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Abstract

Circa 10 ® secondi dopo il Big Bang, 1'universo si ¢ trovato in condizioni di temperatura
e densita di energia estremamente elevate, in uno stato deconfinato di quark e gluoni
noto come plasma di quark e gluoni. Questo stato puo essere ricreato al Large Hadron
Collider attraverso collisioni di ioni pesanti, il cui studio rappresenta uno dei principali
obiettivi dell’esperimento ALICE.

I quark charm and beauty sono ideali per studiare il plasma di quark e gluoni, perché,
a causa della loro elevata massa, vengono prodotti all’inizio della collisione e rimangono
presenti durante tutta l’evoluzione del sistema. Inoltre, misurare la produzione degli
adroni charmati, consente anche di investigare i rapporti fra i vari adroni che vengono
prodotti in funzione del momento trasverso, utili nella comprensione dei meccanismi di
adronizzazione dei quark charm. In particolare, misure di ALICE in collisioni pp hanno
mostrato un aumento nella produzione di barioni charmati rispetto alle previsioni teo-
riche basate sull'universalita del processo di frammentazione. Nuovi modelli sono stati
proposti per spiegare i risultati di ALICE, che riproducono generalmente ’andamento
dei dati, ma differiscono nella regione di basso impulso trasverso. Risulta quindi fonda-
mentale ottenere misure sperimentali precise proprio in questa regione, per discriminare
fra i modelli proposti.

In questo lavoro di tesi ¢ stato ricostruito il segnale del barione charmato A a partire
dai dati sperimentali raccolti da ALICE con collisioni pp a /S = 13 TeV nell’intervallo di
impulso trasverso 1 < pt < 2GeV=c. A causa dell’elevato fondo combinatoriale e della
breve vita media del barione A ¢ stato necessario 'uso di reti neurali implementate in
TMVA per ricostruire il segnale. Diverse versioni dell’algoritmo sono state implemen-
tate e testate, permettendo di ricavare lo yield, cioe¢ il numero effettivo di barioni A
ricostruiti.
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Introduction

Understanding nature is one of the main goals of science. In the reductionist approach,
one tries to explain all manifestations of reality using a compact set of relations. Such
an approach has proved to be successful in pinning down fundamental interactions, and
discovering the basic building blocks of the universe. We have found that the physical
principles become simpler and simpler, not in the sense that the mathematics gets easier
or that we always nd fewer particles in the list of the elementary ones, but rather the
fact that the discovered rules become increasingly coherent and universal. This provides
an important insight, as the simplicity and beauty which are found in the fundamental
laws mirrors something that is deeply built into the logical structure of the universe.

Our knowledge on fundamental physics is encoded in the Standard Model (SM), a frame-
work of particle physics that describes the electromagnetic, weak and strong interactions.
Quantum Chromodynamics (QCD) in particular describe the strong interaction. To get

a comprehensive understanding of QCD is important to study extended systems subject
to the strong force, that present features that do not directly arise from the laws govern-
ing microscopic interactions. As a parallel, in condensed matter physics, phenomena like
magnetism and superconductivity improved the comprehension of the electromagnetic
interaction. A system like this for QCD is the quark-gluon plasma, a state of matter
in which quarks and gluons are bounded only weakly and are free to move. Quark-
gluon plasma is also fascinating because it is believed that the universe was in such state
about 10 ® s after the Big Bang. Nowadays, it is replicated at the Large Hadron Col-
lider (LHC) with heavy-ions collisions at CERN, in Geneva. The ALICE experiment is
optimized to study these collisions: recreating this primordial state of matter and un-
derstanding its evolution will allow us to clarify questions about how matter is organized
and the mechanism that con ne quarks and gluons. The ALICE Collaboration carries
out a comprehensive study of the particles produced by heavy-ions, proton-nucleus and
proton-proton collisions, both as a comparison with nucleus-nucleus collisions and in
their own right.

