a posteriori.

The centrality distribution specific to this work, i.e. after all the analysis selection criteria
are applied (see Section 5.2 for details), is shown in Figure 3.4. It is based on the multiplicity
measured by the VO detector.
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criteria are applied (see Section 5.2). Different colours indicate different centrality classes.

3.2 Monte Carlo simulations

Monte Carlo simulations, relying on the variety of event generators available, are a useful tool
for physics analyses. They can be used to understand the eventual unexpected behaviour
of the observables and improve the data analysis, studying the effects of certain selection
cuts. Moreover, the selection criteria themselves can introduce inefficiencies that need to
be corrected for. The corrections also account for detector effects and acceptance at the
moment of data taking, for the reconstruction efficiency and knowledge of the background
of the measurement.

The simulations are composed of two parts, event generation and detector response. Particles
are generated using an event generator, their interactions and momentum distributions are
simulated. Subsequently, the generated particles are propagated through the experiment,
simulating the detector response and the particle interactions with the detector material
(e.g., ionisation) and their effects on the particle trajectory (e.g., multiple scattering).

The produced sample is then reconstructed with the same algorithm and analysis procedures
and selection used for the data reconstruction. It is necessary to verify that the simulation
gives a good description of the data, checking that data and MC are matching. If not,
the simulation needs to be tuned to the data until a satisfying matching level is reached.
The tuning can be done using certain high quality data sample subsets as anchors, whose
characteristics will be mimicked in the simulation. Once a good level of agreement between
data and MC is reached, the MC can be used to extract the efficiency, acceptance and other
correction factors to obtain the final results.

In Aliroot, various event generators are available, such as PYTHIA [187], DPMJET [18§],
PHOJET [189], HIJING [61] and several others. For Pb—Pb collisions, HIJING is typically



50 Chapter 3 — Data sample and Monte Carlo simulations

used as event generator, and it is also used for this work. The particle transport through the
detector is done with GEANT [190, 191].

Moreover, the PYTHIA decayer is used to produce the hadron cocktail simulation needed to
extract the secondary pion correction and the electromagnetic cocktail to estimate the decay
photon contribution to the direct photon background.

3.2.1 HIJING

HIJING (Heavy Ion Jet Interaction Generator) is a Monte Carlo event generator used to
describe jet and particle production in high energy collisions of different systems (pp, p—A,
A-A). Particular emphasis is given to multiple mini-jet production, a phenomenon whose
importance grows in high energy hadron and nuclear interactions. The model, designed for
pA and A-A collisions, but also describing pp events, is based on pQCD and the Lund string
model, accounting for soft interactions and jet production and fragmentation. In particu-
lar, the Lund FRITIOF [192, 193] and Dual Parton [194] models are used. HIJING is then
extended to heavy-ion collisions assuming a Glauber model geometry description of the colli-
sion and nuclear effects such as parton shadowing [195] and final state interactions [61]. The
nuclear interaction is simplified as binary nucleon-nucleon interaction, where the interacting
nucleons are treated as strings excited along the beam axis in the Lund model. The strings,
resulting from scattered partons associated with the corresponding valence quark in the nu-
cleon, interact before fragmenting into particles.

The event generator version used for the simulations in this thesis is the 2.0, where the par-
ton distribution functions and the gluon shadowing description are updated to compare with
LHC data. In particular, the Gluck-Reya-Vogt parametrisation [196] of the nucleon PDF's,
updated using global fits to the LHC data available at the time, is adopted together with
other parameter modifications to account for the higher energies, such as a larger minimum
pr for the jets (cut-off scale). The jet quenching description implemented in this version is
still a schematic one, thus it will not fully reproduce the data, as shown in Section 5.3.2.

3.2.2 GEANT

GEANT (Geometry And Tracking) is a set of tools for simulating the passage of particles
through matter, in particular the detectors and their responses. The complexity of this
tool has increased with the complexity of the experiments and with the need of increasing
accuracy of the simulation.

Basic elements of the software comprise the geometry of the experiment and the materials
that compose the detectors, the particles most likely to be produced, their tracking in the
detector and the effects of the electromagnetic fields and physics phenomena on them, the
detector behaviour and how the signals from the particles are registered as data. The Monte
Carlo simulations used in this work are produced with GEANT3, though now GEANT 4 is
also available.
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3.2.3 PYTHIA

PYTHIA is a general purpose event generator for high-energy collisions of elementary par-
ticles. The version used in this work is the 6.4. The generator can describe 2 — 1’ 2
— 27 (for which it is optimised) and certain ‘2 — 3’ scatterings, though the higher number
of final state particles also entails a more complicated generation procedure. The processes
considered include hard and soft QCD processes and those induced by photons. Resonance
decays are also part of the generation chain, with the possibility of activating only certain
decays channels, thus making the calculation of the cross section less complicated if wanted.
Initial and final state radiation as well as multiple parton interactions are included. The
hadronisation is described by the Lund fragmentation model, as in HIJING.

Only the PYTHIA decayer will be used in this work, to generate the cocktail simulation for
the direct photon measurement background estimation.

3.2.4 Monte Carlo simulations for the 2011 Pb—Pb run

For the analysis of the 2011 Pb—Pb data, three Monte Carlo simulations were produced using
HIJING and GEANTS3. In order to have better agreement with the data, the simulation are
based, or “anchored”, on individual data runs and produced with the same settings and
detector conditions. In particular, changes in the TPC chambers voltage with respect to the
nominal values need to be reflected in MC, since they affect the TPC-based analyses.

The simulations correspond to three different intervals of impact parameter or centrality
class. The ranges are 0 < b < 5 fm, for centralities in the range 0-10%, 5 < b < 11 fm
for 10-50% and 11 < b < 15 fm, valid in the centrality range 50-90%. This last simulation
is not used because the statistics in the measured data sample is not enough for a neutral
meson measurement better than the already existing one obtained with the 2010 data, where
the statistics for peripheral collisions was higher. In addition to the standard HIJING event,
additional 7° and 7 mesons are generated in order to increase the statistics at high-p and
enhance the signals for photon physics. This is a required procedure in order to have small
statistical uncertainties at high-pr and keep the CPU time for the simulation production
reasonable. The additional particles have been generated in the acceptance of the central
barrel and of the PHOS and EMCal calorimeters, flat as a function of pr, from 0 to 30 GeV/c,
and flat with respect to the azimuthal angle ¢ and in the rapidity range -1.2 < y < 1.2.
The number of additional 7° and n mesons is dependent on the centrality of the event,
according to the function

Nyo,(b) =30 + 30 x exp(—0.5 - b*/(5.12)?) (3.4)

where b is the impact parameter in fm. This dependence, of empirical origin, is motivated
by the necessity of having enough added signals for the most central events, without biasing
the semi-central and peripheral ones with too many signals.

The jet quenching phenomenon is not included in the HIJING description of the event.
Therefore, in order to have a data-like (steeply falling) transverse momentum spectrum,
the MC input spectra need to be weighted with respect to the data ones. This procedure,
described in Section 5.3.2, is iterative and ensures a realistic efficiency. Furthermore, a
correction for the track density in MC, where the number of TPC tracks is higher than data,
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is needed since the reconstruction efficiency depends on the multiplicity. In order for the
MC to reflect the data track multiplicity, the crossing points between two classes of the data
distributions of the TPC tracks passing the basic quality criteria (explained in Section 5.2)
are taken as limits for the number of MC TPC tracks of the corresponding centrality classes.
The data distributions of the “good” TPC tracks taken as template are shown in Figure 3.5.
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FIGURE 3.5: Good TPC track multiplicity distributions in centrality slices from 0 to 90%.
The distributions are normalised to the number of events in the respective centrality class.

The number of events for the data sample and for each MC simulation after all the selection
criteria are applied is reported in Table 3.1.

Period Centrality Neyent accepted

Data LHC11h 0-5% 9.8x106
5-10% 9.8%x 106

0-10% 2.7x107

20-40% 8.5%x 106

20-50% 1.3x107

Simulation LHC14ala 0-5% 9% 10°

5-10% 4.1x10°

0-10% 1.3x109

LHC14alb  20-40% 2.1x106

20-50% 2.7x10°

TABLE 3.1: Number of events passing the event, track and photon selection criteria for the
2011 Pb—Pb data and the two MC simulation used in this thesis work.

The neutral meson analysis has been carried out in parallel for all the centrality classes listed
above. However, the 0-10% and 20-50% centralities have been taken to represent the neutral
meson measurements, given their higher statistics. In the main text, the results shown will
refer to these two centrality classes only. The performance and final results for the other
centralities are reported in Appendix C.









Chapter 4

Particle reconstruction in ALICE

Two methods are mainly employed to reconstruct photons in experiments at accelerators.
Photons can be reconstructed with electromagnetic calorimeters, exploiting the full photon
energy deposition and measuring the subsequent electromagnetic shower in the calorimeter.
The ALICE calorimetry system is composed of two different detectors, EMCal and PHOS,
described in Section 2.2. They use different technology and are placed in complementary
position to each other, in order to cover a larger acceptance and give independent measure-
ments. Photons can also interact with the nuclei of the detector material. At the energies
investigated here, pair production is the dominant process. Photons that convert in the de-
tector material can be reconstructed via the electron-positron pairs using the central barrel
detectors and a secondary vertex finding algorithm. This is referred to as Photon Conversion
Method (PCM).

For the analysis presented in this thesis, the PCM was used. Therefore, the ALICE tracking
system will be introduced in this chapter, together with the secondary vertex finder algorithm
and the particle identification process of the central barrel detectors.

4.1 ALICE central barrel tracking system

I Clusterization L .Prellmm.ary (SPD) N TPC track N TPC track
(all detectors) ! Interaction finding matching in ITS
R aabaahl vertex finding
Track |nw?rd Track ou.tward propagatlor\, length Standalone ITS
propagation [®| integration for PID. Matching to TRD, track findin
with final refit TOF, EMCAL, PHOS, and HMPID g
Final inte.rac.tion [, Seconda.ry vertex | Cgscgde
vertex finding (VO) finding finding

FIGURE 4.1: The ALICE event reconstruction workflow [169].
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The workflow of the ALICE event reconstruction system is illustrated in Figure 4.1.

The first step of the event reconstruction procedure is carried out independently for each of
the detectors and consists in grouping the data according to the detector signals, based on
the channel information in space and time. Detector data with signals having, for example,
similar timing and positions compose together a cluster. Once the clusterisation is done, the
tracking system proceeds from the inside-out of the experiment in finding the collision vertex
and reconstructing the particle tracks [169].

The SPD, the two innermost layers of the ITS, is used to find the interaction vertex. The basic
unit in this step is a SPD-tracklet: each cluster on the first SPD layer is associated with one
on the second layer and the line passing through two clusters, within an azimuthal window
of about 0.5 rad with respect to the nominal beam axis, is called tracklet. The tracklets are
considered “good” when the distance of closest approach (DCA) between a tracklet pair is
small (less than 1 mm) and they point towards the beam pipe; they are otherwise rejected by
the primary vertex finder algorithm. The primary vertex is thus defined as the space point
with the maximum number of good tracklets associated, as represented in Figure 4.2, left.
This first estimation of the primary vertex candidate is used to build again the tracklets,
with respect to the beam position given by this estimation and within an azimuthal window
of 0.01 rad. Once the primary vertex is updated with the new tracklet sample, it will be
used during the track finding and further updated with the global tracking information.
The primary vertex reconstruction is done in three dimensions. In case this fails because of
insufficient information, the z-coordinate only of the vertex is estimated.

The next step is the track finding and fitting, consisting of three phases and using the Kalman
filter algorithm [197].
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FIGURE 4.2: Left: Schematic representation of the primary vertex reconstruction. The blue
dots represents the SPD clusters, the red line are good tracklets, the grey dashed lines are the
fake ones. The primary vertex is highlighted with the blue circle [198]. Right: Comparison
of the transverse width of the final vertex distribution (full symbols), obtained with global
tracks, to the preliminary one (open symbols), obtained with the SPD, as a function of the
charged particle multiplicity in pp collisions [169]. The total resolution is composed of the
finite size of the luminous region, op, and the vertex resolution, a/+/(dN/dn)5.

The first phase of the central barrel tracking starts from the outermost radius of the TPC.
The track seeds are built either using two TPC clusters and the vertex or without the vertex
and with only three TPC clusters. The seed propagation moves inwards until the inner TPC
radius, updating each time a cluster satisfying a proximity cut is found. The reconstructed
TPC tracks that do not satisfy quality criteria, such as a minimum number of associated
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clusters, are discarded while the accepted ones become seeds at the outermost ITS layer.
The propagation and cluster association is repeated, again with the seeding starting with
and without the vertex constraint and using the surviving clusters. The seeding procedure
is repeated in order to increase the tracking efficiency. For the clusters that were not used
in the I'TS-TPC combined tracking, a reconstruction using only the I'TS is done. Before the
final step, all the track hypotheses are fitted with a Kalman filter. If they are accepted, their
clusters will be removed from the search.

All the reconstructed tracks are extrapolated towards the preliminary primary vertex for the
second phase of the tracking procedure. As done in the previous step, the tracks are refitted
with a Kalman filter, but in the outgoing direction and using the clusters already found. A
tentative matching is done first when the track reaches the TRD and the TOF, respectively
with TRD tracklets or TOF clusters, and then again with the EMCal, PHOS and HMPID
detectors. At the time of the data taking concerning this work, the information from these
detectors was not used to update the track kinematics, but it was stored for later use in
particle identification. Since 2016, the TRD is actively used for the fitting procedure and is
essential for a good calibration of the tracking detectors.

In the last phase of the tracking procedure, the tracks are again refitted inwards and their
final covariance matrix is stored for each track in the reconstructed event. Once the global
tracking is completed, the reconstructed tracks are used to determine the primary vertex
with higher precision. The primary vertex resolution in the transverse plane is shown in
Figure 4.2, right, showing the dependence on the multiplicity in pp collisions. It is evident
how the final resolution obtained with global tracks is much improved compared to the initial
estimation using only the SPD.

More details on the tracking procedure can be found in [169, 199], while in Figure 4.3
examples of the ALICE tracking performance are shown.

In the left figure, the TPC tracking efficiency is shown. The drop at low-p; is given by
the energy loss of the particles in the detector material while the higher p; shape is due to
the loss of clusters for particles passing in the read-out dead-zones. It can also be observed
that the tracking efficiency does not depend on the detector occupancy. The right figure
shows the resolution for the inverse transverse momentum, related to the relative transverse
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FIGURE 4.3: ALICE tracking performance plots [169]. Left: ALICE TPC track finding
efficiency estimated from Monte Carlo simulations for primary particles in pp and Pb—Pb
collisions. Right: Inverse transverse momentum resolution for TPC and ITS-TPC combined
tracking in p—Pb collisions.
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momentum resolution by oy, /pr = proy/p,., for TPC and ITS-TPC combined tracking in
p—PDb collisions. The resolution at high-p; is expected to be ~10-15% worse for central
Pb—PDb collisions due to the loss of clusters on the ion tails and fake or overlapping clusters.

4.2 Secondary vertex finder

After the interaction vertex and the primary tracks are identified, the tracking system pro-
ceeds to finding secondary vertices (V?), attributed to particle decays and photon conversions.
The algorithm used is of the same kind used for the primary vertex finder. The initial se-
lection for the secondary tracks requires their distance of closest approach from the primary
vertex to be more than 1 mm in Pb—Pb collisions (0.5 mm in pp). Each pair of unlike-sign
tracks is a VY candidate. The successive selection asks for the DCA between the two tracks
to be less than 1.5 c¢m, for their point of closest approach to be closer to the primary vertex
than any of the tracks inner points and for the cosine of pointing angle (angle between the
total momentum of the pair and the line connecting primary and secondary vertex) to be
grater than 0.9, as shown in Figure 4.4.

eriy’ Vpnrn ,-" DA, ITSg ITS; IS,

FIGURE 4.4: Schematic representation of the a secondary vertex, with example decays from
K? and E~ particles [169]. The angle indicated with 6 is the angle between the vector
connecting the primary to the secondary vertex and the V° particle momentum, called
pointing angle.

Two methods are available for the vertex reconstruction: On-the-Fly and offline V° finder.
The first, as the name suggests, finds the secondary vertex and selects the secondary tracks
at the same time of the data processing, when all the information about the tracks are still
available. The latter is applied on the already reconstructed data, when the track clus-
ter information are not available anymore. Given the higher precision and efficiency of the
On-the-Fly method, this is the secondary vertex finder used in this work.

4.2.1 Recalculation of the conversion point

As mentioned above, the secondary vertex finder is meant to find particle decays, but it
is also used for conversions. The conversion point is recalculated offline to improve its
resolution [200]. It is assumed that the opening angle between the ete™ pairs is small,
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given that the photon is massless, so the electron and positron momenta have to be roughly
parallel at their origin. The recalculation is done first in the xzy-plane. The 2z coordinate is
recalculated last. A mathematical description of this method and illustrative sketches can
be found in [200].

4.3 Particle identification

Particle identification in ALICE is provided by several sub-detectors with different methods.
The ITS and the TPC measure the charge deposit and do particle identification via the dE/dx
measurement. The first is especially useful for low-p; primary tracks (below 1 GeV/c) while
the latter gives a measurement with good resolution on a wider transverse momentum range
(from 0.05 GeV/c up to 20 GeV/c). Particle identification with the TOF detector and the
HMPID (ring-imaging Cherenkov detector) allows a good separation of kaon and protons up
to 4-5 GeV/c. Likewise, the electromagnetic detectors (EMCal and PHOS) and the TRD
can be used for particle identification at higher pr.

More details on the PID with the TPC detector, essential for the electron identification, will
be given in the next section.

4.3.1 Identification with the TPC

The TPC measures the specific energy loss of a particle per unit length (d£/dx). The mean
energy loss of a particle of charge z and velocity § = v/c traversing a medium of atomic
number Z and mass number A is described by the Bethe-Bloch formula [9]:

232
where T}, is the maximum kinetic energy that can be transferred in a single collision and
I is the mean excitation energy of the medium. The density effects due to the polarisa-
tion of the medium when traversed by a charged particle are considered in the term §(57).
More details on this term and on the factors used in the formula are given in [9]. Particles
traversing the medium can be distinguished because the energy loss is proportional to their
velocity 3: different particles will give different specific energy loss for a given momentum.
The particle identification is then achieved with the combined information from the dE/dz,
estimated from the charge deposit from the clusters associated with a track, the charge and
the particle momentum. The specific energy loss in the TPC for Pb—Pb collisions is shown
in Figure 4.5, left.
The best particle separation is achieved at low momentum, below 1 GeV /¢, where a track-by-
track identification is possible. The separation is also good above 2 GeV /¢, in the relativistic
raise, where the truncated mean method is applied to the signal to get rid of the Landau
tail and a statistical method employing multi-Gaussian fits for the particles separation is
adopted, as shown in Figure 4.5, right. The energy loss resolution in 0-5% central Pb—Pb
collisions is 6.5% [169].
For the analysis of experimental data, the parametrisations already introduced by the ALEPH
collaboration [201] are used to describe the energy loss distributions and extract their mean
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FIGURE 4.5: ALICE TPC specific energy loss, dE/dz, as a function of the particle momen-
tum in Pb—Pb collisions (left). The black lines represent the mean energy loss parametrisa-
tions. In the right figure, the energy loss distributions assuming the mean pion energy loss
are shown together with the multi-Gaussian fits [169].

value. These parametrisations, indicated with the black curves in Figure 4.5, left, are opti-
mised for each set of data recorded, in order to reproduce at best the TPC performance at
the time of data taking. In addition, parametrisations for the Monte Carlo simulations are
also produced, tuned to the data distributions for a better rendering. In both data and MC,
corrections for multiplicity or pseudorapidity dependence can also be applied.









Chapter 5

Neutral meson measurements with
the Photon Conversion Method in
Pb—PDb collisions

This chapter will illustrate the technical details of the analysis, such as the quality and
selection criteria, the detector efficiencies and the method performance.

The first step in obtaining reliable results is to establish the quality of the data sample used.
At this stage, issues for which a correction may be needed are also identified. Afterwards, the
selection cuts are carried out in a natural flow: event selection, acceptance and geometrical
cuts, electron identification, photon reconstruction. Last, the cuts to improve the meson
significance are applied. While the initial set of selection criteria is the result of the experience
gathered from the analysis of previous data samples, it is in no way the final one. Several
iterations of fine tuning are required to extract the best results for the specific sample and

available statistics.

5.1 Quality assurance and detector conditions

The quality of the recorded and reconstructed data has to be verified in a procedure called
Quality Assurance (QA). To do so, quantities characterising the measurement and essential
to the analysis method are studied in more detail on a run-by-run basis (where a run is the
unit of continuous recording time during a period of data taking), or focusing on specific
runs, when deemed necessary. Only the runs where all the detectors relevant to the analysis
are flagged with good performance are taken.

The most relevant quantities monitored are the mean value of the specific energy loss (dE/dx)
for electrons and positrons, the integrated number of reconstructed photons per event and
their azimuthal and pseudorapidity distributions. The momentum calibration is cross checked
studying the mesons width and mass position. Moreover, these quantities are compared in
data and MC to verify the level of agreement and that there are no detector issues. In case
of deviation from the average behaviour, it is considered whether to reject or correct the
affected data. The selection criteria used for the QA are less strict than those used in the
analysis in order to have a feeling of the overall behaviour of the data while still having the
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possibility to improve on it.

An example of QA study is given in Figure 5.1. The integrated number of photons N,
reconstructed from electron and positron pairs identified with the TPC, is shown versus run
number, for data and MC simulation. In the top plot, N, at positive pseudorapidity (A-side
of the detector) is reported. Likewise, the bottom plot shows the same quantity at negative
pseudorapidity (C-side of the detector, where the muon arm also sits). A deviation from the
standard behaviour can be seen in the C-side, affecting the centrality class 0-10%. There is
a drop in the number of photons in data (full markers) that is not reproduced by the MC
simulation (empty markers) in the second half of the runs. The cause was identified further
detailing the study and looking at the N, in the azimuthal regions corresponding to the TPC
chambers. It was observed that the loss of photons, appearing in specific azimuthal areas,
corresponds to TPC chambers that were turned off or at a reduced working voltage as they
were known to be affected by discharges in this data taking period. The effects of these
conditions have not been properly ported to the MC simulations. The adopted solution is a
geometrical cut on the affected azimuthal areas, explained in the next section.
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FIGURE 5.1: Integrated number of photons, IV,, per run number, normalised to the re-
spective number of events. The distribution is show for the A-side (positive pseudorapidity,
7 > 0, top) and C-side (negative pseudorapidity, n < 0, bottom) of the detector. Data is
represented by the full markers, MC by the empty ones.
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5.1.1 Azimuthal cut for problematic TPC chambers

From the QA, it emerges that a smaller number of photons is reconstructed for the second
half of the runs of the 2011 period. As mentioned in the previous section, the loss is due
to several chambers of the TPC with working condition different from the standard ones.
The effects of this deviation on the reconstructed data and in the MC simulation has been
studied for each run individually. Given that the problem is mainly localised at negative
pseudorapidity, only the figures for 7 < 0 will be shown here. In the top panels of Figure 5.2,
the number of photons V., normalised to its integral, is shown as a function of the azimuthal
angle ¢ for a few runs of the data sample.
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FIGURE 5.2: Distribution of the number of photons versus the azimuthal angle ¢, normalised
to its integral, for the 0-10% centrality class of the data sample from the runs listed in the
legend. The bottom panel shows the ratio of these runs to a reference run with good quality.
The light grey lines indicate the TPC sector boundaries, identified by the numbers. Left:
sample of standard runs. Right: sample of runs with a problematic TPC chamber.

The ratio of the distribution of this sub-sample to a reference run with good quality is shown
in the bottom panels. Figure 5.2, left, illustrates a sample of run with standard conditions,
while some of the runs with identified problematic chambers are in the right figure. The
peculiar shape of the ratio is peaked in the azimuthal region of the TPC chamber with
non-standard conditions, but not completely understood. In fact, the effect is not localised,
spreading to the neighbouring areas and much wider than expected.

The same distributions have been studied in the MC simulation. It is observed that for
some of the runs the MC actually follows the data behaviour. No action is thus taken in
these cases. On the other hand, where it was necessary to account for the difference between
data and MC, a geometrical cut has been implemented in order to reject the photons from
the affected ¢ region. Figure 5.3 has been used to determine the optimal rejection window.
The double ratio of the problematic to standard distribution for MC over data is plotted as
a function of the azimuthal angle . The azimuthal interval of the rejection cut has been
chosen considering the range in which the data to MC ratio deviates more than 5% from
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FIGURE 5.3: Double ratio of the distribution of the NN, of problematic over standard be-
haviour, for MC simulation over data, as a function of the azimuthal angle . The light grey
lines indicate the TPC sector boundaries, identified by the numbers. The blue lines indicate
the boundaries of the rejection window.

unity. The photons that are rejected with this geometrical cut are around 6% of all the
reconstructed photons.

5.1.2 Parametrization of the expected mean energy loss in the TPC

As mentioned in Section 4.3.1, the energy loss distribution in the TPC is parametrised
in order to obtain the mean energy loss for a given particle type at a given momentum.
These parametrisations, called splines after the type of function used, are loaded during the
data analysis to ensure a good description of the TPC detector response and tune the MC
simulation to the data. The set of functions are produced for each reconstructed period and
on demand for specific sets of data if it is needed, as it was the case for the 2011 Pb-Pb
run. The 2011 specific parametrisations have been produced using a sample of runs with
particularly good and stable characteristics. A correction for the pseudorapidity dependence
of the mean dE/dx was also applied, not present in the previous version. The description of
the mean dE/dz is therefore improved, at low momentum and in the relativistic rise.

5.2 Electron and photon selection for the neutral meson mea-
surement

The first selection the data undergoes, independently of the nature of the analysis, is the
Physics Selection (see Chapter 3): events that do not fulfil the central barrel trigger condi-
tions, calibration and beam-gas interactions are rejected. The reconstructed primary vertex
is required to be within |zyty| < 10 cm from the centre of the detector while the On-the-Fly
VO finder is used to reconstruct the secondary vertex from v conversions and K¢, A and A
decays. The secondary tracks are required to have opposite charge and the TPC refit (see
Chapter 4). Those with kink topology, that would hint to a decay and not a conversion,
are rejected. A good track quality is ensured asking for a minimum track momentum of
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0.05 GeV/c and for a percentage of the associated TPC clusters over the total number of
theoretically findable clusters larger than 60%. A pseudorapidity fiducial cut is applied with
respect to the origin of the detector geometric system. Since the Vs are displaced from
the centre of the detector, it is possible that tracks lying outside of this fiducial region are
accepted too. To overcome this, the condition

Reony > | Zeonv| - tan(2 arctan(exp(—naducial))) — Zo (5.1)

has to be fulfilled. The value for Zj is set to 7 cm, while R.ony and Zcony are required to be
less than 180 cm and 240 cm, respectively. A minimum value of Reony > 5 cm helps rejecting
Dalitz decays (7°(n) — v*y — ete™7), where the virtual photon responsible for the lepton
pair could be reconstructed as a real one.

The track selection cuts are summarised in Table 5.1.

Track & VO cuts

VO-finder On-the-Fly

minimum track-pr Prirac> 0.05 GeV /¢
Ntuster TPC/Nﬁndable clusters > 60%

n-cut for tracks & VO Merack, vo| < 0.9

Cut on Ry, 5cm < Re,< 180 cm
Cut on Z,,, | Zconv| < 240 cm
Fiducial volume cut (see text for values)
Cut on ¢ (only for problematic

TPC chambers and runs, for n < 0) | 2.2 rad < ¢ < 3.8 rad

TABLE 5.1: List of track selection cuts applied in the analysis.

Once the track cuts have been applied, the selection focuses on the remaining sample of sec-
ondary tracks, aiming at identifying electrons and positrons and rejecting pions and protons.
The electron selection is based on the energy loss distribution in the TPC. All the tracks with
energy loss within —30 and 50 from the expected electron dE/dx are accepted. Moreover,
a pr-dependent rejection cut is applied to improve the electron sample purity in the region
where the pion energy loss distribution merges with the electron one at about 2 GeV/c. As
pions are one of the highest background sources in this region, the cut on the pion line is
tuned to maximise the rejection. The pion dE/dz hypothesis is taken as a reference in this
case and the tracks within +30 from 0.4 to 2 GeV/c and 1o from 2 GeV/c are discarded.
The pr-dependent cut is adopted in order to have an effective rejection at lower momentum,
where electron and pion line are closer together, while it is released at higher momentum
where the signal to background ratio is larger. Figure 5.4 shows the energy loss distribution
of the electron candidates before (left) and after (right) all the analysis cuts are applied.
Similarly as in the TPC case, the difference between the measured and expected time-of-flight
of the electron in the TOF can be used as a selection criteria. The cut on the TOF electron
hypothesis is only applied when the signal from TOF is present, e.g. when the track has
been successfully matched with a TOF cluster during the tracking. The acceptance region
for the electron hypothesis in the TOF is +50. Though the cut does not improve much the
quality of the electron sample, it is anyway kept.

The electron identification cuts are summarised in Table 5.2.

At this point of the selection process, the V? candidates sample still contains combinatorial
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FIGURE 5.4: TPC dE/dx for electron candidates of the PCM analysis before (left) and
after (right) all the selection cuts are applied.

PID cuts
o. TPC dE/dz (accept) —3<0.<5H
o TPC dE/dx (reject) 0.4 GeV/ec <pe<2GeV/e: o >3

Pe >2GeV/e: op > 1
oe TOF (accept, if available) | =5 < g, < 5

TABLE 5.2: List of electron identification cuts applied in the analysis.

background contamination (mainly from electrons, pions and electron-pion random combi-
nation) and from particle decays. These contaminations are reduced exploiting the topology
characteristic of conversion photons.

In Figure 5.5 the longitudinal momentum asymmetry between the secondary tracks (ayo =
(pi+ -5 )/ (p‘fL+ + p§ ) is shown, with p;, being the longitudinal momentum of the pos-
itive/negative particle) versus the projection of the momentum of the daughter particle
(e™ and e™) with respect to the mother particle (V? candidate) in the transverse direction
(gr = pe X sinfyo ). This characteristic distribution, called Armenteros-Podolanski plot,
allows for a good separation of the photons from the other V? candidates. In fact, in the
laboratory frame, the eTe™ pair from the photon conversion fly, within a very small opening
angle, in the same direction as the photon. The g of the real photons is thus close to zero.
Moreover, the distribution is symmetric in «, as the conversion products have the same mass.
For heavier particles the opening angle is larger and, therefore, the ¢ is larger. The photon
selection is done adopting a 2-dimensional (elliptic) cut:

<av0 >2+< qr >2<1, (5.2)

O‘Vrgax QT, max

with ayo = 0.95 and g¢r, wax = 0.05 GeV/c. In Figure 5.5, right, the distribution after the
cut is shown.

To reject as much as possible of the combinatorial background, the next cuts will focus
on the conversion point topology and its relation to the primary vertex, since this kind of
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FIGURE 5.5: Armenteros-Podolanski distribution for VO candidates of the PCM analysis
before (left) and after (right) all the selection cuts are applied.

background comes from wrongly reconstructed secondary verteces. First, the invariant mass
of the V? candidate is set to zero. It is also assumed that the cosine of the angle between the
vector connecting the primary to the secondary vertex and the V¥ particle momentum, called
cosine of the pointing angle, shown in the previous chapter in Figure 4.4, is close to 1. The
cut is then set to cos(fp.4.) > 0.85. The reconstruction algorithm, based on the Kalman filter
(see Chapter 4) associates a certain x? and number of degrees of freedom (NDF) to quantify
the goodness of these hypotheses. Photon candidates are accepted if they have x?/NDF
smaller than 30. Moreover, the opening angle between tracks coming from the secondary
vertex, which should tend towards zero for the photon hypothesis, can be also considered.
The angle £,.;, between the track pairs is defined by the track momenta as
De— * Pet

fpalr arccos <|ﬁ€_| - |ﬁe+ | ) (5.3)
The relation of the plane defined by this angle with the plane perpendicular to the beam axis,
i.e. the zy-plane for the ALICE coordinate system, is given by the difference between the
polar angles of the secondary tracks: Af = 6,- - 0,+. Considering two secondary tracks, the
polar angle difference remains constant while the opening angle increases due to the bending
in the magnetic field. A representation of the angles and pair plane is given in Figure 5.6.
The quantity on which the VY candidates are selected is the Ypair angle, defined as

4 ) (5.4)

Ypair = arcsin (
pair

A vanishing opening angle also implies a 1,4 angle close to zero, or smaller than 0.1 rad,
as it is assumed in this work. To further improve the rejection power for contaminations,
this quantity is put in relation with the y? in a two-dimensional cut:

_¢ ir cut
|1/}pai'r| < QLWCUQ + wpair,cub (55)

y,eut - Xy
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FIGURE 5.6: Sketch of the 1,,; angle as the angle between the plane of the electron and
positron pair (coloured in orange) and the bending plane of the magnetic field (in grey) [202].

where the index cut indicates the value applied during the cut selection.

The last selection considered is based on the photon energy asymmetry distribution, a =
|Ey, — Ey,|/(Ey, + E,), versus the meson transverse momentum. The cut applied is a po-
dependent one, modelled on the function f(pr) = a-tanh (b- pr), with a = 0.65, b = 1.2 and
the meson transverse momentum pr given in GeV/c.

The photon selection cuts are summarised in Table 5.3.

Photon cuts

Armenteros-Podolanski (2D cut):

2 2
(%0) n (QTQT ) >1 ayo = 0.95, gr. me = 0.05 GeV /¢
V9o , max max
X2 /ndf & Yy (2D cut):
|1;Z)pair| < % + ¢pair,cut X%,cut/ndf < SOa Tﬂfﬁfr < 0.1 rad
Cosine of pointing angle cosbp o, > 0.85 rad

Photon energy asymmetry, pr-dependent:
a < f(pr), f(pr) =a-tanh (b- pr) a=0.650b0=12

TABLE 5.3: List of photon selection cuts applied in the analysis.

5.3 Neutral mesons reconstruction

The 7° and 7 meson decay into two photons with branching ratio (98.823 + 0.034)% and
(39.41 £ 0.20)%, respectively. Thus, they are reconstructed combining two photons from the
selected sample. The invariant mass of the photon pairs is calculated as

My, = /2B, By, (1 cosbro) (5.6)

where FE., , is the energy of the photons and 62 is the opening angle between them. The
invariant mass distribution is sliced according to the reconstructed meson transverse momen-
tum. The width of the slices is chosen such that there is enough statistics in each interval to
allow for a reliable meson analysis.
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FIGURE 5.7: Invariant mass distribution of reconstructed photon pairs M., around the
neutral pion mass (0.135 GeV/c?), left column, and the 7 meson mass (0.548 GeV/c?),
right column, in a selected pr slice in Pb-Pb collisions at \/syn = 2.76 TeV for the cen-
trality classes 0-10% (top) and 20-50% (bottom). The black histogram shows the data
before combinatorial background subtraction (grey circles). The red bullets show the data
after background subtraction. The cyan line is the fit to the invariant mass spectrum after
background subtraction using Equation 5.7.

In Figure 5.7, the reconstructed invariant mass for the 7° (left column) and 7 (right col-
umn) meson are shown in the transverse momentum interval 1 < py < 1.2 GeV/c and
2 < pr < 3 GeV/c, respectively, for central (top) and semi-central (bottom) collisions. The
black histogram represents the total reconstructed invariant mass distribution. The photon
pairs coming from a neutral meson decay appear as an excess around the expected mass
of the meson on top of the combinatorial background. The expected mass is 0.135 GeV/c?
for the 7° mesons and 0.548 GeV/c? for the n meson [9]. The distribution also shows a
large background (grey circles), with a sloping shape rising towards higher mass values. This
background originates from randomly associated photon pairs. In order to subtract this com-
binatorial background, an estimation using the event mixing technique is done. The event
mixing technique combines photons from different events, thus uncorrelated. For a better de-
scription, the events to be combined are required to have similar topological characteristics:
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primary vertex position on the z-axis and the reaction plane angle. The angle with respect to
the reaction plane is obtained as explained in Section 1.3.3, relying on the VZERO detector
estimation of the flow vector. Seven and eight bins are considered for these two quantities,
respectively. The collision centrality is implicitly accounted for with the event selection and
would result in one single bin being filled. The photons coming from the same bins are
combined together when estimating the combinatorial background. The depth of the event
pool considered for the estimation is 50. Since this gives an event multiplicity higher than
the measured one, the event mixing background is normalised to the invariant mass distri-
bution at the right of the meson peak for each pr-bin. Once the combinatorial background
has been subtracted, the distributions shown with the red bullets in Figure 5.7 are obtained.
The complete set of figures for each pr-interval is shown in Appendix A. The tail on the
left-hand side of the peak is due to electron/positron Bremsstrahlung. The invariant mass
peak fit shown in Figure 5.7 is a Gaussian function modified with an exponential to account
for the Bremsstrahlung tail that is switched off on the right-hand side of the peak by the
Heavyside function:

— Moy — Mo
y=A-( G(Myy)+exp -\ (1= G(Myy))0(Mro = Myy) | +B+C- My (5.7)

where ) is the inverse slope parameter of the exponential function, and G(M,,) is the Gaus-

G(M,y) = exp (_0.5(W>2>. (53)

O My~

sian term

The linear function term B + C' - M., accounts for the residual background left after the
combinatorial background subtraction. The fit of equation Equation 5.7 is not used to obtain
the meson yields but only to estimate the mass peak position and width, used to determine
the integration window of the meson peaks. These are shown in Figure 5.8 for the 7° (left)
and 7 (right) mesons. The full markers represent the values of mass width or position
obtained from data, while the empty markers are the corresponding values estimated from
the validated MC simulation. The notation “validated” MC represents the simulated signal
which has been verified as coming from a real neutral pion or  meson. Given the “truth”
of the MC information, the comparison of the data and MC mass peak information gives an
estimate of the goodness of our measurement. The difference between the mass position in
data and in MC, relative to the expected mass, is taken as mass resolution uncertainty and
will be included in the systematic uncertainties estimation, in Section 5.4.

5.3.1 Yield extraction

The 7° and 7 meson yields are obtained integrating the invariant mass peak after the event
mixing background subtraction in an asymmetric mass window, necessary to include the
Bremsstrahlung tail. The mass integration ranges are reported in Table 5.4.

Meson ‘ Lower integration range (M;oy,) ‘ Upper integration range (Mpign)

70 Mo - 0.035 GeV/c? Mo + 0.010 GeV/c?
n M, - 0.047 GeV/c? M, + 0.023 GeV/c?

TABLE 5.4: Mass integration ranges for the 7° and for the 1 mesons.



Chapter 5 — Neutral meson measurements with the Photon Conversion Method 73

15

‘2 [ o-100 Pb-pb. y5.. = 2.76 Tev ‘ T 20-50% Po-pb, {5, = 2.76 Tev
> I Data: full points T
[} - MC: empty points B
2 r ]
© 10— - -
3] - m
o - 4 m
£ sF e T et | T ]
C osesees TS e —
L ———a—e0" 4 E= 4
% 140 - —
®
s 138~ - —
* 136 . ° i -
g - 2020000 00T T T 0 e 000 a0t E
t T -+“
134~ + —
1321 + E
L ) ) I ) Thi§ thesis ]
130 T 10 T 10
[ (GeVic) [ (GeVic)
«~ 15 T T
© I 0-10% Pb-Pb, |5, = 2.76 TeV <+ 20-50% Pb-Pb, 5, = 2.76 TeV
a I~ Data: full points T
\% N MC: empty points & T B
© 10— -IT- - —
™ L 4
o L iR 4
= - ——_| + i
I L —o—_ | — 9o 1 i
z L T ] —+ ]
- | ﬂ—‘ﬁ 4 4
~ ’ I I 1
L 560 - -
> L
()
s 1 |
€ 1 |
e L e e
r This thesis
540 4 X X

=

10 10
p. (GeVic) p. (GeVic)

FIGURE 5.8: Reconstructed mass resolution (¢ = FWHM/2.36, top panels) and mass (bot-
tom panels) for the 7° (top figure) and 7 (bottom figure) mesons as a function of the
transverse momentum for centrality classes 0-10% (left) and 20-50% (right). The points for
both data (full markers) and simulation (empty markers) are extracted using Equation 5.7.

As mentioned in the previous section, the linear part of the fit accounts for the residual
background. This is integrated and subtracted from the meson signal integral. The final raw
yields are thus obtained in the following way:

M7r_0,'q MW.O’TI
high high
N:;SV’W _ / (N'y'y _ Ncomh BG)dM’y’Y _ / (B + C . M’Y’y)dM’Y’Y‘ (59)
MO Mo

low low

The pr-differential raw yield distributions for the 7° and 1 mesons are shown in Figure 5.9
for the centrality classes 0-10% and 20-50%.

5.3.2 Monte Carlo weighting

The HIJING Monte Carlo event generator describes initial and final state effects of a nucleus-
nucleus collision. Unfortunately, the simulation fails in taking into account the full effect of
the jet quenching on the meson yields. As it can be seen in Figure 5.10, the MC input yields
for the neutral mesons do not fully match the particle production in data. The fit function
indicated in Figure 5.10 with the red line is a QCD inspired power-law. To compensate for
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FIGURE 5.9: Raw yields for the neutral pion (left) and 7 meson (right) in the centrality
classes 0-10% and 20-50%. Vertical bars indicate the statistical uncertainties.

the missing jet quenching, the MC input is weighted using the fit to the data as reference.
Moreover, the MC simulation used in this work contains additional 7° and 7 particles, to pro-
vide enough statistics at high-p, with a flat meson distribution versus transverse momentum
(described in Section 3.2.4). This input is weighted in the same way as the standard one.
The weighting procedure is done separately for the central and semi-central productions, and
also for each centrality class, given that the quenching has different magnitude in central and
peripheral events and that the number of added mesons is made to be dependent on the
impact parameter. The weighting is also iterative, and it is repeated until the fluctuations
of the weighted spectra stay well within the statistical error of the data points.