Speci cally, measurements of the production cross sections of heavy- avor (charm and
beauty) hadrons are interesting because they are created at the very initial stage of a
collision, so they experience the whole evolution of quark-gluon plasma and can provide
important information for this research area. Recent analysis of ALICE data have shown



that, with respect to € e and ep collisions, there is an unexpected enhancement of the
baryon production in pp collisions, that serves as a basis to comprehend the higher mul-
tiplicity heavy-ions collisions. New theoretical models have been created to explain this
result and in order to discriminate between them it is essential to get precise values of
baryon production. Doing this for the [ baryon, whose quark content iudc, is not
trivial, especially at low transverse momentum. The { baryon has a short mean life:

c  60um, so after it is created in the interaction point of the collision, it decays after
it has travelled a small stretch. The small displacement of the decay vertex of from
the interaction vertex is below the detector resolution, making a topological selection
inadequate. Moreover, there is a high percentage of background, so these two issues
make the use of alternative reconstruction and selection techniques to extract a signi -
cant signal necessary. In this thesis, the signal of] was reconstructed using machine
learning techniques, in particular with neural networks, used within TMVA, a toolkit
integrated in ROOT.

The thesis is structured in the following chapters: in chapter 1, the theoretical back-
ground is presented together with the experimental results that motivated the analysis.
Chapter 2 consists in a description of ALICE and its detectors that provided data for
this work. In chapter 3 an overview of neural networks is outlined, while in chapter 4
the analysis is described and the output plots are shown. Finally, in the conclusions the
achieved results are summarized.



Chapter 1

QGP and hadronisation of heavy
avor quarks

1.1 The Standard Model

According to our current understanding, the matter around us interacts through four
fundamental forces: gravitational, weak, electromagnetic and strong interactions. The
elementary blocks of matter are fermions, particles with half-integer spin, and their in-
teractions are mediated through the exchange of force carriers, gauge bosons, which
have integer spin. The Standard Model (SM) provides a framework for modern particle
physics, describing elementary particles and three of the fundamental interactions that
govern them. In the SM there are twelve fermions and ve bosons; a schematic repre-
sentation is depicted in gure 1.1. Each boson is associated with a speci c interaction:
the photon mediates the electromagnetic one, the strong nuclear force is carried by the
gluons, and the weak nuclear one by the W and Z bosons. Each interaction has an
associated charge that particles must have in order to participate: electric charge for the
electromagnetic force, color charge for the strong force, and weak charge for the weak
one.

Fermions are the particles that make up matter. They are categorized into three gener-
ations. Each generation contains two leptons and two quarks, with the main di erence
being that quarks have a color charge, whereas leptons do not. The lightest and most
stable particles make up the rst generation, whereas the heavier and less-stable parti-
cles belong to the second and third generations. Quarks come in six avorg, down,
strange, charm, beautyand top.

The Higgs eld and the spontaneous symmetry breaking was introduced with the so-
called Brout-Englert-Higgs mechanism to explain the fact that the weak force carriers,
the W and Z bosons, are massive. Later it turned out that the other elementary par-
ticles also acquire masses by interacting with the Higgs boson: the stronger a particle
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Figure 1.1: Fundamental particles of the Standard Model of particle physics.

interacts with the Higgs eld, the heavier the particle ends up being. The Higgs boson
is the only known elementary particle with spin 0 [1]. For each of these particles, there
exists a corresponding antiparticle with opposite charges (some particles are their own
antiparticle, such as the photon).

The Standard Model has successfully explained most experimental results and precisely
predicted a wide range of phenomena. The Large Hadron Collider (LHC), the world's
largest and most powerful particle accelerator, has played a crucial role in con rming the
predictions of the SM. For instance, the predicted existence of the Higgs boson was con-
rmed by the observations made in 2012 by the ATLAS and CMS detectors at the LHC.
However, there are also important questions that so far are not addressed by this theory,
like dark matter, the asymmetry between matter and antimatter, the great di erence in
mass among the three generations and gravity. In fact, gravitational interaction is de-
scribed by the general theory of relativity, but it is not included in the Standard Model.
Ongoing experiments at the LHC provide valuable insights to answer these questions
and in further testing the Standard Model [2, 3].
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1.2 Quantum Chromodynamics

The strong interaction between quarks and gluons is formulated as a non-abelian gauge
eld theory called Quantum Chromodynamics (QCD) based on the invariance under
SU(3). group transformations.