Figure 5.11 shows the ratio of the first, orange points, and last, red points, iteration for the
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FIGURE 5.10: Comparison of the neutral pion (left) and n meson (right) spectra to the
respective MC input yields for the centrality class 0-10%. The red line indicates a QCD
inspired power-law fit to the data.
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FIGURE 5.11: Ratio to the fit to the data of the unweighted MC (orange), weighted standard
(red) and added signal (cyan) MC neutral meson spectrum after the 4‘" iteration for 0-10%
(left) and 20-50% Pb-Pb collisions at /sy = 2.76 TeV. The ratio of the data points to the
fit itself is indicated with the black markers. The 7° meson is shown on the top row, while
the 17 meson is on the bottom row.

standard MC simulation to the fit to the data spectra, for 7° (top row) and 7 (bottom row)
mesons. The added signals final iteration is indicated with the cyan points. The data points
ratio, in black, are also shown for reference. Once the last iteration has given satisfying re-
sults, the MC simulations can be used to extract the corrections to apply in order to obtain
the meson invariant yields. The reconstruction efficiency from the standard MC simulation
and from the added signals are first extracted separately and then merged according to their
statistical errors. The final efficiency is given by the standard MC efficiency as long as its
statistical error is smaller than the added signals efficiency statistical error. When this is not
true above a certain pr, the added signals efficiency is taken.

5.3.3 Corrections to the raw neutral meson spectra

The sample of reconstructed neutral mesons selected with the analysis cuts is the optimal
one, considering good background rejection, good agreement between data and MC while,
at the same time, preserving the significance of the measurement.

To obtain the meson invariant yields, it is necessary to subtract the residual contaminations
from particles coming from bunches other than the one of the actual collision event (pile-up)
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and, for the neutral pion, from contamination due to pions from secondary particle decays.
Furthermore, the spectra also need to be corrected for the detector response and acceptance.

5.3.3.1 Correction for contamination from pile-up verteces

In a high multiplicity collision such as a Pb—Pb one, there can be more than one collision
vertex at a time. Given that the TPC drift time is about 92 us, it could happen that not
all the particles detected come from the same vertex. Moreover, the vertexing algorithm
reconstructs only one vertex at a time, being then temporarily blind to the others. The
verteces displaced from the centre of the experiment, not coming from the primary collision,
are called pile-up verteces and need to be rejected. It is helpful that, by definition, the pile-up
event has a vertex with a larger value of the z-coordinate. This makes their identification
possible studying the distance of closest approach distributions in the z-direction (DCA,) of
the photon candidates, that will be wide around zero. The pr-integrated DCA , distribution
for data and validated MC sources is shown in Figure 5.12 for the centrality class 20-50%.
The pile-up is not simulated in MC and it can be seen that its DCA, distribution is not
as broad as in data. Moreover, this correction is estimated only for events with centrality
larger than 20% (classes 20-50% and 20-40%): the number of neutral mesons is much higher
in central collisions and as it is unlikely to have two consecutive central collisions, thus
contributions from pile-up. In addition, the photon misidentification is also much higher in
central collisions, given the higher multiplicity.
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FIGURE 5.12: Comparison of integrated v DCA, distribution in 20-50% Pb—Pb collisions
in data (black markers) and in MC (grey markers). The contamination in MC is shown
decomposed into the separate contributions.

The typology of photons and mesons to be taken into account in the DCA analysis can be
classified in three and six categories, respectively.
The photon categories are:

1. both electron and positron tracks are TPC-only tracks (no ITS hits), which happens
for all the photons with R, > 50 cm;
2. one of the tracks has at least two I'TS hits;

3. both tracks have each two ITS hits minimum.

In the meson case, the classification is based on the photons category:
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both photon belong to category 1;
one photon from category 1, one from category 2;
one photon from category 1, one from category 3;
both photons belong to category 2;

one photon from category 2, one from category 3;

A

both photons belong to category 3;

The largest contribution to the pile-up will come from the first category. Conversely, the
last meson category, being constrained to having multiple I'TS hits on both photons, will be
basically without pile-up.

To extract the correction, the DCA, distribution for photons from pairs within the meson
mass region and in the separate categories are analysed in pp-bins. These distributions
are collected in Appendix B. The pile-up background under the DCA, peak is estimated
using the ROOT function Showbackground, with iterative steps. The pile-up contamination
fraction for both mesons is shown in Figure 5.13. Together with the standard method used
(method A for separate categories), other extraction methods with different settings for
the Showbackground function or evaluating the categories all together are shown. These
methods are used as systematic variations. Moreover, since the statistic runs out at a smaller
transverse momentum compared to the meson analysis, the contamination is fitted with a
power-law to extend it at high-p,, where the contribution is anyway negligible.

The correction at 1 GeV/c is of the order of 2% for both mesons.
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FIGURE 5.13: Contamination from pile-up verteces for the neutral pion (left) and 1 meson
(right) in 20-50% Pb—Pb collisions shown with the different estimation methods.

5.3.3.2 Correction for contamination from secondary neutral pions

Following the ALICE definition of primary particle as coming from the primary vertex, the
neutral pions we want to measure correspond to the primary ones, not coming from weak
decays. The largest secondary pions contribution comes from K decays into two neutral
pion, followed by the A decay in a much smaller fraction and by the KV decays that are
negligible. In addition, pions coming from interaction in the detector material should also
be taken into account.

In order to only have pions coming from the primary vertex in the sample, the secondary
neutral pions are subtracted after the contamination has been estimated via MC simulation.
The contributions from secondary pions are obtained from the MC simulation checking the
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identity of the particle mother. While this is a reasonable procedure for the contribution from
interactions in the material, it is not acceptable for the KU case, that has large fluctuations
at high-pr, and for K and A, that are affected by an overall lack of statistics. In order to
compensate for the the inadequate MC statistics, a hadronic cocktail simulation based on
the parametrisations of the measured (when available) spectra of K¢, K¢ and A is produced.
The mother particles are generated flat in pr, pseudorapidity n and azimuthal angle ¢, within
the same rapidity interval of the neutral meson analysis (Jy| < 0.85). The parametrised
transverse momentum distributions are then used to weight the produced sample. The
particles are decayed with the PYTHIA6 decayer, which follows the branching ratios given
in [9]. The secondary m° obtained from the cocktail are based on the parametrisations of
the fully corrected spectra, meaning that they need to be reverted to the raw yields before
it is possible to use them for correcting the primary pions. Therefore, the cocktail yields
are multiplied with the secondaries acceptance and reconstruction efficiency for K¢, KV, A,
extracted from the standard MC simulation. In this case, the efficiency fluctuations that
would propagate to the yields and make the use of the cocktail less effective, are overcome
fitting the ratio of the secondary to the primary efficiency and using the fit to scale the
primary pion efficiency and obtain a secondary pion efficiency without fluctuations. The
final step is the subtraction of the raw secondary yields from the primary neutral pion raw
yields.

In Figure 5.14 the fraction of secondary pions is shown separately for each contribution. The
examples provided here are for the centrality 0-10%, left, and 20-50%, right. The correction
at 1 GeV/cis 2.4% for central and 2.7% for semi-central collisions, and then decrease towards
high-pr. The contributions from A and K¥ are negligible.
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5.3.3.3 Correction for detector effects and acceptance

The corrections for the detector acceptance and reconstruction efficiencies are extracted from
the Monte Carlo simulations. The geometrical acceptance is defined as

Ndaughters in acceptance (pT)

7—1—0
Aoy (pr) = —2

5.10
Ny (1) (>10)

‘yl <Ymaz
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where the numerator is the number of validated true primary 7° or 1 mesons reconstructed
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FIGURE 5.15: Geometrical acceptance of the 79 (left) and 7 (right) meson in Pb-Pb colli-
sions at \/syy = 2.76 TeV in the centrality classes 0-10% and 20-50%.

in MC in the fiducial acceptance (Jy| < 0.85) with daughters also within the acceptance
(In] < 0.9), and the denominator is the number of all the validated true primary 7° or 7
mesons reconstructed in the fiducial region (Jy| < 0.85). Figure 5.15 shows the geometri-
cal acceptance for 7 and 7 mesons in the centrality classes 0-10% and 20-50%. For both
mesons, the acceptance does not depend on the particle multiplicity of the collision. The
slower rise to unity for the 17 meson is due to the higher mass compared to the 7°, resulting
in a wider opening angle between the daughter particles.

The meson reconstruction efficiency is extracted analysing the MC simulations after validat-
ing that the reconstructed photon pair come from a real (and the same) neutral pion or 7
meson. The analysis selection cuts are the same ones used for the data. This correction,
which also includes the photon conversion probability, is expressed as

N;z(x)l(i%?)xted (pT)

6 0 (pT) = au; ers in acce ance
T (T]) N;O (zf)lt pt (pT)

(5.11)

where the numerator is the number of meson reconstructed and validated with the Monte
Carlo truth, and the denominator is the same as the acceptance numerator. Differently from
the acceptance, the reconstruction efficiency depends on the collision centrality: the single
particle reconstruction efficiency is lower in central collisions due to the higher multiplicity.
Figure 5.16 shows the reconstruction efficiency for the 7° and 7 mesons in the two centrality
classes of interest.

5.3.3.4 Correction for finite bin width

An additional correction not related to the detector or event characteristic is the finite bin
width correction. The meson spectrum as a function of the transverse momentum has a
steeply falling slope, meaning that the bin centre value will not reflect correctly the value of
the yield at the given pr. To overcome this, the spectrum is shifted either in the z- or y-axis
direction according to the Lafferty-Wyatt method [203].
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FIGURE 5.16: Reconstruction efficiency of the 7¥ (left) and 7 (right) mesons in Pb-Pb
collisions at /sy = 2.76 TeV in the centrality classes 0-10% and 20-50%.

The 7° and 1 meson invariant yields will be displayed with the z-shift correction, thus the
pr shown will indicate the true transverse momentum. In the case of the 1 to #° ratio and
of the nuclear modification factor R,, the y-shift correction will be applied instead. The
choice is driven by the fact that the underling physics is different for the numerator and the
denominator and that the x-position of the point has to be the same. The correction will be
applied separately in the case of 7° and 7 in the ratio, and to Pb—Pb and pp results in the
Rya case. For both mesons, the shift is larger for higher py, with the shift for the 7 yields
being larger compared to the 7° case. In both cases, the reason is the larger width of the
transverse momentum bins.

5.4 Systematic uncertainties for the neutral meson measure-
ment

The systematic uncertainties are estimated by varying each of the selections made in the
analysis of the data sample and comparing the results obtained with the standard selection.
When possible, a tighter and looser cut selection in comparison with the standard selection
will be adopted. Otherwise, two variations in the same direction or just one variation will
be considered. The systematic deviations are studied for each transverse momentum bin.
The mean of the positive and negative deviations will give the single contribution uncer-
tainty, while the total systematic uncertainty will result from the squared sum of all the
single contributions. The cross correlation between the selection cuts, especially when they
are pp-dependent, has been checked, and special care is taken to avoid that the statistical
fluctuations influence the systematic uncertainty estimation.

In this section, the systematic selection cut variations and the single systematic uncertainty
contributions will be illustrated.
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5.4.1 Material budget

The material budget uncertainty depends solely on the current knowledge of the ALICE
detector material and is pr-independent. The mapping of the material is done studying
the photon conversions in all the geometrical coordinates, obtaining a radiography of the
detector. The procedure is explained in detail in [169].

During the detector assembly the materials used and their relative positions in the experiment
were recorded. This knowledge has been implemented in the geometry inputs used in GEANT
Monte Carlo simulations. However, the composition and design is known only to a certain
precision and some simplification have been done. The uncertainty is estimated comparing
the results from a MC simulation to the data. The error, which takes into account the rapidity
range, the event generators used and the secondary vertex reconstruction efficiency, amounts
to 4.5% for a single photon. Therefore, this is doubled for the neutral meson spectra, while
it is not considered in the ratios (1 to n° ratio and nuclear modification factor) systematic
uncertainty, as it cancels out.

5.4.2 Meson reconstruction

The uncertainties deriving from the selection cuts used to reconstruct the neutral mesons are
grouped according to what they are acting upon.

Track reconstruction: the number of TPC clusters over findable clusters and the mini-
mum electron transverse momentum give a systematic uncertainty larger at lower pr (below
1 GeV/c), where the tracks are shorter and the reconstruction efficiency drops sharply.

Electron identification: affects the selection based on the particle identification in the
TPC and TOF. This includes also the pion rejection cuts. As the variations on the TOF cut
are negligible, these are not included in the systematic uncertainty.

Photon reconstruction: gives one of the largest contributions to the final systematic
uncertainty, it includes the error from the azimuthal angle ¢ rejection, the gr, ¥pqr and x>
photon cuts. The cosine of pointing angle is also excluded from the estimation as negligible.

The complete list of the systematic variations for the meson reconstruction selection cuts is
reported in Table 5.5.

5.4.3 Signal extraction

As explained in Section 5.3.1, the raw meson yields are extracted integrating, in each pp-
bin, the invariant mass distribution after the combinatorial and residual backgrounds have
been subtracted. The systematic uncertainty related to the signal extraction depends on
the background estimation and integration window. To estimate it, the range in which the
invariant mass distribution is integrated is varied according to the values in Table 5.6 and
an alternative normalisation region is considered, on the left side of the meson peak.

Under the signal extraction systematic error, the uncertainty coming from the cut on the
photon energy asymmetry is also added (last line of Table 5.5). The mass resolution uncer-
tainty, given by the discrepancy between the data and MC estimation of the meson mass
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Quantity Standard Variation 1 Variation 2
TPC cluster ratio > 0.6 > 0.7 > 0.35

Min. pp e* > 0.05 GeV/c > 0.075 GeV/c > 0.1 GeV/c
dE/dx e-line

94 /dz.e -3 <ns <5H 4 <ny<H 2.5 <ngs <4
dE/dx 7-line

in momentum range [0.4, 2.0] GeV/c [0.4, 2.0] GeV/c [0.4, 100] GeV/c
m rej. low p <3 <2 < 2.5
O-dE/dx,ﬂ'

m rej. high p <1 <1 < -10
ng/da:nr

pmin, T rej 04 GeV/C 0.3 GeV/C —

Dmax, 7 rej 2.0 GeV/c 3.0 GeV/e -

X2 v < 30 < 50 < 20

UVpair Y < 0.1 rad < 0.2 rad < 0.05 rad
47, max < 0.05 GeV/c < 0.03 GeV/c < 0.06 GeV/c
Cut on ¢ [2.2, 3.8] rad [2.0, 4.0] rad [2.4, 3.6] rad
Q. meson < f(pr), flpr) =a-tanh(b-pr) < 0.75 < 1.0

with @ = 0.65 and b = 1.2

TABLE 5.5: Complete list of the selection criteria and their variations to evaluate the meson
reconstruction systematic uncertainty. Only one of these cuts is varied at a time to estimate
the systematic uncertainty.

Ui

Right side (standard)

Left side

Normalization window

[0.17, 0.3] GeV/c?
[0.05, 0.08] GeV/c?

[0.58, 0.8] GeV/c?
[0.35, 0.48] GeV/c?

Standard
Narrow

Wide

Integration range

[0.1, 0.145] GeV/c?
[0.12, 0.14] GeV/c?
[0.08, 0.16] GeV/c?

[0.5, 0.57] GeV/c?
[0.52, 0.56] GeV/c?
[0.48, 0.58] GeV/c?

TABLE 5.6: Variations of the normalisation range and integration windows for the evaluation
of the signal extraction systematic uncertainty.

position, is weakly dependent on the transverse momentum, thus a constant uncertainty of

1.4% is assumed for both mesons. The mass resolution uncertainty is not considered for the

n to 7° ratio. The total and single contributions systematic uncertainties on the yields for

the two meson in the two centrality classes considered are shown in Figure 5.17.

For the n to «° ratio, the systematic uncertainties are evaluated directly on the ratio, in order

to cancel out the common deviations. A systematic uncertainty about 10% smaller is ob-

tained compared to what is estimated from the separate meson uncertainties. The total and

single contribution systematic uncertainties for the n to #° ratio are shown in Figure 5.18.

The systematic uncertainty associated with the pile-up contribution and evaluated using
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different functions to calculate the background, is negligible (less than 1%) and it is not

considered.

For the 7° measurements, it was chosen to make public only the results for p; above 1 GeV/c.

The excluded data points have rapidly decreasing efficiency (2 x 10™* just below 1 GeV/c,

1 x 107 in the first bin) and large statistical and systematic uncertainties compared to the

other pr-bins, thus do not allow for a significant/reliable measurement.
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collisions at /sxy = 2.76 TeV in the centrality classes 0-10% (top) and 20-50% (bottom).

S . T T T 1 T T T T3 £ FT T T T T T T L e S e S S E
= gol— ©Yield extract. n = dE/dx e-line S‘;m% Pb-Pb, {5, =2.76 TeV ] = gol— © Yield extract. n = dE/dx e-line ]21?'50% Pb-Pb, |5, =2.76 TeV 7
% [ -dE/dx weline  ~TPC cluster - Vmﬂj'ymﬂv B % C .dE/dx reline  +TPC cluster - ycunt/vconv B
= [ .Sngee P, “2DRy, WY This thesis 1 £ [ -Singleet P, 2DRY, WY This thesis 1
E 50— +2D q *a meson -] 5 50— 2D q, «a meson -]
7 ) o Yield extract. T B 7 Y ) o Yield extract. B
S "Peon ] S L "o ]
» L .quad. sum. - » L equad. sum. -
§C ERE-E 3
o [ ] o [ ]
e L ] g [ ]
30— - 30— -
20— ] 20— ]
10— ] 10— B ]

H = B H — . ——— .

C T e e | T C e e A e e S e | TR

% 6 8 2 3 3 8

FIGURE 5.18:

10
P: (GeVl/c)

10
[ (GeVic)

Systematic uncertainties of the n/7° ratio in Pb-Pb collisions at

VSnn = 2.76 TeV in the centrality classes 0-10% (left) and 20-50% (right).






Chapter 6

Results on the neutral meson
measurements in Pb—Pb collisions

This chapter illustrates the neutral meson measurements obtained in this thesis from the
analysis of the 2011 Pb—Pb run. First, the results obtained using only the PCM method will
be shown. Then, the combination of the PCM results with the EMCal and PHOS neutral
meson measurements will be introduced and used to compare with the theoretical models.

6.1 Neutral meson transverse momentum spectra

The differential invariant yield is calculated, for each centrality class, with

¢*N &N 11 &N 1 1 1 NT (6.1
dp®  prdprdyde 27 prdydpr 27 Ney €00 Ao BR pr AyApy '

where V., is the number of events in the different centrality classes, reported in Table 3.1,
€x0(y) 18 the reconstruction efficiency and Ao(, is the acceptance for each meson in the re-
spective centrality class, as defined in Section 5.3.2. BR is the branching ratio of the decay
7%(n) — vy and N;;OW’", from Equation 5.9, the measured raw yield for the 7° (1) meson
within the rapidity range |y| < 0.85 and the transverse momentum bin Ap;. Even though
not explicitly written in the equation here, N:;OW’” has also been corrected for pile-up and, in
the case of the 7°, for the secondary pion contamination.

The spectra are shown in Figure 6.1 for the 7° (left) and 7 (right) meson. Statistical uncer-
tainties are represented by the vertical bars, systematic uncertainties by the boxes. The 7°
differential invariant yields obtained in this work have been compared to the published 7°
measurement in Pb-Pb collisions at the same centre-of-mass energy (2010 Pb—Pb run) [90].
The consistency of the two measurements has been confirmed within uncertainties . The
increased luminosity of the 2011 Pb—Pb run improves both the transverse momentum reach
and the statistical uncertainties of the neutral meson measurement, as it can be seen in
Figure 6.2. Here, the statistical errors versus transverse momentum are shown in percentage
for the 2010 and 2011 results, for the centrality classes common to both measurements. The

! Different selection criteria have been applied in this work compared to [90].
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FIGURE 6.1: Differential invariant yields for the 7° (left) and n (right) meson for the
centrality classes 0-10% (red) and 20-50% (azure) in Pb—PDb collisions at y/sxy = 2.76 TeV
measured with the PCM. The statistical uncertainties are represented by the vertical bars,

the systematic uncertainties by the boxes.

statistical uncertainty decreases from 8% to 2.5% below 5 GeV/c in the central class, and
from 5% to 3% in the 20-40% centrality class for pr <4 GeV/c. Moreover, the increased
statistics of 2011 allows for the 1 meson measurement, which was not possible before.
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Percentage of the differential invariant yield statistical errors for the 7°

meson in 0-10% (round markers) and 20-40% (square markers) Pb—Pb collisions at
VSnn = 2.76 TeV. Open markers represent the 2010 measurement [90], full markers the

results of this thesis.
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6.1.1 Comparison of the neutral and charged meson spectra

The fully corrected spectra of the 7° and 1 meson have been compared, respectively, with the
charged pion and kaon spectra in Pb—Pb collisions at the same centre-of-mass energy [204].
The pion comparison is motivated by the fact that, due to isospin symmetry, the ratio of x°
o (7" + 77)/2 is expected to be one, in the transverse momentum region of interest. In
Figure 6.3, the comparison of the measurements of the neutral to charged pion are shown for
the centralities 0-10% and 20-40%. The charged pion spectra are measured via a combined
ITS, TPC and TOF analysis [204] for the low-p; part while the high momentum part is
measured via the particle fractions in the relativistic rise of the TPC dE/dx [205]. The
ratios are consistent with unity.

/e

2.0~ 0-10% Pb-Pb |5, = 2.76 TeV

[~ 20-40% Pb-Pb |s, = 2.76 TeV

I

' 1]
s +++++++MH+++ T +aﬂ#“+ +T T + ]
- N PlTO(GeV/C) e B T;;:Bjj/c)

FIGURE 6.3: Ratio of the 7° to (7t + 77)/2 spectrum [204, 205] in 0-10% and 20-40%
Pb—Pb collisions. The error bars represent the quadratic sum of systematic and statistical
uncertainties.

The 7 meson is compared to the charged kaon spectrum because the two mesons have similar
masses and both contain strangeness. In addition, the parallel comparison of the ratio of
charged pion to kaon and of the n meson to the neutral pion, shown in the next section, helps

in discerning whether there is a difference in the radial flow of the considered particles.
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FIGURE 6.4: Ratio of the n to (KT 4+ K~)/2 spectrum [204, 205] in 0-10% and 20-40%
Pb—PDb collisions. The error bars represent the quadratic sum of systematic and statistical
uncertainties.
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Figure 6.4 illustrates the ratio of  to (K™ + K~)/2 in 0-10% and 20-40% Pb-Pb collisions.
The charged kaons are measured together with the charged pions in the same analysis. The
n to (KT + K7)/2 ratio tends to values below unity at low-py. In this transverse momentum
region, the trend of the ratio could hint at a difference in the radial low of the kaons compared
to the 7 meson. Unfortunately, the total uncertainties are too large to consider this deviation
as significant.

6.2 1n/m° ratio

The study of the n/#° ratio can give information about the particle production mechanisms
in the medium. Moreover, the comparison of this quantity to the theory models and to other
experimental results of similar nature adds to this knowledge and helps the study of the
characteristics of the particles involved.

In order to compute the 7 to 7¥ ratio, the 7° analysis is carried out also in the same transverse
momentum binning used for the n meson. The n/7° ratio is calculated using the fully
corrected yields. Moreover, the systematic uncertainties are evaluated directly on the ratio,
once the common errors have been excluded, to further reduce them (see Section 5.4).

In Figure 6.5, left, the /7" ratio is shown for the centrality classes 0-10% and 20-50%.

ﬂ: T T T ‘ T ‘ 9 T T T ‘ T ‘ ‘
\:1 o This thesis 1 8 1 o This thesis N
“| Pb-Pb, s,, =2.76 TeV | @ 7 0-10% Pb-Pb, |s,, = 2.76 Tev i
o
L 3 010 12 =g ]
 [=]20-50% 1 & F -y with n from m -scaled 0 1
0.8— | — 0.8— T —
L | i L ) i
0.6— — 0.6— —
L s » 4 L | A
|- - |- ) .
0.4— ] — 0.4— —
L ) i L \ i
0.2— — 0.2— pp Vs =2.76 TeV -
r 7 r arXiv: 1702.00917 7
i ] - e nfromm_scaled i |
1 1 ‘ 1 1 ‘ 1 1 ‘ 1 1 ‘ 1 1 ‘ 1 | | ‘ | | ‘ | | ‘ | | | ‘ | | | ‘ |

0 4 6 8 10 0 2 4 8 10

P, (GeVic) P, (GeVic)

FIGURE 6.5: Left: Ratio of the 1 to 7% meson for the centrality classes 0-10% and 20-50% in
Pb-Pb collisions at \/sxy = 2.76 TeV. Right: The ratio in the centrality 0-10% is compared
to the same measurement in pp collisions at /s = 2.76 TeV [206]. Vertical bars represent
statistical uncertainties, boxes the systematic uncertainties. The dashed lines represent the
n/m° ratio with the 7 obtained from the mr-scaling of the 7° meson spectrum measured in
the respective systems.

The ratio is also very important to verify the assumptions on the particle spectra when using
the my-scaling, where m- is the transverse mass my = {/m?2 + p% [207]. The scaling is often
adopted to obtain the transverse momentum invariant yields of the desired particles, using
the well measured reference of the charged pion, kaon and proton spectra. The underlying
assumption is that py-dependent invariant yields can be expressed as a function of my, whose
shape is common to all particle species, via a normalisation factor. It has been observed that
the scaling is violated in the low-p; region of the particle spectra for pp [208] and p—A [209]
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results at RHIC and LHC, as opposed to what was observed at lower energies [210]: the
deviation is attributed to the emergence of radial flow [208]. Nonetheless, the m-scaling is
often used in direct photon measurements and in similar cases, such as the low mass dileptons
measurement or the study of electron from heavy flavour decays. In these measurements, the
scaling is used to describe the pr-spectra of particles with electromagnetic decays necessary
for the background subtraction, via cocktail simulation (Chapter 7), but that are not yet
experimentally available. In this direction, the 77 meson measurement of this work, first of its
kind in Pb—Pb collisions at the LHC, will help in reducing the uncertainties on the cocktail
and therefore on the background estimation.

The n/x° ratio is a tool to study and quantify the magnitude of the m-scaling violation,
not only with the direct comparison to the scaling results but also with the comparison to
the pp n/7° measurement at the same centre-of-mass energy. Figure 6.5, right, shows these
results together. The n/7° ratio in 0-10% Pb—Pb collisions is compared to the one in pp
collisions [206]. The ratio computed using the 7 meson input from the my-scaled 7° spectra
is also reported here with the dashed line. It can be observed that while the mr-scaling
result is in agreement with the data points at high-pr, it fails to follow both Pb—Pb and pp
at low-pr.

Comparison to the pp 7n/7° ratio. Additional remarks to the Pb—Pb to pp collisions
comparison can be made considering that the latter represents the baseline (vacuum) be-
haviour. While the uncertainties of the Pb—Pb measurement are such that they do not allow
for a more certain statement, nevertheless, in Figure 6.5 (right), there seems to be an en-
hancement over the pp measurement at intermediate pr (2-4 GeV/c) in the centrality class
0-10%. In 20-50%, the enhancement in the same transverse momentum region is smaller. As
mentioned above, a deviation in this region could be attributed to the radial flow, stronger
in nucleus-nucleus collisions than in the pp case, more pronounced in central than in semi-
central collisions.

Comparison to the charged kaon over pion ratio. The enhancement of the spectra in
the intermediate pr region due to radial flow can also be observed in the comparison of this
thesis results to the ALICE ratio of charged kaon to charged pions [204]. It was mentioned
earlier that such a comparison is justified by the similar characteristics of kaon and 7 mesons
(mass, strangeness) and the expectation that they should behave in the same way. The
study of the two ratios would verify this assumption. In Figure 6.6, the n/7° ratio is plotted
together with the K* /7% ratio measured at the same centre-of-mass energy. Above 4 GeV /c,
the data ratios and the my-scaled lines are all in agreement at 0.47, which is the m-scaled
normalisation factor. However, at intermediate pr, the data points reach higher above the
scaling line. The enhancement is more pronounced in central collisions, consistent with a
larger radial flow due to higher multiplicity and energy density. Below 2 GeV /¢, the same
deviation between kaons and n meson observed in Figure 6.4 is visible here too. Again, the
uncertainties are large and no definite conclusion can be reached here. Nevertheless, such a
difference could be explained given the larger mass of the  meson and the influence of radial
flow: the heavier particle momentum has a larger shift towards higher-pr compared to the
lighter one, following the mass ordering already observed in Section 1.3.3.

Comparison with results from other experiments. The results obtained in this the-
sis with ALICE are compared with the PHENIX results measured in Au—Au collisions at
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FIGURE 6.6: The n/7° ratio for 0-10% (left) and 20-50% (right) Pb-Pb collisions at
Vsan = 2.76 TeV is compared to the ALICE kaon to pion ratio at the same centre-of-
mass energy [204], in the centrality classes 0-10% and 20-40%, respectively. The dashed
lines represent the ratio obtained using the 7° meson measured in the respective centrality

classes to mr-scale the n meson spectrum.

VSaw = 200 GeV [211], as shown in Figure 6.7. Both measurements are in agreement in the
two corresponding centrality ranges, with the ratio constant at the mr-scaling factor starting
at 2 GeV/c for PHENIX and at 4 GeV/c for ALICE. For the former results, the enhancement
around 2-4 GeV/c observed in this thesis work for central collisions is not visible.
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FIGURE 6.7: The 1 to 7Y ratio for the centrality classes measured in Pb-Pb collisions at
V/Snn = 2.76 TeV is compared to the PHENIX results from 0-20% (left) and 20-60% (right)
Au-Au collisions at /syn = 200 GeV [211]. The error bars for the PHENIX points represent
the total uncertainty.
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6.3 Neutral meson nuclear modification factor

The nuclear modification factor, R,,, gives insights into the suppression of the particle
spectra at high-pr in heavy-ion collisions. The formula used is:

d2NA2 /dydpy

Ras = ,
as (Thn) X dQU/dyde

(6.2)

where d2N** /dydp, are the differential yields in Pb-Pb, the nuclear overlap function (T, )
is related to the mean number of inelastic nucleon-nucleon collisions as (Txx) = (Neon)/0h
and d%c /dydpy is the pp invariant differential cross section. The pp reference for 7° and 7
is taken from [206], while Ty, and N are taken from [185]. The Ry, is used to quantify
the suppression of the high-p; particles due to their energy loss in the medium. Taking the
pp reference as the vacuum scenario, one expects that the absence of a strongly interacting
medium returns a nuclear modification factor equal to one. This was the case for the neutral
meson nuclear modification factor in p—Pb collisions [212], where the R,p), is consistent with
unity for pr > 2 GeV/c. Conversely, as introduced in Section 1.3.2, hadron spectra in
A-A collisions display a strong suppression, whose magnitude increases with the collision
centrality.

The neutral meson R,, shown in this section relies on the pp reference obtained with PCM
only. Given that the 7° and 71 spectra measured with PCM in pp collisions do not have the
same pr reach as for the Pb-Pb case (a maximum of 10 GeV/c and 6 GeV/c, respectively),
an extrapolation is used to cover the missing transverse momentum bins. The extrapolation
is based on the fit to the meson yield measurements from [206], where the combination of
PCM with the calorimeter results gives a higher reach in p;. The variation of the fit range
and of the fit function is used to estimate the related systematic uncertainty. In Figure 6.8,
the Raa for the 7° (left) and n (right) mesons are shown for the centrality classes 0-10% and
20-50%. For both mesons, a centrality dependent suppression, expected from the parton
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FIGURE 6.8: Nuclear modification factor for the 7° (left) and 7 (right) meson in the central-
ity classes 0-10% and 20-50%. Statistical uncertainties are given as vertical bars, systematic
uncertainties as boxes. The coloured boxes around unity reflect the uncertainty of the av-
erage nuclear overlap function (Tha) and the normalisation uncertainty of the pp spectrum
added in quadrature.
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energy loss in the medium, can be observed. A higher energy density is reached in central
collisions, inducing a larger energy loss on the partons traversing the medium [82].

As for the n/7° ratio, the
neutral meson measurements of the nuclear modification factor in Pb—Pb are compared to the

Comparison to the charged pion and charged kaon Rj,.

charged pion and kaon R,, at the same centre-of-mass energy, in Figure 6.9. The expectation
that neutral and the respective charged particles must behave similarly is confirmed here:

the data points fall on top of each other and agree within the uncertainties.
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FIGURE 6.9: Nuclear modification factor for the 7° (top row) and n (bottom row) meson
in the centrality classes 0-10% (left) and 20-50% (right), compared to the charged pion and
kaon Ry 4, respectively, in the same centrality classes, both measured in Pb—Pb collisions at
o = 2.76 TeV [204].

Comparison with results from other experiments. Figure 6.10 compiles a summary
of the available 7 R, 4 results in Pb—Pb collisions at /sxy = 2.76 TeV (this thesis) and from
measurements at lower energies, from the CERN SPS [93] and RHIC [91, 92]. This figure is
derived from Figure 1.12, right, where the ALICE data points have been substituted with
the newer ones from this work. As it was commented in Section 1.3.2, the “turn on” of the
suppression is clearly visible going from lower to higher centre-of-mass energies. However, the
higher statistics of the data sample used in this work shows that at high-p; the suppression
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colliders at lower energies: from Au-Au collisions at \/sxy = 39, 62.4 [91], and 200 GeV [92]
at RHIC and, for 0-10% only, the result from the CERN SPS [93] are shown.

gets smaller, hinting to a change of the underlying energy loss mechanisms where the hot

medium effects vanish in favour of a pure parton radiative energy loss mechanism [213]. In

Figure 6.11, an analogous comparison for the 7 meson is shown, with the n R, measured

at RHIC [211]. The lack of results from other energies for this meson and the fewer data

points for the ALICE measurement do not give the same broad overview as it is the case for

the neutral pion. However, it can still be observed that the ALICE points are consistently

below the PHENIX data, following the energy dependent scaling of the suppression.

<l4 T { T 1T { T 1T { T 1T { T 17T { T 1T { T 1T { T 17T { T {14 T T { T 1T { T 17T { T 1T { T 1T { T 17T { T 17T { T 1T { T T
o:< L This thesis n ALICE 0-10% Pb-Pb i n:< L This thesis n ALICE Pb-Pb |s, =2.76 TeV
12 [¢]Vsw=2.76 TeV N 12 [=]20-50% B
L n PHENIX 0-10% Au-Au ] C n PHENIX Au-Au \s,,, = 200 GeV |
o |s,, =200 GeV 1 020-40%  020-60% B
1.0 —] 1.0 —
0.8 — 0.8— —
0.6 — 0.6— —
0.4— IIH — 0.4— % % % ¥ -
[ ] [ = ]
02 m 5 ; b % % % % - 2
L 11 l 1 1 | l 11 1 l 11 1 l 11 | l 1 1 | l 11 1 l 11 | l 1 ] L 11 l 11 1 l 11 | l 1 1 | l 11 1 l 11 | l 11 | l 1 1 l 11 i
0% 18 O 2 4 6 8 18
P, (GeV/c) P, (GeVic)

FIGURE 6.11:

Nuclear modification factor Rp, of the n meson in Pb—Pb collisions at

VSnn = 2.76 TeV for the centrality classes 0-10% (left) and 20-50% (right), compared
to results from Au-Au collisions at /syxy = 200 GeV measured at RHIC [211].

These comparisons have been repeated with the combined PCM, PHOS and EMCal mea-
surements, introduced in the next section. The higher p; reach of the combined measurement

confirms the conclusions reached here (the figures are reported in Appendix D).
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6.4 Combined PCM, PHOS and EMCal analysis

Neutral mesons are also measured in ALICE with the two electromagnetic calorimeters,
PHOS and EMCal. While the analysis of the 2011 Pb—Pb data was not pursued with the
PHOS calorimeter, it was completed using the EMCal for minimum bias events. The neutral
meson analyses using PHOS or EMCal alone are not part of this thesis work. More details
on both can be found in [90, 214].

The pr range of the PCM 7 meson goes from 1 to 14 GeV/c, while the EMCal 7° mea-
surement extends from 4 to 20 GeV/c. Moreover, as it is already published in [90], the 7°
measurement obtained from the 2010 Pb-Pb data with the PHOS calorimeter is also in-
cluded, further reducing the 7° total uncertainties. This addition is valid only for the =°
spectrum and R,, in the centrality class 0-10%, since this is the only centrality class com-
mon to all three methods. The 2010 PCM #° meson measurement is not included because
it is consistent with the 2011 measurement and has larger statistical uncertainties, as shown
in Figure 6.2. Similarly to the 7°, the 7 meson measurements from PCM and EMCal are
combined, while no 77 meson measurement exists for the PHOS calorimeter. The p; reach in
this case is 1-10 GeV/c and 4-20 GeV/c for PCM and EMCal, respectively. The transverse
momentum ranges for the neutral meson combined analysis are summarised in Table 6.1.

0

i n

PCM EMCal PHOS PCM EMCal
0-10% | 1 -14 GeV/c | 4 -20 GeV/c | 1 -12GeV/c | 110 GeV/c | 4 - 20 GeV/c
20-50% | 1 - 14 GeV/c | 4 - 20 GeV/c - 1-10 GeV/e | 420 GeV/c

TABLE 6.1: Transverse momentum ranges for the 7° and 7 meson measurement. The
combination is between PCM and EMCal for the n meson in both centralities and for the
7m0 in the centrality class 20-50%. For w° in 0-10%, the combination is done among PCM,
EMCal as well as previously published results using the PHOS detector [90].

The invariant yields, the n/7° ratio, the Ry, of the combined PCM and EMCal analysis
are computed separately for each of the methods. In particular, the choice of combining the
ratios instead of calculating them with the combined spectra is driven by the possibility of
cancelling the common errors in the respective analysis, reducing the systematic uncertain-
ties. The results of the different methods are combined in the common p; region with a
weighted average, where the weights are given by the statistical and systematic errors [9)].
The formula used for the combination is

I+6F = Zzuif + (3, w) (6.3)

where w; = 1/(6x;)? is the weight associated to the value z; of error éx; of the ith measure-
ment (PCM, EMCal or PHOS), all summed over the total number of measurements.

The combined neutral meson invariant yields are plotted together for the centrality classes
0-10% and 20-50% in Figure 6.12. The black dashed line indicates the fit to the data using
the two-component model (TCM) proposed by A.A. Bylinkin and A.A. Rostovtsev [215, 216]:

3N 2+ M2-M A
E——F = Acexp < Prt ) + — (6.4)
w E (1+4)
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FIGURE 6.12: Differential invariant yields of the 7° (left) and »n (right) meson in the cen-
trality classes 0-10% and 20-50% from the combined PCM, PHOS (for the 7° 0-10% only)
and EMCal analysis. The dashed black lines correspond to the fits to the data with the
Bylinkin-Rostovtsev two-component model from Equation 6.4.

where A, and A are the normalisation factors (in GeV—2¢3), T, and T (in GeV) are temperature-
like parameters, n is the power-law order and M the meson mass (in GeV/c?). The param-
eters extracted from the fit to the combined spectra are reported in Table 6.2. To ensure
the convergence of the fits, the normalisation parameter A is fixed to a value resulting from
a systematic study of the parameters of the two separate components of the TCM function
and their variation within different constraining values.

m 1
0-10% 20-50% 0-10% 20-50%
Ae (GeV=2e3) | 170 £ 21 34+ 7 15.6 £ 54 | 4.0 +25
T. (GeV) 0.37 & 0.01 | 0.38 4+ 0.02 | 0.43 + 0.03 | 0.42 & 0.06
A (GeV~2e3) 840 fixed 80 fixed 100 fixed 2 fixed
T (GeV) 0.34 & 0.01 | 0.47 4+ 0.01 | 0.37 £ 0.03 | 0.76 & 0.05
n 3.00 £ 0.05 | 3.00 £ 0.05 | 27+0.1 | 3.0+0.1

TABLE 6.2: Parameters of the fits to the differential invariant yields of 7#° and 1 mesons
from the combined PCM, PHOS (for the 7° 0-10% only) and EMCal analysis, using the
Bylinkin-Rostovtsev two-component function from Equation 6.4.

Figure 6.13 shows the ratio of the spectrum for each individual method over the fit of the
combined spectrum for the 7° (left) and n (right) meson in the centrality class 0-10% (top
panels) and 20-50% (bottom panels). The fit to the combined spectrum is also used for the
bin-shift correction of the steeply falling spectrum, applied to the individual measurements
to set the data point at the true yield value in each pr-bin, introduced in Section 5.3.3.4.

Appendix D contains a compilation of figures showing the separate PCM, PHOS and EMCal
results prior combination, as well as the final combined results. The same physical conclu-
sions reached for the PCM only measurements in Section 6.1, Section 6.2 and Section 6.3 are
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FIGURE 6.13: Ratio of the spectrum of the individual measurements to the fit of the com-
bined spectrum for the 7% (left) and 7 (right) meson in 0-10% (top panels) and 20-50%
(bottom panels) Pb-Pb collisions. The EMCal measurement is the input of a ALICE pre-
liminary results [214]. The statistical uncertainties are represented by the vertical bars, the
systematic uncertainties by the boxes, as also noted in the legend.

valid also for the combined results. The inclusion of the combined results has been considered
helpful within this thesis work, given the higher p; reach and smaller uncertainties of the
measurement.

6.5 Comparison of the results with models

In the following paragraphs, the combined PCM and EMCal (and PHOS, when available)
measurements will be compared to the latest theoretical predictions.

Invariant yield of the 7° and 1 meson

Figure 6.14 shows the comparison of the 7° and 7 meson spectra to a (non)equilibrium statis-
tical hadronisation model, (N)EQ SHM [217, 218], and to the EPOS2 event generator [219)].
Both versions of the statistical hadronisation model (SHM), the equilibrium and the non-
equilibrium one, focus on the low-pr region (below 3 GeV/c). The two predictions are based
on the Cracow single-freeze-out model [220], which assumes a simultaneous chemical and
kinetic freeze-out (no rescattering after freeze-out) and adopts a hydrodynamical descrip-
tion with longitudinal and transverse flow. The feed-down from resonance decays is also
properly integrated. The (N)EQ model uses the single-freeze-out model that is implemented
in THERMINATOR, a Monte Carlo event generator for particle production in heavy-ion
collisions following the thermal model description [221]. The thermodynamic parameters
(temperature, quark occupancy, etc.) are taken from [222, 223]. The NEQ model differs
from the EQ one for the quark phase-space occupancy, which is larger than unity. This
entails a lower temperature and/or a smaller volume of the system. Two other parameters
are also considered: the transverse size, 7,,.., and the invariant time of the freeze-out, 7.
These are extracted from the fit to the measured charged pion and kaon spectra.