In QCD, color plays the role of electric charge in QED and the force between quarks is
mediated by the exchange of eight massless gluons of spin 1. Unlike electrodynamics,
where there is only one kind of electric charge, there are three kinds of charges, conven-
tionally referred to as color charges: red, green and blue. In the fundamental vertex g

I g+ g the color of the quark may change. Since color is always conserved, this means
that the gluon must carry away the di erence, in fact each gluon carries a color and
an anticolor charge. Since gluons themselves carry color (unlike the photon, which is
electrically neutral), they couple directly to other gluons, and hence in addition to the
fundamental quark-gluon vertex, we also have primitive gluon-gluon vertices. To rep-
resent more complicated process two or more fundamental vertices, illustrated in gure
1.2, are combined. The direct gluon-gluon coupling makes chromodynamics a lot more

Figure 1.2: Feynman diagrams for the quark{gluon vertex (left), three-gluon interaction
(middle) and four-gluon interaction (right).

complicated than electrodynamics but also far richer, with the possibility of hadronic
states formed only by gluons, the so-called glueballs.

The strong coupling constant s for the strong force depends on the momentum
transfer Q? (that's why it is called running coupling constant). It can be described as
follows:

16 2
(11 %Nf)m Q*= (ZQCD

where ocp is the scale parameter andN; is the number of light quarks. Experimental
results of s measurements are showed in gure 1.3. At high energy the coupling is
su ciently weak so that it can be treated with a perturbative approach, already tested

in QED. This phenomenon in which the interaction weakens as the distance decreases
(large Q?), is known asasymptotic freedom Instead at large distances, wheng & 1

the perturbative QCD (pQCD) is doomed because it turns out that the more complex
Feynman diagrams should contribute more and more.

s(Qz) =

(1.1)
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Figure 1.3: Summary of measurements of s as a function of the energy scal€. The
respective degree of QCD perturbation theory used in the extraction of s is indicated
in brackets. Figure taken from [4].

Another important characteristic of QCD is that no naturally occurring particles
carry color. Quarks are con ned in colorless packages of a pair of quark and antiquark
(mesons) or three quarks or antiquarks (baryons). This characteristic that quarks can
exist only in the form of colorless combinations is callecblor con nement. The con ne-
ment of gluons limits the range of the strong interaction to a few femtometers, although
at high energy densities and temperatures the strong bond between quarks and gluons
weakens, allowing colored partons to propagate over longer distances. This was likely
the situation in the early universe as well.

The quasistatic potential between two quarks within a hadron can be parametrized in
the following form: .
S

Vs = 37 + Kr (1.2)
The Coulomb-type term dominates at small distances. It is not divergent, ass is not
constant, but decrease with decreasing distance. This makes the radius of hadrons nite,
as an equilibrium position is reached. The second term, which linearly increases with
the distancer between the two quarks, gives rise to an elastic-type force. It is related to
the interaction between gluons and manifests itself by the con nement of quarks within
hadrons. The e ect of this term is illustrated in gure 1.4 [5], [6].
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Figure 1.4: The interaction between two relatively distant quarks can be thought as an
elastic force: when they reach a separation distance of around 18°> m (the diameter of
an hadron), the strong interaction becomes so great that new quark-antiquarks pairs are
produced. Note that the springs in the gure does not represent gluons, but rather the
elastic force.