The equilibrium model gives a good description of the charged pion, kaon and proton results
from RHIC, as shown in [220]. This is not the case for the LHC data. An enhancement
of the pion spectra for py < 0.3 GeV/c is observed with respect to the model, while the
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FIGURE 6.14: Combined PCM and EMCal differential invariant yields for the 70 (left)
and 7 (right) meson for the centrality classes 0-10% and 20-50% in Pb-Pb collisions at
VSnn = 2.76 TeV compared to the EQ SHM [218], NEQ SHM [217] and EPOS2 [219]
predictions for the respective centralities.

proton-antiproton yields are lower than expected, anomaly also present in the comparison
to other statistical models. Conversely, the non-equilibrium model successfully describes not
only the pion and kaon but also the proton spectrum, even if the latter is excluded from the
fitting procedure. The NEQ model shows good agreement also with strange particles such
as KY, K*(892)" and ¢ [224].

EPOS2 is an event generator that aims at having a full description of the event and particle
production, from soft to hard regime, in order to have generated events as similar as possi-
ble to real experimental events. To do so, the soft processes and jets are treated together,
controlling the underlying event. A hydrodynamic evolution is also implemented.

EPOS2 has a multiple scattering approach that relies both on the Gribov-Regge theory and
on pQCD. A hard scattering is accompanied by the emission of off-shell partons (initial state
space-like cascade), each of which will give further parton emission (final state time-like cas-
cade). This is referred to as a single, elementary object called parton ladder. The multiple
scattering is thus interpreted as the exchange of several parton ladders in parallel. In the final
state, parton ladders are identified with flux tubes and particle production is described by the
Lund String Model [225]. Once the strings are broken, they will contribute either to the bulk
matter, which will evolve hydrodynamically, or to the jets. Depending on the string position
in the medium and on its energy loss, a different classification is done. One can assign strings
to the bulk matter if they are produced far from the surface and if they have energy loss
larger than their total energy (AE > FE, for details see [219] and references therein). If the
string is produced outside of the matter and outside of the hadronisation surface, its segment
will escape untouched (hadron jets). Lastly, if the string is produced inside the matter but
it still has energy large enough to escape, it will form a hadron jet but its properties will
be modified by the interaction with the flowing matter, e.g. the string breaking will involve
also quark and anti-quark of the fluid, thus carrying a certain flow velocity. The end result
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is a prediction extending from low-p; up to about 20 GeV/c, where the particle production
at low-pr is driven by hydrodynamics while hard scatterings are dominating at high-pr.
The comparison of the ratios of data and theoretical predictions to the data fit, shown in
Figure 6.15, gives a clearer image of the agreement of the different theory models with the
neutral mesons results. The EQ and NEQ SHM models, indicated with the cyan and green
line respectively, show a similar, overall good agreement with the 7° points in both centrali-
ties, with a slight overestimation of the 7° meson yields at low-p in semi-central collisions.
Analogous behaviour can be observed for the EQ SHM comparison to the n meson. Surpris-
ingly though, in this case, the NEQ SHM prediction underestimates the yields by about 2.5
and 1.50 in the 0-10% and 20-50% central class, respectively. Several iterations with the
theory colleagues seem to suggest it could be attributed to an earlier freeze-out for the 7
meson, being a heavier particle, also considering that the model reproduces well the charged
kaon yields. In addition to the 7 meson, the p°, ¥(1385), A(1520) and =(1530) predictions
for this model also show significantly different results in the two versions [218]. The EPOS2
prediction, lilac dashed line in the figure, agrees with the 7° meson data in the low and inter-
mediate pr region for central collisions and at low-p; for semi-central collisions. However, it
overestimates the yields above 4 GeV/c in both centralities, even if by a different magnitude.
The agreement between the 1 meson yields and EPOS?2 is partial at low and intermediate pr,
but the data is by far overestimated above 4 (3) GeV/c in central (semi-central) collisions.
Also in the case of this model prediction, the divergence between 7 meson data and theory
has been widely discussed. It is understood that the wave function assumed for the 1 me-
son is a simplification, and a better prediction could be delivered with a more sophisticated
treatment.
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FIGURE 6.15: Ratio of the combined PCM and EMCal differential invariant yields to their
fit for the 7° (top row) and n (bottom row) meson for the centrality classes 0-10% (left
panels) and 20-50% (right panels) in Pb-Pb collisions at y/sxy = 2.76 TeV compared to the
ratio of the EQ SHM [218], NEQ SHM [217] and EPOS2 [219] predictions to the same fit,
for the respective centralities.

n/m° ratio
In Figure 6.16 the combined PCM and EMCal n/#° ratio is compared to the EQ SHM [218],
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NEQ SHM [217] and EPOS2 [219] predictions, introduced in the previous section, and to
the DCZW pQCD [226] calculation. The NLO pQCD calculation of DCZW focuses on
the n meson production at large p; and in high energy environment (RHIC and LHC).
It is assumed that the parent parton undergoes multiple scatterings in the QCD matter,
losing energy via gluon emission before hadronisation (higher-twist approach). The parton
energy loss and the modifications it induces in the parton fragmentation functions (FF's)
will depend on the jet transport parameter, which characterises the medium properties. The
FFs for 7° and n meson adopted are the AKK [227, 228] and AESSS [229], respectively,
while EPS09 [230] is taken as NLO nuclear PDF. The medium evolution is then treated
with an ideal hydrodynamics description. With the initial time of the QGP medium fixed
at 79 = 0.6 fm, the only parameter left free to vary is the initial value of the jet transport
parameter, go. The strength of the jet-medium interaction is directly proportional to go.
The higher-twist approach together with NLO pQCD is used to describe the 7° and 7 meson
production both in pp and A—A collisions.
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FIGURE 6.16: Comparison of the combined PCM and EMCal n/7° ratio for the centrality
classes 0-10% (left) and 20-50% (right) in Pb-Pb collisions at /synx = 2.76 TeV to the EQ
SHM, NEQ SHM [217], EPOS2 [219] and pQCD DCZW [226] theory calculations.

From Figure 6.15, it is clear that the conclusions reached regarding the comparison of the
(N)EQ SHM and EPOS2 predictions to the  meson spectra can be repeated here. While
EQ SHM gives a good description of the n/7° ratio, NEQ SHM underestimates it by about
2.50. EPOS2 describes the data in both centralities at low-pr, but largely overestimates
them above 3-4 GeV/c. DCZW provides their calculation only for the 0-10% centrality
class. The flavour dependent energy loss (jet quenching) will lead to a stronger suppression
for gluons than for quarks and this suppression is stronger for the 7° than for the n meson.
The final effect is an enhancement of the n/7° at intermediate py. These conclusions are in
agreement with the experimental data, even though the enhancement seems to be slightly
overestimated. In particular, in the region from 4 to 10 GeV /¢, the ratio is especially sensitive
to go, as it can be observed in Figure 5 of [226]. The values of ¢y assumed for the calculation
shown here are gg = 2.2 #+ 0.4 GeV?/fm. Therefore, given the comparison to the data points,
smaller values of ¢y seem to be favoured.
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Nuclear modification factor of the 7° and n mesons

The NLO pQCD calculation by DCZW is compared to the nuclear modification factor of the
7 and 1 meson, together with the predictions from the WHDG model [231-233] and the
Djordjevic et al. model [234-236].

The WHDG model includes elastic and inelastic parton energy loss and jet path length
fluctuations into the standard treatment of jet quenching with pQCD. In particular, the
combination of elastic and path length fluctuations gives a more realistic geometric descrip-
tion. Already for a fixed value of path length they observe that the inclusion of the elastic
energy loss increases the quenching for every flavour and that highly quenched gluons reduce
the pion R,,. These observations are confirmed when considering path length fluctuations.
This effect is explained by the difference between the elastic and inelastic energy loss fluctu-
ations. The latter are dependent on the number of gluons radiated, whose fluctuations lead
to significant modification of the radiative energy loss. On the other end, elastic energy loss
fluctuations depend on the number of collisions, whose fluctuations are small if compared
with the path length considered, thus not influencing the nuclear modification factor sup-
pression as much as the inelastic energy loss.

The prediction by Djordjevic et al. has basic assumptions similar to those of the WHDG
model. A generic pQCD approach is used for the quenching description and path length
fluctuations are taken into account in the calculations. In addition, radiative and collisional
energy loss are treated separately, given the assumption that the amount of energy lost is
small (soft-gluon approximation), and the running of the coupling constant is also factorised
separately. Furthermore, the jet to hadron fragmentation functions [237] are taken to be the
same in Pb-Pb and e*e™ collisions, assuming the presence of a deconfined QCD medium.
In [236], the resulting calculations are compared to several independent nuclear modification
measurements from ALICE, showing good agreement in all of them and giving confirmation
of the reliability of the theoretical framework.

Figure 6.17, left, shows the comparison of the NLO DCZW, WHDG and Djordjevic predic-
tions to the nuclear modification factor of the 7° meson in 0-10% and 20-50% centrality

class.
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FIGURE 6.17: Comparison of the combined PCM, PHOS (only for the «° in 0-10%) and
EMCal Ra 4 for the 7° (left) and 7 (right) meson in the centrality classes 0-10% and 20-50%
in Pb-Pb collisions at /sxy = 2.76 TeV to the NLO pQCD calculation by DCZW [226],
WHDG [231-233] and Djordjevic et al. [234-236] (only for the 7° in 0-10%) predictions.
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It can be observed that the NLO DCZW model shows a good agreement with the most
central result over all the transverse momentum range. The WHDG and Djordjevic predic-
tions, instead, are respectively overestimating and underestimating the suppression of the 7°
meson R,, by about 1o. On the other end, the Djordjevic model predicts the right amount
of suppression for the Ry, in 20-50%, while in the WHDG model the quenching is strongly
overestimated (~ 40).

Similar observations can be done for the comparison to the n meson R,,, in Figure 6.17,
right. The WHDG model predicts an R,, suppression stronger than observed in data for
both centralities (30 and 20 in 0-10% and 20-50%, respectively). The NLO pQCD calcula-
tion by DCZW overlaps with the experimental data only above 12 GeV/c. The expectation
of a smaller suppression of the 1 meson R,, is in agreement with the conclusions reached
for the comparison of this same model to the n/7° ratio results, where the enhancement at
intermediate pr is also overestimated. In Figure 6.17 it emerges that the calculation for the n
meson is at the origin of the discrepancy. This measurement could help improve the DCZW
model, since its calculations are based on fragmentation functions that are little constrained
for the n meson.






Chapter 7

Cocktail simulation

The photons coming from particle decays constitute the largest background for the direct
photon measurement. A Monte Carlo simulation called “cocktail” is employed to quantify
which fraction of the total measured photon yield is due to decays, basing this estimation on
the yields of hadrons which decay in one or more photons. In this chapter, the steps for the
production of a cocktail will be described.

7.1 Input parametrisations for the cocktail simulation

In Section 1.3.6.2 the main sources of decay photons are described. The MC simulation from
which the decay photon spectrum is estimated is called “cocktail simulation”. The parti-
cles of interest are generated flat in py, rapidity and azimuthal angle and are then decayed
using the PYTHIAG decayer and according to the stored branching ratios, listed fully in
Table E.1. When available, the measured yields of decay photon sources are parametrised
and the parametrisations are used to properly weight the generated p; distribution. When
measured yields are not available, the m -scaling approximation is used to estimate the yields
of the missing particle, taking as reference the 7° or the proton in the case of a meson or a
baryon, respectively. Being an approximation, the m,-scaling approach is subject to biases,
since it has been observed it is slightly violated below 2 GeV/c.

In an effort to generalise the cocktail simulation and make it available to all the ALICE
analyses requiring it (direct photons, dileptons and electrons from heavy flavour decays),
measured particle spectra, particle ratios and their parametrisations have been collected in
a common framework. Part of this thesis work is the documentation and the parametrisa-
tion of the existing ALICE measurements of decay photon sources for Pb—Pb collisions at
V/sxn = 2.76 TeV. These particles are: 7°, 7, 7+ and K* (not used for the photon decays but
as placeholder or cross-check for 7° and 7)), protons (for the baryons mr-scaling), ¢, p°, K9
and A. Figure 7.1 illustrates the particle spectra and ratio measurements that are available
for the centrality class 0-10%. The collected inputs are converted, when needed, in yields
(dN/dpr) and fitted separately for the available analysis methods and for each centrality
class. Even though for the interest of this section the focus will be on the centrality classes
0-10%, 20-40% and 20-50%, the input spectra are available also in 0-5%, 5-10%, 10-20%,
40-60% and 60-80%.
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FiGURE 7.1: Collection of the available measurements for the production of the cocktail
simulation input parametrisations in the centrality class 0-10% [90, 204, 238, 239].

The two largest contributions to the decay photon spectrum, 7° and 7 mesons, are studied

in the first part of this thesis with PCM. For the same particles, the measurements with

PHOS and EMCal, separate and combined, are also included. The results for the remain-

ing particles are provided by other ALICE measurements, summarised in Table 7.1 for the

relevant centralities. Moreover, K and A are also reported here because they are produced

in the same environment, to provide the reference for the secondary photons (Section 8.2.2)

and secondary pion (Section 5.3.3.2) correction. The full list of particles with photon decays

used as sources in the cocktail simulation can be found in Table E.1.

Particle Centrality Ref.
0-10% 20-40% 20-50%
™ | v(PCM, EMCal, PHOS) | v (PCM, PHOS) | v (PCM, EMCal) | this thesis, [214], [90]
7 v (PCM, EMCal) v (PCM) v (PCM, EMCal) this thesis, [214]
n/m° v (PCM, EMCal) v (PCM) v (PCM, EMCal) this thesis, [214]
10) v v - [238]
K v v - [239]
A v v — [239]
K2/A v v - (239]
P’ - v - -
D v v - [204]

TABLE 7.1: List of the available measurements for the production of the cocktail simula-
tion input parametrisations. The check-mark in the centrality column indicates available
measurements. The missing references are due to unpublished results.

Given the variety of transverse momentum ranges and shapes of the particle spectra (and

ratios), no unique functional form has been found that could fit all the measurements at the
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same time. However, a satisfying fit of most of the particle yields is given by the function [240)]

P )_N\/p%JrMQ—pT-BeX pr - B — /P + M? +N< a >”1+N< b >"2
Py = Ny VTS T, \1+pr \1+pr
(7.1)

where N,, N, and N, are normalisation factors, M is the particle mass (in GeV/c?), B the flow

velocity, pr the transverse momentum (in GeV/c), T, the kinetic freeze-out temperature
(in GeV) while a, nq, b and ng are the parameters of the two Hagedorn functions which
constitute the second and third term of this function. The spectrum described by the first
term corresponds to an emitting source moving with velocity 5 towards the detector (similarly
to the Blast-Wave function described in Section 1.3.3). The combination of a soft term, the
first, with two hard scattering terms, second and third, is responsible for the flexibility of
this function and allows for fitting with equally good results particles with different mass and
spanning a large pr range (from 0.3 GeV/c up to 21 GeV/c), where the underlying physics
changes with increasing pr. In Figure 7.2, an example of the parametrisations of 7° and 7
for the combined measurement with Equation 7.1 is shown for 0-10% Pb-Pb collisions.
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FIGURE 7.2: Combined 7° (left) and 7 (right) meson yields for 0-10% Pb-Pb collisions
fitted with the function given in Equation 7.1.

For the spectra where the use of Equation 7.1 does not give an optimal result, a modified
version of the Hagedorn function, used by PHENIX in Au-Au collisions [241], is adopted:

F(r) = A(exp (~ (apr +0p2) + 27) (7.2)

where A (in GeV/c) is the normalisation factor and n the power-law order. The parameters
a and b are in (GeV/c)~! and (GeV/c)~2, respectively, and pg in GeV/ec.

The fit used to parametrise the particle ratios is typically given by the ratio of the two func-
tions used to fit the respective spectra, Hagedorn or a soft and hard scattering combined
function, like a simplified version of Equation 7.1.
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The fits are varied in order to estimate the related systematic uncertainty. The standard
parametrisation is shifted with a linear or second order polynomial, within the yield system-
atic uncertainty and depending on p;. A cocktail simulation is produced for each parametri-
sation set, one standard simulation, that will be used to estimate the decay photon spectrum,
and four more to estimate the systematic uncertainty: two types of shift in the upward and
downward direction with respect to the positive and negative systematic error.

7.2 Output of the cocktail simulation

Figure 7.3 shows the relative contributions to the total decay photon yields resulting from
the cocktail simulation for the centrality classes 0-10% and 20-40% (very similar to the
contributions in 20-50%, not reported here).

decay
L1l

decay
L1l

from from

S Y d SPq02 Y -
ZYE o o e 229 0 o e E
R T e S 18 F e, -0 -8 oA P —Kg i
2 10z _KL =N S 10 _KL —N

> E > E

11 muﬂ
11 muﬂ

T
1 XHHA

=
o
i
T

f w ol
=
o
i
T
|

!

1 HHHA

-HHH 1 HHHA 1

10°% ey e~ ——

N

E  ALICE simulationthis thesis)

10
P, (GeVic)

— |
10 6 1 1 L1 11 l 10
P, (GeVic)

FIGURE 7.3: Relative decay photon contribution to the total decay spectrum yield for the
centrality class 0-10% (left) and 20-40% (right).

To cross check that the cocktail simulation is consistent with the neutral meson yields, the
m° and 7 spectra obtained from the cocktail are compared to the measured yields, as shown
in Figure 7.4 for the 0-10% centrality class. The cocktail simulation is produced with enough
events to have small statistical errors, that are of about 1%. The fluctuations visible in the
ratio of the data spectrum to the cocktail spectrum are coming from the data and cannot be
fully described by the parametrisation.
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Chapter 8

Inclusive and direct photon

measurement with the Photon
Conversion Method in Pb—Pb
collisions

The direct photon analysis follows a similar workflow as the neutral meson analysis. In this
chapter, the selection criteria will be redefined when is necessary for the requirements of the
direct photon analysis. The corrections to the inclusive photon measurement will then be
addressed.

The direct photon analysis is carried out in the centrality classes 0-10%, 20-40% and 20-50%.
Only the figures for the first two classes will be shown in this chapter to avoid redundancy
between the classes 20-40% and 20-50%, that have very similar behaviour.

8.1 Electron and photon selection for the inclusive and direct
photon measurement

The main requirement of the direct photon analysis is to have a high purity of the photon
sample, maintaining, at the same time, a high reconstruction efficiency. However, it is also
necessary that the neutral pion invariant spectra obtained with the photon analysis selection
criteria are consistent with the same measurement derived from the selection criteria of
Chapter 5. Keeping these requirements in mind, the latter set differs from the former only in
what concerns the pion rejection based on the specific energy loss in the TPC. The rejection,
which was less strong at high momentum in the meson analysis, is kept with a rejection of
+30 around the pion dF/dz hypothesis for the entire electron momentum range. All the
other selection criteria are maintained the same.

In Figure 8.1, the decomposition of the residual photon combinatorial background obtained
from MC simulations is shown for each identified source over the primary photon signal. The
largest overall contamination is due to electron and positron pairs not originating from the
same photon, but randomly associated together. Given its nature, this background cannot

109
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FIGURE 8.1: Ratio of the identified sources of combinatorial background over the primary
photon signal in 0-10% Pb—Pb collisions obtained from the MC simulation.

be further reduced without a loss of signal. The e*e™ contamination can be reduced only
using geometrical cuts, such as the x? and 1,.;, cuts. This type of geometrical cut strongly
affects the yields and the efficiency at low-pr, therefore the optimal values of x? and .
for the photon analysis have been carefully studied to give both good purity and sufficiently
high efficiency. The second largest overall combinatorial background is given by electron and
pion pairs. At low-pr, a significant contamination is also given by the electron-proton and
pion-proton random associations. These contributions can be reduced using PID cuts on the
TPC dE/dz. A rejection cut similar to the one used for the pion signal has been studied
also for the proton. Unfortunately, the loss of signal in this case is too large compared to
the improvement in the background level, thus the proton rejection has not been adopted as
a selection criterion.

The primary photon sample obtained after all the selection cuts have been applied is analysed
in transverse momentum bins. The stronger pion rejection results in lower statistics available
in the neutral pion invariant mass distributions at intermediate and high-p,. Given that the
m° measurement is necessary for the direct photon signal extraction, a different binning
compared to the neutral meson analysis needs to be adopted. To ensure small fluctuations
and the same transverse momentum reach as before, some of the intermediate pr bins have
been merged with respect to the meson measurement of Chapter 5.

8.2 Corrections to the inclusive photon spectra

Like in the meson analysis, the inclusive primary photon spectrum needs to be corrected for
signal contamination and inefficiencies. The corrections applied are for pile-up, contamina-
tion from photons from secondary particles, purity of the photon sample, photon conversion
probability and reconstruction efficiency. To avoid repetitions, only essential information
and the pertinent figures will be shown here. For details, see Chapter 5.
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8.2.1 Correction for photons from pile-up verteces

The estimation of the number of photons from pile-up verteces is obtained studying the z-
coordinate of the DCA distribution of photon candidates. Photons from pile-up events have
a misplaced vertex, thus give a broad DCA, distribution. The background is evaluated with
the same procedure described in Section 5.3.3.1 from which the correction factor shown in
Figure 8.2 is extracted. For both centralities, the correction at pr = 1 GeV /¢, where it is
largest, is about 1%.
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FIGURE 8.2: Inverse of the correction factor for photons from pile-up verteces in 20-40%
(left) and 20-50% (right) Pb—Pb collisions.

8.2.2 Correction for contamination from secondary photons

Primary photons are defined as photons coming from the initial collisions or from the decay
of primary particles. In order to have a sample with only primary photons, the contributions
from weak decays or secondary particle decays need to be subtracted.

The secondary photon contamination is estimated similarly as for the secondary pion con-
tamination (Section 5.3.3.2), relying on a data driven approach using a cocktail simulation
together with the validated MC signal to increase the pr reach and have a realistic de-
scription. The secondary particle spectra from the cocktail are multiplied by efficiency and
conversion probability in order to obtain the raw spectrum for each contamination, to be
subtracted from the inclusive primary photon spectrum.

Figure 8.3 shows the fraction of secondary photons for the separate contributions in 0-10%
and 20-40% Pb-PDb collisions. The correction at pr = 1 GeV/c is 2.7% for central and about
3-3.5% for semi-central collisions, and then decreases towards higher pr. The fraction of
secodaries from K9 and A is negligible.

8.2.3 Photon purity

As it can be observed from Figure 8.1, the analysis selection criteria are not able to remove
all the combinatorial background from the photon sample. The residual contamination is
accounted for with a purity correction. The purity of the photon sample is extracted from
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FIGURE 8.3: Fraction of secondary photons shown separately for each contribution in 0-10%
(left) and 20-40% (right) Pb—Pb collisions.

the MC simulation and is given by

Nvalidated primary

(pr)
P —_ Trec,y i
") = N )

(8.1)

which is the ratio of the reconstructed and validated primary photons over all the primary
reconstructed photon candidates. The correction is estimated and applied after the secondary
photon contamination has been subtracted from the respective spectra.

The purity for central and semi-central collisions is shown in Figure 8.4. As expected,
the purity drops at low-pp, where the higher combinatorial background is located. The
largest contribution in this region comes from the random association of eTe™ pairs, and is
irreducible. The others largest fractions to the combinatorial background are given by e*7 ¥
and e®p(p) pairs, which can be partially reduced with rejection cuts on the pion or proton
TPC dE/dx. Moreover, the purity is lower for central than for semi-central collisions because
of the higher track multiplicity and therefore higher probability of a random association of
the track pairs.
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FIGURE 8.4: Purity of the reconstructed photons in 0-10% and 20-40% Pb—Pb collisions.
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8.2.4 Efficiency correction

The photon reconstruction efficiency is defined as

lidated pri
( ) B N;Zé;ya e prlmary(pT
67 pr) = Nconverted( gen-)
MCy \PT

rec.)

(8.2)

where the numerator is the number of reconstructed and validated primary photons and
the denominator is the number of generated primary converted photons. The transverse
momentum expressed at numerator, p®, is the momentum with which the photon candidates
are reconstructed, while, at denominator, p&" indicates the momentum with which the
conversion photon has been generated in the simulation. The difference between the two is
due to the finite resolution of the detector that do not allow for a perfect reconstruction,
present also in data. In order to properly account for the detector resolution and efficiency,
the inclusive photon spectrum is unfolded with two different techniques, bin-by-bin and
iterative or Bayesian [242]. The bin-by-bin unfolding consists in obtaining the efficiency
from the ratio between the events in a certain bin of the reconstructed distribution over
the events in the same bin of the true distribution, as in Equation 8.2. In both cases, the
unfolding is carried out with the RooUnfold ROOT package [243, 244]. The effects due to the
finite resolution of the detector are estimated mapping the true, generated pr distribution
onto the reconstructed one via a response matrix. The response matrix is shown in Figure 8.5

for the centrality 0-10% and 20-40%.
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FIGURE 8.5: Response matrix of the reconstructed and generated photon prp for 0-10%
(left) and 20-40% (right) Pb-Pb collisions.

The distribution of the photon reconstructed p; is given by the projection of the response
matrix on the z-axis, while the true p; distribution is given by the projection on the y-axis.
When using the Bayesian unfolding, a regularisation parameter is needed to avoid that
statistical fluctuations of the measured distribution are interpreted as real structures of the
true distribution. This parameter is given by the number of iterations in which the prior is
updated with the information from the previous loop. Given that the difference between the
true and reconstructed pr distribution is not large, the number of iterations taken is 4.

In Figure 8.6, the photon reconstruction efficiency estimated with the different methods
are compared. The efficiency calculated with Equation 8.2 (yellow points) is to be compared
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FIGURE 8.6: Photon reconstruction efficiency for the centrality classes 0-10% (left) and
20-40% (right). The efficiency calculated with Equation 8.2 is shown in yellow, while the
efficiency without the correction for resolution effects in black and with resolution effects
(Bayesian unfolding) in blue.

with the efficiency corrected for finite resolution effects estimated with the Bayesian unfolding
(blue points). For comparison, the efficiency without resolution correction is shown with the
black markers. To correct the inclusive photon spectra, the efficiency obtained with the
Bayesian unfolding is used, while the bin-by-bin one is taken as cross-check.

8.2.5 Conversion probability

The conversion of a photon into an electron-positron pair depends on its transverse mo-
mentum, on the material it encounters and with which it may interact. The conversion
probability, applied to the inclusive spectrum to account for the detector material budget, is

calculated as N ()
e (o
C’Y (pT) = all .

MCy (pr) (8:3)

from MC simulations and is shown in Figure 8.7 for 0-10% collisions.
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FIGURE 8.7: Photon conversion probability for 0-10% Pb-Pb collisions.

The conversion probability depends on the geometrical region defined by the fiducial cuts
(Reonvs Zeony and pseudorapidity) that fix the amount of material that the photon traverse.
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For the material within R < 180 cm and pseudorapidity |n| < 0.9, the radiation thickness is
11.4 £ 0.5% X and the conversion probability is ~ 8.5%.






Chapter 9

Results of the direct photon
measurement in Pb—Pb collisions

In the following chapter, the inclusive photon measurement in Pb—PDb collisions obtained with
PCM will be presented. The systematic uncertainties for all the observables used in the direct
photon analysis will also be illustrated here. Then, the extraction of the direct photon signal
will be explained and the final results will be compared to the most recent theory models.
The results shown in this chapter are obtained in the centrality classes 0-10%, 20-40% and
20-50%.

9.1 Differential inclusive photon spectra and ~/7’ ratio

The invariant inclusive primary photon spectrum is calculated as

Ed3N_ PN 1 P, 1 N, ©.1)
dp?  prdprdyde  2mN., ,Cy pr AyApy’ '

where IV, is the number of events in the different centrality classes, reported in Table 3.1, P,
and C, the photon purity and conversion probability, respectively, and e, the reconstruction
efficiency, where the finite resolution of the detector is estimated via unfolding as described

in Section 8.2.4. The inclusive primary photon raw spectrum, N . includes the correction

raw?
for pile-up and secondary photon contamination. The differential inclusive photon spectrum
is shown in Figure 9.1 for the centrality classes 0-10%, 20-40% and 20-50%. The statistical
uncertainties are not visible as they are smaller than the marker size. The systematic uncer-
tainties, indicated here with boxes, will be discussed in Section 9.2.
As mentioned in Chapter 8, the 7° measurement is necessary to extract the direct photon
signal. The neutral pion analysis is thus repeated, this time with the selection criteria of
the direct photon analysis and in a larger transverse momentum binning. The ratio of the
inclusive photon spectrum and of the 7° spectrum is shown in Figure 9.2. The ratio is useful
to reduce the systematic uncertainty because the material budget error partially cancels out.
Moreover, to avoid statistical fluctuations for pr > 4 GeV/c, the fit to the 7° spectrum is
used at denominator instead of the data directly. The ratio using the 7° spectrum itself is

shown in Appendix F.
117



118 Chapter 9 — Results of the direct photon measurement in Pb—Pb collisions

g"\ T T T T T T T ‘
[3) . .
“.‘> SE — This thesis j
o 0F - Pb-Pb s, =276 TeV 3
S ¢t ~ . [e] 0-10% 3
310 4= e Kl 20_40:/° E|
Sk . . [+]20-50% 3
k) -cl—10§ s - =
Q E = E‘z* 3
= C = - - ]
CJ
-2 1= AP g E
B E ks == —= -
Yok Sl e -
3 ~ . E
C -+ —o— .
1072 -~
:E e == == ?:
C - x 107 3
107 ==
- ™ e =
10-4:E —r X 101 E:
= —— 3
10’5_5 —— 5
107 E
1077? Lo Lo |
10
P, (GeV/c)

Ficure 9.1: Differential inclusive photon spectrum measured in Pb—Pb collisions at
VSN = 2.76 TeV centre-of-mass energy for the centrality classes 0-10%, 20-40% and 20~
50%. The statistical uncertainties are smaller than the marker size. The boxes represent the
systematic uncertainties (Section 9.2).
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FIGURE 9.2: Ratio of the inclusive photon over the 7° spectrum measured in 0-10% (left),
20-40% and 20-50% (right) Pb-Pb collisions at \/sxx = 2.76 TeV centre-of-mass energy.
The statistical uncertainties are indicated by the vertical bars, the systematic uncertainties
by the boxes. The blue histograms represent the vinc1/ 70 from the cocktail simulation.

9.2 Systematic uncertainties of the photon measurement

The systematic uncertainties of the photon measurement are estimated in the same manner
as the meson uncertainties: each of the selections made in the analysis of the data sample
are varied and compared to the standard one. When possible, the same variations used in
the meson analysis are also used here. The systematic studies consider the mean of the
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positive and negative deviations in each transverse momentum bin in order to give a single
contribution uncertainty, while the total systematic uncertainty is obtained from the squared
sum of all the single contributions. The systematic deviation have been carefully checked to
avoid being driven by the statistical fluctuations.

The complete list of systematic variations considered and their values is reported in Table 9.1.
The single systematic error component specific of the photon measurements will be explained
in the following paragraphs. The other contributions are explained in Section 5.4.

The systematic errors for i /7° and R, are estimated directly on the ratio, as it was the
case for the n/7° ratio, in order to take advantage of the cancellation of common errors.
Moreover, with the exclusion of the systematic uncertainties of the 7° meson, the material
budget uncertainty contributes only once.

Quantity Standard Variation 1 Variation 2
TPC cluster ratio > 0.6 > 0.7 > 0.35

Min. pr e* > 0.05 GeV/c > 0.075 GeV/ec > 0.1 GeV/c
dE/dx e-line

OdE/du,e B3 <ng <D 4 <ng,<d 25 <ns <4
dE/dx r-line

in momentum range [0.4, 2.0] GeV/c [0.4, 2.0] GeV/c [0.4, 100] GeV/c
m rej. low p <3 <2 < 2.5
O-dE/dx,Tr

7 rej. high p <1 <1 < -10
UdE/dz,ﬂ'

pmin7 T rej 04 GeV/C 03 GeV/C —

Pmax, 7 rej 2.0 GeV/C 3.0 GeV/C —

x> < 30 < 50 < 20

Ypair < 0.1 rad < 0.2 rad < 0.05 rad

QT max < 0.05 GeV/c < 0.03 GeV/c < 0.06 GeV/c
Cut on ¢ [2.2, 3.8] rad [2.0, 4.0] rad [2.4, 3.6] rad

TABLE 9.1: Complete list of the selection criteria and their variations used to evaluate the
systematic uncertainties of the photon measurement. Only one cut at a time is varied.

9.2.1 Cocktail simulation

The systematic variations of the cocktail simulation consist in producing the decay photon
yields using parametrisations of the hadrons with photon decays that are shifted with respect
to the standard one with a linear or polynomial function, within the systematic uncertainty
of the spectrum. The photon measurements are extracted using the varied simulation and
the systematic uncertainties are estimated comparing the final results, as it is done for any
other systematic variation.

The photon measurement systematic uncertainties for the centrality classes 0-10% and 20—
40% are shown in Figure 9.3, Figure 9.5, Figure 9.4 and Figure 9.6. The total systematic
uncertainty as well as the single components are plotted. The uncertainties of the 20-50%
centrality class are practically identical to the 20-40% uncertainties and are not shown.
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FIGURE 9.6: Systematic uncertainties of the photon double ratio R, in Pb—Pb collisions at
VSnn = 2.76 TeV in the centrality classes 0-10% (left) and 20-40% (right).

A direct photon measurement in Pb-Pb collisions at \/sxy = 2.76 TeV has already been
published for the 0-20%, 20-40% and 40-80% centrality classes using the 2010 data [154, 245].
The results illustrated in this publication are the combined PCM and PHOS measurements.
The results of this thesis work have been compared with the published ones for the common
centrality class (20-40%). Considering that the transverse momentum binning of the latter
is finer compared the the binning used in this work and that is optimised for this data, the
direct photon analysis of the 2011 Pb—Pb data was repeated in full in a separate instance
with the published results pr binning. As additional check, the PCM measurement of this
work has been combined with the published PHOS one. In both cases, PCM only with
the new binning and PCM and PHOS combined, the R, in the 20-40% centrality class is
consistent with unity and larger fluctuations are observed at high-pr.

It can only be concluded that the two measurements agree within the uncertainties, but the
resulting comparison is not shown here.

9.3 Double ratio R,

The direct photon signal is extracted using the photon double ratio, R, defined as

cocktail
R’y _ f)/inocl/’ydeczy ~ ’Yiri{cl - = 1+ 7d1f6t~1 ) (92)
T T ,ycoc tal ,ycoc tal
decay decay

Considering that Yincl = “Ydecay + Vdirect; the double ratio reveals the presence of a direct
photon signal, if R, > 1. If R, is consistent with unity, only upper limits can be extracted.
The photon double ratio for the centrality classes 0-10%, 20-40% and 20-50% is shown in
Figure 9.7, together with pQCD calculations. The photon double ratio calculated using the
7% spectrum data points instead of the fit to the spectrum is shown in Appendix F.

At low-pr, thermal photons are expect to be the dominant component. In the centrality
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class 0-10%, the R, is above unity by about 10% for pr < 1.6 GeV/c. In order to calcu-
late the significance of the direct photon signal, the systematic uncertainties are classified
in uncertainties correlated point-by-point (type A), correlated in py and of pr-dependent
magnitude (type B) and constant uncertainties (type C). These uncertainties are considered
separately in the significance estimation. The procedure calculates the p-value of the direct
photon signal and from here, the number of ¢ is extracted with respect to “null” hypothesis,
i.e. R, = 1. The method used to extract the number of sigmas of the direct photon signal
is described in more detail in Figure 11 of [245]. The R, with the uncertainties represented
according to their type is shown in Appendix F. The significance of the direct photon signal
has been studied in different transverse momentum ranges. In the range 1 < pr < 1.6 GeV/c,
the significance is 1.5, 1.3 and 0.90 for the centrality classes 0-10%, 20-40% and 20-50%,
respectively. The values estimated for the other p; ranges are reported in Appendix F.

At high-py, prompt photons, originating from initial hard parton scatterings, become the
dominant component of for the direct photons and can be compared to pQCD calculations.
All the pQCD calculations plotted in Figure 9.7 are originally provided as predictions for the
direct photon spectrum in pp collisions at the centre-of-mass energy /s = 2.76 TeV, ’ygi(?eccf op-
The predictions for the Pb—Pb collisions are obtained scaling the original prediction by the
number of binary collisions of the appropriate centrality class, N, given in [185].
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FIGURE 9.7: Photon double ratio, R,, measured in 0-10%, 20-40% and 20-50% Pb-Pb
collisions at /syy = 2.76 TeV centre-of-mass energy. The statistical uncertainties are indi-
cated by the vertical bars, the systematic uncertainties by the boxes. The data is compared
to NLO pQCD calculations for direct photon in pp collisions, scaled with the appropriate
number of binary collisions to match the Pb—Pb data. See text for references.
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The R, is then calculated dividing the prediction by the fit to the decay photon spectrum

estimated via cocktail simulation, yggggaﬂ-

pQCD
N, coll * ’.Ydirect,pp

cocktail

RPAP =1 4+
’ydecay

(9.3)

The NLO pQCD calculation shown with the black line in Figure 9.7 follows [144, 246], with
the photon fragmentation function GRV from [247]. The width of the line represents the
uncertainty of the calculation, which includes factorisation, renormalisation and fragmenta-
tion scale uncertainties. The blue and grey bands are JETPHOX calculations [248] using the
CT10 [249] and EPS09 [230] parton distribution functions, respectively, and the BFG2 pho-
ton fragmentation function from [250]. In this case, the width of the band includes also the
parton distribution function uncertainty. It can be observed that for each of the centrality
classes shown in Figure 9.7, the excess ratio above unity for pr > 3.5 GeV/c is consistent
with the NLO calculations describing an additional contribution, on top of the decay photon
one, due to prompt photons.

9.4 Extraction of the direct photon measurement

The direct photon spectrum is obtained using

1
Vdirect = Yincl — Ydecay = Yincl ° <1 - > (94)

R,
and is shown in Figure 9.8 for the centrality classes 0-10%, 20-40% and 20-50%. The arrows
indicate upper limits with 95% confidence level. The size of the systematic uncertainties is
driven by the uncertainty on the double ratio.
For the direct photon spectrum in the centrality class 20-50%, upper limits are extracted.
The different symbols used depend on the double ratio points. An arrow alone is used in
the case in which both the data point and the error of the double ratio are consistent with
unity, while a point and an arrow in the case in which the point is above one but the error
is consistent with unity.
For pr > 3.5 GeV/c, the direct photon spectra can be compared to the NLO pQCD calcu-
lations for direct photons in pp collisions, scaled by the number of binary collisions, already
shown in Figure 9.7. In this region, the dominant contribution to the spectra is given by
prompt photons and it can be observed that the measurements are consistent, within uncer-
tainties, with the predictions. The yellow lines represent a fit to the prompt photon prediction
from [156]. The low-p; extrapolation highlights the excess of direct photon yields given by
the thermal photon component. This fit will be later used to subtract the prompt photon
component from the direct photon spectrum, in order to extract the effective temperature
Teg using only the thermal photon signal.
The temperature Teg is given by the inverse slope of the exponential fit to the low-p; part
of the direct photon spectrum, where the thermal photon contribution is dominant, as ex-
plained in Section 1.3.6. In Figure 9.9, the direct photon spectrum measurements are plotted
together with the exponential fit for the centrality class 0-10% and 20-40%. The transverse
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FIGURE 9.8: Differential direct photon spectrum measured in 0-10%, 20-40% and 20-50%
Pb-Pb collisions at /sy = 2.76 TeV centre-of-mass energy. The statistical uncertainties
are indicated by the vertical bars, the systematic uncertainties by the boxes. The arrows
represent upper limits with 95% confidence level. The data is compared to the same NLO
pQCD calculations for direct photons in pp collisions shown in Figure 9.7. The additional
yellow lines are a fit to the pQCD calculation for prompt photons from [156]. See text for
details.

momentum range of the fit is 1.0 < pp < 2.2 GeV/e. It has been observed that the sig-
nificance of the signal remains about the same for different p; ranges, therefore a larger
interval is chosen here to reduce the uncertainties related to the fit. The spectrum of the
class 20-50% is not fitted because the data points have upper limits. The values of the
effective temperature obtained from the fits are T.q = 270 £ 30%*** + 65 MeV for 0-10%
and T.q = 294 4 45%¢ £ 78t MeV for 20-40% Pb-Pb collisions.

The spectra shown in Figure 9.9 still contain the prompt photon component. In order
to extract the temperature for the pure thermal component, the prompt photons are sub-
tracted using the fit to the NLO pQCD calculation shown in Figure 9.8. The spectrum is
then again fitted with an exponential function and the effective temperatures obtained are
T.e = 245 4 23%t 4 53%t MeV for 0-10% and T.q = 276 £ 40°*** £ 66°*** MeV. As it was
explained in Section 1.3.6, the effective temperature is not the production temperature of
the photons, but it is related to the latter through the transverse velocity of the radial flow,
as in Equation 1.6: the photons are emitted by an expanding source, thus the measured
temperature is blue-shifted with respect to the original emission temperature. Similarly, a
smaller T, is extracted in central compared to semi-central collisions because the higher
energy density and temperature of the central nucleus-nucleus collisions require a longer
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F1GURE 9.9: Differential direct photon spectrum measurements plotted together with the
exponential fit to the spectrum of the centrality classes 0-10% and 20-40%. In the legend,
the values of the inverse slope parameter, T.g are reported. The z-axis scale is enlarged in
order to focus on the thermal part of the spectrum.

lifetime for the expanding medium before the freeze-out conditions are reached, at a lower
temperature [98, 99].

The value of the temperature of the thermal emission is also subject to discussion. It is
debated that the fact that T.s > T, with T¢, critical temperature, is not to be interpreted as
a photon emission before the QGP phase transition. Instead, the large values of T4 are to
be attributed to an emission at a later stage with strong radial flow [251]. The comparison
of the measured direct photon spectrum to theoretical predictions is useful in ascertaining
the conditions of the system at the time of the photon emission and its (hydrodynamical)
evolution. Such comparison will be shown in the next section.