1.3 Quark-Gluon Plasma

Shortly after the idea of asymptotic freedom was introduced, researchers realized its
fascinating consequence for the properties of hot and dense matter, and the fact that
the discovery of asymptotic freedom paved the way to our current understanding of the
evolution of the early universe. For a few millionths of a second, about 10s after the

Big Bang, the universe was lled with an incredibly hot, dense soup made of all kinds
of particles moving at near light speed. This mixture was dominated by quarks and
gluons. In those rst evanescent moments of extreme temperature, however, quarks and
gluons were only weakly bound, free to move independently in a state known as quark-
gluon plasma (QGP). This phase lasted until the QGP transitioned to hadronic matter,

a condition that happened at aroundT 200MeV 10K and lead to the formation

of the ordinary matter we are familiar with nowadays. This transition is related to the
spontaneous breaking of the chiral symmetry in the theory of strong interactions.

To recreate these early-universe conditions, powerful accelerators collide massive ions,
such as lead nuclei. In these heavy-ion collisions the hundreds of protons and neutrons
in two such nuclei smash into one another at energies of the order of 1 TeV 10TeV.

In these collisions, the formed quark-gluon plasma instantly cools, and the partons re-
combine into ordinary matter which rapidly go away in all directions.

The extreme conditions of the QGP-hadronic matter transition occur also in the core of
neutron stars. A potential phase diagram is depicted in gure 1.5 [7, 8].
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Figure 1.5: Schematic representation of QCD phase diagram. The baryochemical poten-
tial g is the energy needed to increase the baryon number by one unit at xed volume
and entropy of the system and is proportional to the net baryon density of the system.

1.3.1 Role of heavy avor hadrons

Despite the fact that we have a good qualitative understanding about the space-time
evolution of the system, there are many open questions when it comes to a quantitative
analysis. Heavy avor hadrons have turned out to be an almost ideal probe to study the
time evolution of the QGP due to the following reasons:

" Charm and beauty quarks are produced predominantly via hard-scattering pro-
cesses in the early stages of the nucleus-nucleus collisions. In fact, due to their
high mass, charm and beauty quarks can't be produced from QGP interactions,
but only by hard collisions of the partons that belong to the colliding nuclei. These
qguarks experience the full system evolution, so in the end the heavy- avor hadrons
containing ac or b quark carry a memory of their interaction history.

The heavy quarks massesn{. = 1:5GeV and my, = 4:5GeV) are much larger

than the QCD cuto (energy threshold below which pQCD cannot be applied),

which'is ocp  300MeV. Therefore their production can be well described by
perturbative QCD.

The heavy quarks mass is much larger than the typical temperature of the QGP
medium, which is about a couple hundred of MeV, estimated by the spectrum of

10
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directly produced photons. Consequently, the mass of heavy quarks changes a little
in the hot medium and their number is conserved during the evolution.

In addition, measurements of the production of charm hadrons in high-energy hadronic
collisions provide important tests for calculations based on pQCD. Moreover, investiga-
tions of the production ratios of di erent hadron species as a function of the transverse
momentum can shed light on the charm-quark hadronisation mechanism. With these
advantages, heavy avor physics has attracted a lot of attention from both the theoret-
ical and experimental communities and several models have been advanced to describe
the heavy avor observables [9, 10].

1.4 Evolution of heavy-ion collisions: hadronisation
of the QGP

Collisions of heavy-ions with ultra-relativistic energies are used to create the QGP in the
laboratory. The evolution of a heavy-ion collision is commonly described in terms of a
series of stages:

1. Initial state, de ned by the wave functions of the projectiles, which are universal
and independent of any speci ¢ scattering process.

2. LargeQ? (Q? being the four momentum transfer squared) interactions of partons:
high momentum gluons and high momentum mass quarks are created. As they have
short wavelengths, they will interact with other quarks and gluons on a microscopic
level.

3. SmallerQ? interactions generating a pre-equilibrated parton gas.

4. Equilibrium and explosive expansion of the QGP that reaches the pseudo-critical
level of the transition (  0:5GeV=fm®  1GeV=fm?®)

5. Hadron formation, the QGP transitions to a hadron gas. The hadronisation in-
volves quarks and gluons processes characterised by small momentum transfers
and hence large values of the strong coupling costant, such that a perturbative ap-
proach is not applicable. Thus phenomenological models come into play to explain
the process. At LHC energies the hadronisation occurs 7fm 10 fm=c after the
initial collision.