9.5 Comparison to theoretical models

The direct photon spectra in the centrality classes 0-10%, 20-40% and 20-50% are compared
with the results from several theory calculations, as shown in Figure 9.10.

The basic assumption in all the models is the formation of a Quark-Gluon Plasma as a
result of a heavy-ion collision. The direct photons emitted from this medium are composed
of prompt photons, dominant at high-p; and calculable with pQCD, and thermal photons,
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FIGURE 9.10: Comparison of the differential direct photon spectrum measured in 0-10%,
20-40% and 20-50% to several direct photon calculations. See text for references. The
z-axis scale is enlarged in order to focus on the thermal part of the spectrum.

dominant at low-pr and whose production is dictated by the photon emission rates. What
mainly differentiate the models from one another is the treatment of the space-time evolution
of the system.

The system evolution of the Paquet et al. [156] approach follows a 2+1D hydrodynamical
model, described in [252]. The initial conditions of the collision are built using the IP-Glasma
approach [253], with formation time of the plasma set at 79 = 0.4 fm/c. Shear and bulk
viscosity are also taken into account. To the hydrodynamic phase follows a hadronic phase,
in which the particle interactions are modelled by the Ultrarelativistic Quantum Molecular
Dynamics (UrQMD) [254]. The photon emission rates from [141, 255, 256] are adopted, with
the addition of a viscous correction for each emission channel. The predictions shown for
the 0-10% and 20-50% centrality classes are produced with a slightly different underlying
hydrodynamical evolution compared to the one used for 20-40%.

The Linnyk et al. [153, 257] model uses the off-shell transport approach PHSD [258, 259]
to give a microscopic description of the collision evolution. Both partonic and hadronic
interactions are considered as sources of photons. The latter involves the production of
photons from meson-meson or meson-baryon binary collisions or bremsstrahlung radiation
as well as production of photon in hadronic decays. Particular importance is given to the
meson-meson and meson-baryon bremsstrahlung, which is the novel feature of this model.
In addition, vector meson and nucleon interactions and the A resonance decay are also
considered. The prompt photon component is the same given in [156].
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The van Hees et al. [157] calculations (shown only for the centrality classes 0-10% and 20—
40%) explore the limits of an ideal hydrodynamic treatment [260]. For a realistic description
of the data, a LQCD equation of state (EoS) is adopted for the QGP phase and it is connected
with a hadron gas at the freeze-out. The freeze-out is assumed to be sequential, chemical then
kinetic, for the bulk hadrons and simultaneous for multistrange hadrons. Moreover, initial
radial and elliptic flow are also included. The photon emission rates are taken from [141].
The Chatterjee et al. [158] model employs event-by-event hydrodynamics to better represent
the initial inhomogeneities of the energy density profile. The initial formation time adopted
is 79 = 0.14 fm/c. The 2+1D ideal hydrodynamic evolution is assumed to have longitudinal
boost invariance and is solved with the SHASTA algorithm [261]. The EoS is from [262],
while the emission rate are taken from [263] for the QGP phase and from [141] for the
hadronic phase. The total thermal photon emission rates are calculated integrating over the
full fireball space-time evolution. The thermal and prompt component of this model are
provided separately and then summed together to obtain the total direct photon yield. The
prompt photon contribution becomes dominant for pr > 5 GeV/c.

Figure 9.10 illustrates that the theoretical models all give an equally good description of

the measured spectra !

. In Figure 9.11, the same theory calculations are plotted together
with the photon double ratio, R,. The theoretical lines for the double ratio are obtained

using Equation 9.3, but without the Ny factor, since it is implicit in the calculations. In
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FIGURE 9.11: Comparison of the photon double ratio, R, measured in the centrality classes
0-10%, 20-40% and 20-50% to several direct photon calculations. See text for references.

!The theory predictions from Linnyk and Chatterjee for the centrality classes 0-10% and 20-50% have
different pr reach compared to the 20-40% centrality class because they are produced at a later time.
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this representation it is easier to see the thermal and prompt contribution to the excess
ratio. The agreement with the models is best at low-py, while varying levels of accord can be
observed for pr > 3 GeV/c. In particular, the predictions by Linnyk et al. overestimate the
data, discrepancy that grows larger in the central class, where it is about 20% at 4 GeV/c.
It was mentioned above that in this calculation the photon emission via bremsstrahlung in
meson-meson and meson-baryon collisions is considered important, an emission channel that
it is not given the same relevance in the other models. On one hand, the meson-meson and
meson-baryon bremsstrahlung channels have large uncertainties. On the other hand, it could
be that this contribution needs to be fine tuned or reduced in the region where the prompt
photons are expected to be dominant, to avoid overestimation.

9.6 Direct photon R,,

The direct photon R, is another observable that highlights the thermal photon excess.
There is no direct photon measurement in pp collisions, only upper limits, thus the reference
used to compute the R4, is a NLO pQCD calculation for the direct photons, the same one
also used to extract the pure thermal photon spectrum, given by [156]. The resulting R,
is shown in Figure 9.12. The data points are above unity for transverse momentum below
1.6 GeV /¢, reaching a maximum of R,, ~ 7. The theory prediction for the 0-10% centrality
class are also shown for comparison, while the other centralities are reported in Appendix F.
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FIGURE 9.12: Comparison of the direct photon R, for the centrality class 0-10% to several
direct photon calculations. See text for references. The coloured box around unity represents
the normalisation uncertainty.

In Figure 1.10, the charged hadron nuclear modification factor in Pb—Pb collisions was com-
pared to the same measurement in p—Pb collisions and to the measurement of photon Z
and W boson production, also in Pb—Pb collisions. The figure it is interesting because it is
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immediately clear that in Pb—Pb collisions, with the formation of an hot and dense, strongly
interacting medium, the hadron yields are suppressed in the most central collisions due to jet
quenching. However, particles that are not subject to the strong interaction, such as direct
photons and the Z and W bosons, are not suppressed are have Ry, = 1. In p—Pb collisions
instead no medium is expected to form, and thus no jet quenching takes place and the R, , is
here, too, equal to one. A similar picture is given in Figure 9.13. The direct photon nuclear
modification factor in 0-10% central Pb—Pb collisions is plotted together with the 7° and 7
meson R,, in the same centrality class (measured within this thesis work) and with the 7°
R4 in p-Pb collisions at /syy = 5.02 TeV centre-of-mass energy [212]. The direct photon
R,, is plotted only for the data points above 2.3 GeV /¢, for visibility. The same figure with
also the low-p; data points is shown in Appendix F.
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FIGURE 9.13: Direct photon nuclear modification factor R in 0-10% Pb—Pb collisions at
V/Snn = 2.76 TeV compared to the neutral pion and 7 meson Raa, in the same centrality
class and collision energy, and to the neutral pion Ry, measured in 0-100% p—Pb collisions
at \/Syn = 5.02 TeV centre-of-mass energy [212]. The coloured boxes around unity represent
the normalisation uncertainty.

For Figure 9.13, the same conclusions are reached as for Figure 1.10. The direct photon
R, is consistent with unity, and similarly is observed also for the neutral pion R4, in p—Pb
collisions, while the 7° and  meson R,, in Pb—Pb collisions shows the typical suppression
caused by jet quenching.






Conclusions

The study of the Quark-Gluon Plasma characteristics is performed exploring a variety of ob-
servables. Particle production is perhaps the most straight forward of these. The transverse
momentum spectrum of the hadrons carries information about the history of the particle.
After the liberation of the partonic degrees of freedom in the initial stage of a heavy-ion col-
lision, quarks and gluons interact with each other while expanding, pushed by the pressure
gradients between the fireball, in which they collectively move, and the surrounding vacuum.
The parton energy loss due to hard and soft scattering translates into a depletion of the
measured hadronic invariant yields at high-p; and it clearly emerges in the comparison to
hadronic yields measured in pp collisions, assumed as baseline measurement where there is
no QGP formation. The collective motion of the particles within the fireball hints at another
aspect of the QGP: its similarity to a fluid, not only for the existence of a phase transition be-
tween hadronic and partonic phase, but also for the pattern followed in the system evolution.
Hydrodynamical models treating the QGP as a viscous fluid, in expansion and going towards
thermal equilibrium, give a remarkably good description of the system evolution from the
initial fluctuations up to the hadronisation phase, where the analogy with a liquid breaks
down. However, the collective flow continues after hadronisation and before freeze-out, and
it influences the final hadron yields. The measured hadron transverse momentum spectra
are blue-shifted, as expected from an emitting source expanding towards the observer, i.e.
the detector.

The measurement of neutral pion and 7 meson in Pb—Pb collisions presented in this thesis
contributes to the study of identified particle production in an environment with strongly
interacting matter and high energy density. In the low transverse momentum region, for
pr < 3 GeV/c, the measured yields are in agreement with hydrodynamical models. At high-
pr, the suppression pattern of the hadron yields has been observed in the measurement of
the nuclear modification factor R,,. The centrality dependence of the R,, has also been
confirmed. This dependence is expected considering that the medium created in central
collisions has a much higher energy density compared to what is created in semi-central col-
lisions, where the particle multiplicity is lower. The comparison to theory calculations shows
a preference for models relying on a simple LO and NLO pQCD treatment of the parton
energy loss. The DCZW model and the Djordjevic et al. calculations are in good agreement
with the 7 Ry,. DCZW assumes that the parton loses energy via gluon emission, induced
by hard scattering with other partons in the dense QCD medium before hadronisation. The
suppression due to energy loss is governed by the jet transport coefficient, which is related
to the parton density distribution modified by the medium, and is therefore connected to
the medium properties. On the other hand, in the Djordjevic et al. model the focus is on a
separate treatment of the radiative and collisional parton energy loss. This approximation
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holds within the ansatz of small energy loss, thus of soft gluon and soft rescattering, re-
spectively. The prediction for the R, of the n meson partially underestimates the observed
suppression. This can be explained considering that the n fragmentation functions are not
well constrained because of the few existing measurements at this energy regime. In this
regard, the results of both neutral mesons of this thesis work will help improving future
calculations.

Modifications of the measured yields by radial flow have also been investigated, using the
ratio of the n to #° meson as a function of the transverse momentum. The effects of radial
flow can be emphasised if compared to the n/7° ratio using the my-scaled approximation.
An enhancement of the ratio at intermediate transverse momentum, around 2-4 GeV/c,
and depletion at low-p; with respect to the my-scaling expectation for the ratio could be
considered in line with the influence of radial flow on the particle momentum. Moreover,
the enhancement at intermediate p; is smaller in the semi-central classes. Again, it could be
explained considering that the fireball produced after the semi-central collision is smaller and
has a shorter lifetime. Adding to it the observed dependence of the transverse flow velocity
on centrality, it follows that the flow does not have time to build up as it happens in central
collisions. Last, the mass ordering due to radial flow has been studied comparing the 7 to
70 ratio to the charged kaon to pion ratio: the 1 mass is larger than the kaon mass, enough
for a difference to be visible. Taking as reference point the enhancement at intermediate pr,
also present in the K+ /7rjE ratio, a shift towards higher p; is indeed observed for the n/7°
ratio. This is in agreement with the concept that the mass ordering due to radial flow leads
to a larger momentum shift for the heavier particles. Unfortunately, the uncertainties of the
n/7° ratio are too large to draw clear conclusions.

Going backwards in reconstructing the evolution of the system after the collision, there is a
limit beyond which we cannot go with the study of hadron spectra alone. Direct photons
are among the probes that allow for the study of the initial stages of the collision. As elec-
tromagnetic probes, they are not influenced by the strong interaction that affects hadrons
and the information they carry arrives unchanged to us. Unfortunately, the photons origi-
nating from the thermal phase of the medium, the one we want to understand better, are
to be picked out of a sea of background signal from decay photons which are produced in
much larger abundance. Therefore, two key points of the direct photon measurement are,
on one hand, to achieve a high purity of the inclusive primary photon sample, on the other
hand, to have the best possible description of the decay photon contribution, which is to be
subtracted from the former. The photon double ratio R is the observable that immediately
reveals the presence of direct photons, when it is above unity. In this thesis work, a thermal
photon signal has been observed in the centrality class 0-10% with 1.5¢ significance, consid-
ering the data points in the transverse momentum range 1 < py < 1.6 GeV/c. The prompt
photon contribution, dominant above 3 GeV /¢, is consistent with the pQCD NLO calcula-
tions for direct photons. The direct photon spectrum is extracted using the inclusive photon
spectra and the R, in order to reduce the systematic uncertainties. The effective temper-
ature is extracted as inverse slope of an exponential fit to this spectrum, after subtracting
the prompt photon component. It is important to remember that this is not the actual
temperature of the source emitting thermal photons: the source is expanding, therefore the
radial flow blue-shifts the initial temperature to the measured one. The fit in the range
1 < pr < 2.2 GeV/c returns an effective temperature of T.q = 245 + 235" £+ 53%s* MeV and
T.q = 276 + 40°*** £+ 66 MeV for 0-10% and 20-40% central Pb—Pb collisions, respectively.
More information on the thermal temperature and on the system evolution can be obtained
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with the comparison to models. For this reason, the direct photon spectrum and the photon
double ratio are compared to theoretical predictions for the direct photon production. The
core assumptions in all of them are the formation of a Quark-Gluon Plasma after a heavy-ion
collision and that thermal and prompt photons compose the direct photon signal. Then, the
models distinguish themselves from one another by the description of the system evolution,
for the initial conditions set for it and for the different sources of photons considered. Despite
their diversity, all the predictions show a good agreement with the data. Unfortunately, this
similarity across the models does not make possible to narrow down which of these is on the
right path: a very high precision measurement and much smaller systematic uncertainties
would be needed, especially below 2 GeV/c. On the theory side, an interesting outlook is
given by the growing importance of the pre-equilibrium photons, whose contribution could
help disentangle between the different descriptions of the origin of the direct photons signal.
The two measurements of this thesis, neutral mesons and direct photons, are tied together
in one last comparison of the nuclear modification factor of the neutral mesons measured in
Pb—Pb and p—Pb collisions with the direct photon R,, for the most central collisions. This
result completes this work. In the absence of a hot and dense medium, the neutral pion mea-
surement in non-single diffractive p—Pb collisions demonstrates that there is no modification
of the hadron spectrum with respect to the baseline offered by the pp measurement. The
energy loss induced on the hadrons appears clear in the suppression of the R,, of the neutral
mesons in Pb—Pb collisions, where a strongly interacting system is expected to be formed.
It is also shown that in the same environment, a probe not sensitive to strong interaction,
such as the direct photon production, is unaffected.






Appendix A

Neutral meson invariant mass in
transverse momentum bins

The invariant mass distribution of the 7° and 7 mesons is studied in transverse momentum
slices. In the following, the distributions before and after the event mixing background
subtraction will be shown for the centrality classes 0-10% and 20-50%, that are this thesis
work main focus. The distributions for 0-5%, 5-10% and 20-40% central collisions are also
reported here for completeness.

The figures are ordered with first all the distribution for the 7° meson then for the 7 meson,
in the centrality classes 0-10%, 0-5%, 5-10%, 20-40% and 20-50%.
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FIGURE A.1: Invariant mass distribution of reconstructed photon pairs M., around the 7° meson mass in pr slices in 0-10% Pb-Pb collisions before
the background subtraction. The black points show the combined signal and background distribution and the blue histograms show the calculated and
normalised mixed event background. The normalisation range, taken from the right side of the peak, is represented by the azure line.
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FIGURE A.3: Invariant mass distribution of reconstructed photon pairs M,. around the 7° meson mass in pr slices in 0-5% Pb-Pb collisions before
the background subtraction. The black points show the combined signal and background distribution and the blue histograms show the calculated and
normalised mixed event background. The normalisation range, taken from the right side of the peak, is represented by the azure line.
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FIGURE A.5: Invariant mass distribution of reconstructed photon pairs M., around the 7° meson mass in pr slices in 5-10% Pb-Pb collisions before
the background subtraction. The black points show the combined signal and background distribution and the blue histograms show the calculated and
normalised mixed event background. The normalisation range, taken from the right side of the peak, is represented by the azure line.
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FicURE A.7: Invariant mass distribution of reconstructed photon pairs
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M., around the 7° meson mass in pr slices in 20-40% Pb-Pb collisions before

the background subtraction. The black points show the combined signal and background distribution and the blue histograms show the calculated and
normalised mixed event background. The normalisation range, taken from the right side of the peak, is represented by the azure line.
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FIGURE A.9: Invariant mass distribution of reconstructed photon pairs M., around the 7° meson mass in pr slices in 20-50% Pb-Pb collisions before
the background subtraction. The black points show the combined signal and background distribution and the blue histograms show the calculated and
normalised mixed event background. The normalisation range, taken from the right side of the peak, is represented by the azure line.
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FIGURE A.11: Invariant mass distribution of reconstructed photon pairs M., around the 1 meson mass in pr slices in 0-10% Pb-Pb collisions before
the background subtraction. The black points show the combined signal and background distribution and the blue histograms show the calculated and
normalised mixed event background. The normalisation range, taken from the right side of the peak, is represented by the azure line.
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FIGURE A.13: Invariant mass distribution of reconstructed photon pairs M., around the 1 meson mass in pr slices in 0-5% Pb-Pb collisions before
the background subtraction. The black points show the combined signal and background distribution and the blue histograms show the calculated and
normalised mixed event background. The normalisation range, taken from the right side of the peak, is represented by the azure line.
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FIGURE A.15: Invariant mass distribution of reconstructed photon pairs M., around the 1 meson mass in pr slices in 5-10% Pb-Pb collisions before
the background subtraction. The black points show the combined signal and background distribution and the blue histograms show the calculated and
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normalised mixed event background. The normalisation range, taken from the right side of the peak, is represented by the azure line.



151

Neutral meson invariant mass in transverse momentum bins

‘uo1)1sod SSRUI PIYRUITISS BT} MOTYS SUI| [RIIJIOA POI O, 'SMOPUIM UOIIRISeUI (patsep a31e[) opim pur (Paysep [[RWS) MOLIRU ‘(PI[OS) pIepuR)s

a1} Juosardol Soul] [BOTHIOA Yov[q O, (Ul URAD) )G

(;9/A09) M Iy
)
L0

(:9/799) M

IR U Y

80 40 9

0 , S0 0

[ S E—.-— s S|
=)

1 1 ST

9/A®9 00°0T > d > 9/A®9 008

(;9/A09) M

=
==
—
=
e
=
[=3=]
n

bbb
[=]
S
«

M pMNp

[

===
1

%}g

1
9/A99 00'9 > " d > 9/A8D 00'¥

14

M 1gns a8 paxiw L)
S1UaA8 90+98'6 Bled
INOd Yyum 031 sA

M=l
A8L 9Lz ="s]\ ‘dd-ad %0T-5
sisay} siyL

sourw.loyad 3DV

(;9/n0D) M I

O

= u—%

Rl ] Ll
¥ oo
o o

9/A\39 00V > td > o\>m0 00'¢

[T T T

o

N

©

©
ar
Xl

9Ae9 007 > 1d > o\>mo 0S'T

Mp/MNp
7‘\”\‘\”\‘

M p/Mnp

Mnp/Mnp

(z9/n99) M

uoryenbs] YiIm PoyyIj oIe SUOTINLIISIP SSRUT JURLIRAUL 9], *(sjutod 3or[q) UOTORIIGNS PUNOISHOR(
91} I0Ye SUOISI[09 qJ-qd %0T-C ul seors Id ur ssew U oty punore **py sired uojoyd pojonIISUOIOI JO UOTINLIISIP SSRUI-JURLIBAU]

19TV HUNDI

—3

¥

L0
—

—
)—‘i)‘_”‘“””‘”

»—g—«
|
o
—

o
<
Mp/MNp

0S

(;9/A29) M

SRR RN RARRN ARRNRRRRNT == =Rl

(;9/n09D) M

1 :M
i R
f
!

9/A\39 00°€ > n_ > J/A®D 00'¢

B =
1
—

P
—=

e

==

G—

=]

[ == I |
')

I ST

OTx
99D 05T > 'd > 9/A9D 00°'T



Neutral meson invariant mass in transverse momentum bins

152

Data: 8.4e+06 events

1.00 GeV/c < p_<1.50 GeV/c 1.50 GeV/c < p_<2.00 GeV/c
x10° | 0 Nome T ALICE performance
E F , 5 OB Thie thodie
s 06 5 018 20-40% Pb-Pb, |/s_. = 2.76 TeV
Z  ost z 016 newo
© E T 0.4 y's rec. with PCM

}

0.4 0.12]

|

[} same evt. M, (BG+Signal)

o.mw\ o.“_bm\ mixed evt. §<H<
= 0.08f
0.2 0.06F
= 0.04F
0.1— E
E 0.02}
C. PR P PR P e Y S (S S S S EN S ST ST S HT ST S
0.0—=—%53 05 06 0.7 000757 05 0.6 0.7
M,, (GeVic?) M, (GeV/c?)
2.00 GeV/c < p_<3.00 GeV/c 3.00 GeV/c < p_<4.00 GeV/c 4.00 GeV/c < p_<6.00 GeV/c
x«10° ' x10° T T
z Fr T T T T T T T T T T T T T g L = I o A
3 6o ERE 1 3 o0F ]
CR o 4 & 4 Z s m
bow\ 3 wu\ b NSOW @ i
30B E F ] 300F- E
£ 3 2 ] s 3
20— = r ] 200F =
10F = = E 100 E
ot | | | | 3 OH,,,,,,,,,,,,,,,,,,,,,,H ) S U R B
0.4 0.5 0.6 0.7 0.4 0.5 0.6 0.7 0.4 0.5 0.6 0.7
M,, (Gevic?) M,, (GeVic?) M,, (GeVic?)
6.00 GeV/c < p,< 8.00 GeV/c 8.00 GeV/c < p,< 10.00 GeV/c
> e ——— ——— ——— 121 T — . 7
2 sl = 2 F ]
= £ 1 “x 10— J
4 - - 4 C ]
A=l F ] S o 4
40— * = | J
30 j_ + = o ]
NO\W * + 4 ]
105 ot S 2! 1
A B RN
0.4 0.5 0.6 0.7 0.4 0.5 0.6 0.7 0.8
M,y (GeVic?) M,, (GeVic?)