6. Chemical freeze out of hadrons: after hadronisation, the created hadrons can still
interact via inelastic processes, implying that the overall chemical composition can
evolve further, until the temperature of the chemical freeze-out is reached. At this
point, particle composition is xed but elastic interactions can still continue.

11
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7. Hadronic interactions that subsequently freeze-out kinetically, which is achieved at
the time t of t & 10fm=c. At this point, the particle momenta are xed.

8. The system vanishes into free-streaming of particles that propagate towards the
detector, where they will be measured 10"fm=c after the initial collision.

Before they interact, the nuclei at the LHC will be highly Lorentz contracted. The
impact parameter b is the distance between the centres of the colliding nuclei. It is
closely related to the number of nucleons in the nuclei that participate in an inelastic
interaction. Nucleons not participating in the collision are de ned as spectators, and
continue travelling approximately along the beam direction after the collision. For the
initial state of any given collision the multiplicity, which simply is the addition of the
number of charged hadrons in a broad momentum range, can be determined. Wlgn
small the multiplicity is high and the collision is referred to as central, while collisions
with large impact parameters are labeled as peripheral. The high-energy beams of the

Figure 1.6: The evolution of a heavy-ion collision at LHC energies. The yellow cone in-
dicates the parton fragmentation processes, that lead to jets, partonic showers that arise
from these high energy partons, and eventually fragment into experimentally observable
hadrons. Figure taken from [11].

LHC provide an unprecedented opportunity to study QGP in the laboratory, with the

highest centre of mass energy in Pb-Pb collisions achieved of 5.02 TeV. This in principle
allows for the hottest, densest, and longest ever lived QGP formed in the laboratory

12
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to be probed using the ALICE detector. Also proton-proton collisions have provided
opportunities for studying QCD interactions in few-body systems.

1.4.1 Small systems and searches for thresholds of QGP forma-
tion

Proton-proton collisions, together with collisions of p-Pb were originally conceived as
essential references for the ultra-relativistic heavy-ion collisions. These simpler systems
provide opportunities to investigate QCD in few-body systems. For instance, inclusive
and heavy- avour jet cross sections o er a way to test perturbative QCD, while mea-
surements of the production of identi ed hadrons can be used to test the universality
(collision-system independence) of parton-to-hardon fragmentation functions (FFs). In
addition, these collisions provide insights into the thresholds for QGP formation.

Unlike heavy-ion collisions, high multiplicity events in pp collisions are not expected to
result from a trivial increase in the amount of colliding matter, for example by decreas-
ing the impact parameterhb: there are always only two nucleons that participate in the
interaction. Instead, high multiplicity events may be associated with energy densities
high enough that allow the formation of QGP. Indeed, the highest number of particles
produced in such collisions are comparable to peripheral heavy-ion collisions at lower
energies, where QGP is known to form. However, it is not clear a priori whether and
to what extent QGP e ects are present in these events, therefore more speci ¢ measure-
ments are needed to further explore the underlying physics [11].

1.5 Heavy avor hadronization in pp collisions

Measurements of heavy- avour (i.e. charm and beauty) hadron production in ultra-
relativistic pp collisions provide fundamental tests of perturbative quantum chromody-
namics calculations. For instance, the QGP is not expected to exist in small hadronic
collision systems, however, some features like the enhancement of baryon production
similar to Pb-Pb collisions has been observed in pp collisions. These phenomena chal-
lenge our current understanding of QGP formed only in nucleus-nucleus collisions and
of charm hadronisation.

The transverse momentum f§r) di erential production cross section of heavy- avour
hadrons is usually calculated in QCD by the factorization into three separate compo-
nents.

1. The rst ingredient correspond to the distribution functions of quarks and gluons
(PDFs), which describe the probability distributions of the parton momentum
fractions in the proton.

13
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2. The second term is the cross section for the partons in the protons to produce a
charm or beauty quark, which de nes the scattering probability calculated as a
perturbative series expansion in the strong coupling constant {). As m, and my
are much larger than qcp the cross section can be calculated using pQCD.