FIGURE A.17: Invariant mass distribution of reconstructed photon pairs M. around the n mass in pr slices in 20-40% Pb-Pb collisions before the
background subtraction. The black points show the combined signal and background distribution and the blue histograms show the calculated and
normalised mixed event background. The normalisation range, taken from the right side of the peak, is represented by the azure line.
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FIGURE A.19: Invariant mass distribution of reconstructed photon pairs M., around the n mass in pr slices in 20-50% Pb-Pb collisions before the
background subtraction. The black points show the combined signal and background distribution and the blue histograms show the calculated and
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normalised mixed event background. The normalisation range, taken from the right side of the peak, is represented by the azure line.



155

Neutral meson invariant mass in transverse momentum bins

‘uo1)1s0d SSRUI PIYRUITISS A1) MOTYS SUI| [BIIJIOA POI O], ‘SMOPUIM UOIIRISeUI (patsep a31e[) opim pur (Paysep [[RWS) MOLIRU ‘(PI[OS) pIepuR)s
a1} Juosardol soul] [ROTHIOA Mov[q o1, (Ul URAD) G uoryenby )M poliy oIe SUOINLIISTP SSRUIL JURLIRAUL o1 T, "(sjutod 3de[() UOI)ORIIGNS PUNOISIDR]
91} I99Je SUOISI[0d J-d %0G-0g Ul s991s Id ur ssew L oy} punore “*py sired wojoyd pajonIjsuoddI Jo UOINLIISIP SSLUW-JURLICAU] (g Y EHNDI]

(:9/799) M

(z9/n99) "IN

(z9/ne9D) M I

(z9/n99) M

o Cn S YT I
%ﬂ | R Eim Jull % | 1 @%a

(z9/ne9) M

L
9/A99 008 > " d > 9/A9D 00'9

T R T B T
H I @ E % % moa g : i% Ho.o
i :%%j m}fﬁ %ﬁ& N PR ﬁ ww i ;EMH %i%ﬁa ﬁ%ﬁﬁ%w

1
9/A99 00'9 > " d > 9/A8D 00'¥

(;9/n0D) M I

,F.O,

1
9/A®9 00'% > d > 9/A®D 00°'E

9

S0

7

14

M “1gns “1ne paxiw ¢
S1UaA8 L0+9€'T ‘Bled
WOd Yim 931 s,A

g

%
i

o

Eal

M U e Z ] Z
A1 922 =""s) ‘dd-ad %05-0z = ] =
sisau siyL T I - = L. ® F

aouewJsopiad 3011V (0Tx 0Tx

9/A89 002 > d > 9/A89 06'T

(;9/n09D) M

1
9/A®9 00°€ > d > 9/A®D 00°'C

s

i

L L BN B ==

+

o

,+, ;

=
FE
=
L
i
-
===
< Y

——

€
99D 05T > 'd > 9/A9D 00°'T






Appendix B

DCA ; distributions for the pile-up
contamination

The photon DCA, distribution from which the pile-up correction is estimated for the x°
and 7 meson analysis is studied in the same transverse momentum slices used to extract
the meson yields, until it is allowed by the statistics available. In the following, the DCA,
distributions are shown for all the meson categories together and separately, first for the x°
meson and 7 meson in the centrality 20-50%, then in the centralities 20-40%.
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DCA, distributions for the pile-up contamination
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FIGURE B.1: DCA, distributions for photon from a pair within the 7° mass region in transverse momentum intervals for the centrality class 20-50%.

All the meson categories are shown together.
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Ficure B.3: DCA, distributions for photon from a pair within the

centrality class 20-50%.

m° mass region in transverse momentum intervals for meson category two and
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FIGURE B.5: DCA, distributions for photon from a pair within the 7° mass region in transverse momentum intervals for meson category four and
centrality class 20-50%.
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Ficure B.7: DCA, distributions for photon from a pair within the 7° mass region in transverse momentum intervals for meson category six and
centrality class 20-50%.
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Ficure B.9: DCA, distributions for photon from a pair within the 1 mass region in transverse momentum intervals for meson category one and

centrality class 20-50%.
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Figure B.11: DCA, distributions for photon from a pair within the 7 mass

centrality class 20-50%.

region in transverse momentum intervals for meson category three and



169

DCA, distributions for the pile-up contamination

"940G—0g SSe[o AN[erjuad
pue Inoj A10899LD UWOSOU I0J S[RAISJUI WINJUSUWIOW ISIOASURI) UI UOLSaI ssewl U o) urgym Ired e woiy wojoyd 10 suonnquisip *yvO( ¢l g d9ndig

(wo) A “eop (wo) A “eop
L S -~ | MU g 0 s 0l
E £ EN
E 91 F E
E N
E E L . t J
- m T =2 F ; i =
L l - 2 E ta .01 &
C i 1 21 {1 £
. ; 1o 8 E . i s
o PP B B I 1 1 1 0L »
ey ey
9/A®D 009 > “d >9/A9D 00} 9/A9D 00y > “d >9/A9D 00°E
(wo) A “eop (wo) A “eop (wo) A “eop
— — %0l S —_—— L -
s _ { E E - 4
E E E En E 7
E 3 E 3
[ 1 £ !
E o 3
N ™ = Ko
E 40 E L E
o 40+ 2 E E 2 E - 20 =2
L J Q E 3 a M € o
E . E B8 F 400 8 F - 3 B8
E . do00 o E ,, E s F 20 5
L 4 8 E - F Lk - - 8
P T TN T ~ B P S TN [ SN 1 1 1 ~
- _(_..n_- - - C.n._. - C.._- -
9/A29 00°€ > “d >9/A9D 052 9/A9D 062 > "d >9/\99D 002 9/A®D 002> ~d >9/\9D 05'L
(wo) A “eop (wo) A “eop
Al | - ¥ poylopy arewnsg dnag —— L 0l- | 0l—

‘8l | + Y poyle erewns3 dnajid ——
a poyis|\ erewns3 dnajid ——
O poyieN arewns3 dnajid ——
V poyle|y slewns3 dnajid ——
eleq

t AMobajen uosap

A®1 922 =""s\ ‘ad-ad %05-02
SJUaAd 90+96°E :eleq

L10Z Inf 8

aouewnopad 3917V

TT T T T T T T

0L

PR TTTTTINEN PTTTTIA T TTA A "TTT

1

o PR S S S R T T S

v 180 ‘(eOp)P

LU LR LR LU L

1 1 1

t 180 “("eop)p

L0k

ey bwwe s bwwe s bwes long

e
9/A®D 05'L > 'd > 9/A8D 0Z'L

9/A3D 02} >

_,.
‘d > o/pe0 00°1



DCA, distributions for the pile-up contamination

170

1.00 GeV/c < P, < 1.20 GeV/c 1.20 GeV/c < p, < 1.50 GeV/c
N N ALICE performance
© r r r o — T "
= 3 . 1 =5 "y - 1 8"Jul2017
SR . T2 F  Data: 3.9e+06 events
3 F : 1 s E 3 20-50% Pb-Pb, |s,, = 2.76 TeV
5 10F 135 0F 1
E E E i Meson Category 5
10 = 10°F E Data
F ] N” 3 —— Pileup Estimate Method A
107 1 10°F T — Pileup Estimate Method C
F 3 E 3~ Pileup Estimate Method D
10 10 —— Pileup Estimate Method A + 1 ite.
_10 1 BT — *———— —— Pileup Estimate Method A - 1 ite.
dca, v (cm) dca, v (cm)
1.50 GeV/c < US <2.00 GeV/c 2.00 GeV/c < P: <2.50 GeV/c 2.50 GeV/c < bJ < 3.00 GeV/c
0 r r r 0 ————3 » T T
® 10°F : a1 8 i g 10F - .
= F i = o0 4 = F . E
© ] E ] 3 "
s 10F 13 s OF : 3
© F 3° 10 4 ° E b
100k - E 10°F -
E E 1 E E
F 3 107 = b b
107 E 10F 3
F 3 10 = 3 ]
10§ 1 4 F E
E 3 1 F % [ E 3
-10 1 -10 -5 0 5 1 -10 1
dca, v (cm) dca, v (cm) dca, v (cm)
3.00 GeV/c < P, < 4.00 GeV/c 4.00 GeV/c < Py, < 6.00 GeV/c
I . r r r 7 © — 17—
T F : i ® E . 3
S = 4 © F q
= 10° . =, L ]
3 3 : 3 8 10%F : E
g F N 12 E i E
°eE £, - ° C ! ]
E i 3 1y
: Ly I op i 1
1of i { E i ]
1 = ! 3 3
L L L , ] B I N N ]
10775 =5 0 5 T 10775 =5 0 5 T
dca, v (cm) dca, v (cm)

FiGure B.13: DCA, distributions for photon from a pair within the 1 mass region in transverse momentum intervals for meson category five and
centrality class 20-50%.
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FiGURE B.14: DCA, distributions for photon from a pair within the 7 mass region in transverse momentum intervals for meson category six and
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FIGURE B.15: DCA, distributions for photon from a pair within the 7% mass region in transverse momentum intervals for the centrality class 20-40%.

All the meson categories are shown together.
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centrality class 20-40%.

DCA. distributions for photon from a pair within the 7° mass region in transverse momentum intervals for meson category six and
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Ficure B.23: DCA, distributions for photon from a pair within the 1 mass region in transverse momentum intervals for meson category one and
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Ficure B.27: DCA, distributions for photon from a pair within the 1 mass region in transverse momentum intervals for meson category five and
centrality class 20-40%.
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Appendix C

Additional neutral meson results
obtained with PCM

The neutral meson performance figures and the final results obtained from the analysis of
the centralities 0-5%, 5-10% and 20-40% are reported here for completeness.

C.1 Neutral mesons acceptance and efficiency
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FIGURE C.1: Geometrical acceptance of the ¥ (left) and 7 (right) meson in the centrality
classes 0-5%, 5-10% and 20-40%.
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FIGURE C.2: Reconstruction efficiency of the 7° (left) and n (right) mesons in the centrality
classes 0-5%, 5-10% and 20-40%.

C.2 Secondary neutral pions contamination
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Figurge C.3: Correction factor for the secondary neutral pions shown separately for each
contribution in the centrality classes 0-5% (top left), 5-10% (top right) and 20-40% (bot-

tom).
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C.3 Neutral mesons systematic uncertainties
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C.4 Neutral mesons mass and width
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FIGURE C.8: Reconstructed mass resolution (¢ = FWHM/2.36, top panels) and mass

(bottom panels) for the 7° (top figure) and 7 (bottom figure) mesons as a function of the
transverse momentum for centrality classes 0-5%, 5-10% and 20-40%. The points for both
data (full markers) and simulation (empty markers) are extracted using Equation 5.7.
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C.5 Comparison to the published PCM measurements
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FIGURE C.9: Comparison of the 7° spectrum from this thesis work to the published PCM
measurement [90] for the centrality classes 0-10% and 20-40%. The error bars represent the
statistical and systematic uncertainties summed in quadrature.



Additional neutral meson results obtained with PCM 193
C.6 Neutral mesons transverse momentum spectra
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FIGURE C.10: Differential invariant yields for the 7° (left) and 7 (right) meson for the cen-
trality classes 0-5%, 5-10% and 20-40% in Pb—Pb collisions at /sxny = 2.76 TeV measured
with the PCM. The statistical errors are represented by the vertical bars, the systematic
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FIGURE C.11: Ratio of the 1 to 7° meson for the centrality classes 0-5% and 5-10% in
Pb-Pb collisions at /sy = 2.76 TeV. The ratio is compared to the same measurement in
pp collisions at /s = 2.76 TeV [206] and to the K* /7 ratio, at the same centrality and
centre-of-mass energy. The dashed lines represent the ratio obtained using the 7 obtained
via mry-scaling from the 7° meson.
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FIGURE C.12: Ratio of the 1 to 7% meson for the centrality classes 20-40% and 20-50% in
Pb—Pb collisions at \/sny = 2.76 TeV. The ratio is compared to the same measurement in pp
collisions at /s = 2.76 TeV [206] and to the K* /7 ratio, at the same centrality (centrality
20-40% is used for the n/7° ratio in 20-50%) and centre-of-mass energy. The dashed lines
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FIGURE C.14: Nuclear modification factor for the 7° (left) and 7 (right)

meson in the

centrality classes 0-5%, 5-10% and 20-40%. The coloured boxes around unity reflect the
uncertainty of the average nuclear overlap function (T4 ) and the normalisation uncertainty
of the pp spectrum added in quadrature.
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Appendix D

Additional neutral meson results
obtained with the combined PCM,
PHOS and EMCal measurement

In this appendix, additional figures from the combination of the PCM, PHOS and EMCal
measurements and of the final combined results are reported.

D.1 Uncertainties of the neutral mesons measurements
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FIGURE D.1: Statistical (left) and systematic (right) uncertainties of the 7° meson spectrum
shown for the individual method measurements in 0-10% Pb-Pb collisions.
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FIGURE D.2: Statistical (left) and systematic (right) uncertainties of the 7° meson spectrum
shown for the individual method measurements in 20-50% Pb—Pb collisions.
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FIGURE D.3: Statistical (left) and systematic (right) uncertainties of the 7 meson spectrum
shown for the individual method measurements in 0-10% Pb—Pb collisions.
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FIGURE D.4: Statistical (left) and systematic (right) uncertainties of the 7 meson spectrum
shown for the individual method measurements in 20-50% Pb—Pb collisions.
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FicureE D.5: Total, statistical and systematic uncertainties of the combined 7° (top row)
and 7 (bottom row) meson spectrum in 0-10% (left) and 20-50% (right) Pb-Pb collisions.
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D.2 Individual neutral meson measurements
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FIGURE D.6: Comparison of the n/#x° ratio the individual measurements in 0-10% (left)
and 20-50% (right) Pb—PDb collisions. The uncertainties are illustrated in the legend.
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and 20-50% (right) Pb—Pb collisions. The uncertainties are illustrated in the legend.
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D.3 Final results for the neutral meson measurements

D.3.1 Combined n/7° ratio
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FIGURE D.9: The combined 7/7° ratio in 0-10% (left) and 20-50% (right) Pb—Pb collisions
is plotted together with the respective mr-scaling curves.
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FIGURE D.10: The combined 7/7° ratio in 0-10% Pb—Pb collisions is plotted together with
the ratio measured in pp collisions at the same centre-of-mass energy [206]. The dashed lines
represent the ratio obtained using the mry-scaled n from the 7° meson measurement in the
same collision system.
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D.3.2 Combined nuclear modification factor R,
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FIGURE D.14: Nuclear modification factor for the combined 7° (top row) and n (bot-
tom row) meson measurements in the centrality classes 0-10% (left) and 20-50% (right),
compared to the charged pion and kaon R, ,, respectively, in the same centrality classes,
measured in Pb-Pb collisions at /syy = 2.76 TeV [204].
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Appendix E

List of particles for the cocktail
simulation

List of particles used in the cocktail simulation with the respective decays as they are im-
plemented in the Pythia decayer. The last column reports the m-scaling factor used in the
absence of the input spectrum of that specific particle.

Particle | Mass (MeV) | Decay channel | Branching ratio | my-scaling factor
7 134.98 vy 98.82%
ete y 1.17%
n 547.85 vy 39.41% 0.46
70y 2.56 x 1074
atn =y 4.22 x 1072
ete 6.89 x 1073
wr Ty 3.09 x 1074
n' 957.66 Oy 2.91% 0.40
wy 2.75%
0% 2.19%
wr Ty 1.08 x 107*
w 782.65 70y 8.35% 0.85
ny 4.6 x 1074
7070y 7.0 x 107
o0 775.49 atay 9.9 x 1073
70y 6.0 x 1074
Ny 3.0 x 1074
7On0y 4.5 x 107
pT 775.49 Tty 4.5 x 1074 1.00
p- 775.49 Ty 4.5 x 1074 1.00
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List of particles for the cocktail simulation

0] 1019.46 7y 1.31%
70y 1.27 x 1073
Tty 4.10 x 107
7On0y 1.13 x 1074
70ny 7.30 x 107°
n'y 6.30 x 107°
pr Ty 1.40 x 107°
A0 1232.00 ny 6.0 x 1073 1.00
AT 1232.00 Py 6.0 x 1073 1.00
»0 1192.64 Ay 100% 0.49
K$ 497.61 Trr Ty 1.79 x 1073
Yy 3.00 x 1076
K9 497.61 reTuy 3.99 x 1073 0.57
Tt uFuy 4.92 x 1074
ata=y 4.2 x 107
70yy 1.0 x 1076
Yy 5.5 x 1074
ete 9.0 x 1076
A 1115.68 ny 1.75 x 1073
Py 8.40 x 1074

TABLE E.1: List of all the particles with photon decays used as sources for the cocktail

simulation production, with the relevant photon decays and branching ratios [9].



Appendix F

Additional direct photon results
obtained with PCM

In this appendix, additional figures for the direct photon measurement obtained with the
photon conversion method are reported. In all the figures, the statistical uncertainties are
indicated by the vertical bars, the systematic uncertainties by the boxes.
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FIGURE F.1: Inclusive photon over the 7° spectrum ratio for all the centrality classes plotted
together. In the top plot, the fit to the 7° spectrum is used at denominator, while in the
bottom plot, the measured data points are used.
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F.2 Photon double ratio R,
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FIGURE F.4: Photon double ratio, R, for all the centrality classes plotted together. The
fit to the w° spectrum is used here.
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FIGURE F.5: Comparison of the R, calculated using the fit to the 7° spectrum or the 7°
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FIGURE F.6: Photon double ratio for the centrality classes 0-10%, 20-40% and 20-50%. The
systematic uncertainties are represented separately according to their category: correlated
point-by-point (type A), correlated in pr and of pr-dependent magnitude (type B) and
constant uncertainties (type C).

Transverse momentum range ‘ Signal significance
| 0-10% 20-40% 20-50%
1-1.6 GeV/e ™ 1530 1300 0920
1-1.8 GeV /e 1450 1280 0870
1-2.0 GeV/c ldoc 1250 0840
1-2.3 GeV/e 140 1250 088¢

TABLE F.1: Significance of the direct photon signal estimated in different transverse mo-
mentum ranges. The range indicated with an asterisk is the one used for the values quoted
in the main text.
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F.3 Direct photon spectrum
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FIGurE F.7: Differential direct photon spectrum measured in the centrality classes 0-10%,
20-40% and 20-50%. The arrows represent upper limits with 95% confidence level.
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FiGURE F.8: Differential direct photon spectrum measured in the centrality classes 0-10%,
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Transverse momentum range ‘

T (MeV)

0-10% 20-40%
1-1.6 GeV/c 246 £ 61°% £ 141> | 300 £ 130°** £ 220
1-1.8 GeV/c 244 + 471%% £ 93t | 284 + 767 £ 128
1-2.0 GeV/c 250 £ 33%*at £ 74t | 281 £ 56°* 4= 923t
1-2.3 GeV/e ™ 270 £ 30°% £ 65" | 294 + 45°%¢ 4 78V

T (MeV)

0-10% 20-40%
1-1.6 GeV/c 235 &£ 57 £ 130 | 294 £ 125%* £ 214
1-1.8 GeV /¢ 230 £ 35%%t £ 80t | 274 £ 70 £ 117
1-2.0 GeV/c 232 &£ 28%2t + 61 | 267 £ 507 4+ 80
1-2.3 GeV/e ™ 245 &£ 23%% £ 53¥ | 276 £ 38 £+ 66

TABLE F.2: Effective temperature extracted from the fit to the direct photon spectrum

direct
before, Ty "7, and after,

thermaly
chf

, the subtraction of the prompt photon component, in

different transverse momentum ranges. The range indicated with an asterisk is the one used
for the values quoted in the main text.
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FI1GURE F.9: Comparison of the differential direct photon spectrum measured in the cen-
trality classes 0-10%, 20-40% and 20-50% to several direct photon calculations. See main
text for references. The full z-axis range is shown here.



Additional direct photon results obtained with PCM 213

F.4 Direct photon nuclear modification factor R,,
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FIGURE F.10: Direct photon Ras for the centrality classes 0-10% (top), 20-40% (middle)
and 20-50% (bottom). The pp reference is provided by a pQCD calculation [156]. The
box around unity represents the normalisation error while the grey band is the JETPHOX
calculation uncertainty.
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FIGURE F.11: Comparison of the direct photon Ra4 in the centrality classes 20-40% (top)
and 20-50% (bottom) to several direct photon calculations. See main text for references.
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