3. The third ingredient take into account the hadronisation and corresponds to the
fragmentation function (FF), which parametrises the non-perturbative transition
of a heavy quark into a hadron. It characterises the hadronisation of a quark to a
speci ¢ hadron species. The FFs cannot be calculated with pQCD, but luckily it
has been shown that they should be universal, i.e. independent of the collision sys-
tem. Therefore they can be determined from measurementséhe collisions and
are then applied in cross section calculations. Although, with the last experimental
results, the universality of FFs has been put into discussion.

Hadron-to-hadron production ratios within the charm sector, like ! =D°, are useful to
probe hadronisation e ects, since in theoretical calculations the rst two points are com-
mon to all charmed hadrons so their e ects almost fully cancel in the yield ratios.
Fragmentation functions describe the probability that a hadron is created from a parton
with large momentum in the vacuum. However, several puzzling observations lead to the
conclusion that the fragmentation process is not su cient to explain hadron production

in high energy pp/heavy-ions collisions at the energies reached by LHC. Actually it is not
a surprise that a hadronisation picture that assumes a single parton fragmenting in the
vacuum has to fail: the vacuum fragmentation starts by producing additional partons
through radiation, but in the environment generated by heavy-ion (and maybe also by
high multiplicity pp collisions), a hot and very dense reball of decon ned quarks and
gluons is created, so the formation of bound states can directly start from the medium
partons themselves.

Another hadronisation mechanism that needs to be taken into account is recombination,
also known as coalescence, in which quarks that are close to each other in phase space,
can simply recombine into hadrons with transverse momentum equal to the sum of the
momenta of the initial partons, as shown in gure 1.7. Recombination models are built
on the assumption that quarks can be treated as e ective degrees of freedom having a
dynamical mass approaching the constituent mass, while gluons disappear as dynamical
degrees of freedom and are converted int@ pairs. The probability of nding two or
three partons close together in phase space decreases as the transverse momentum of
the nal state hadron increases. Consequently, the recombination process is expected
to dominate over fragmentation at low and intermediatepr (up to few GeV/c), while

at higher momenta fragmentation is the main phenomenon. The transition where frag-
mentation starts to prevail over recombination is expected to take place at higher values
of pr for baryons as compared to mesons and this insight can explain the experimental
results that see an enhancement of baryons over mesons at intermediate In addition,

14
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Figure 1.7: The competing e ects of recombination and fragmentation on a nal-state
pr distribution are shown.

recombination plays a larger role in central collisions, as they more greatly favor the
transition to QGP, while fragmentation is typically seen in peripheral collisions.

1.5.1 Experimental results of charmed hadrons in pp collisions

In this section is shown that calculations using FFs tuned oa* e collision data, do not
adequately describe the production of charm baryons at midrapidity in pp collisions at
the LHC. Instead, the measurements can only be described by model calculations that
account for novel hadronisation mechanisms. In contrast, meson ratios are consistent
with results from €" e collisions [12].

Many models that explain the current experimental result had arisen, but the avail-
able precision of the data is insu cient to fully distinguish between the pictures. It is
particularly interesting to extend the measurements of the baryon-to-meson ratio} =D°
down to lower transverse momenta, as this allows for a comparison with theoretical pre-
dictions in a kinematic region where the models calculations di er from each other.

Figure 1.8 shows the% ratio as a function of pr at midrapidity (jyj < 0:5) in pp
collisions at” s = 13 TeV measured by the ALICE experiment at LHC. In the top panel,
the ratio measurements taken at di erent center of mass energies are reported, while in
the bottom panel the experimental points are compared with several model calculations.
The measured— ratios show signi cant deviations from the values measured & e and
e-p collisions, Wlth an enhancement in the yield ratio up to a factor 2-5 fqer < 8 GeV=c.
The Monash tune of PYTHIA, that adopts hadronisation fractions based on FFs from

15
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e*e collisions, underestimates the production rates of; baryons by a factor of 2 to
10, depending orpr in the region pr < 12 Ge\c.

Several models that correctly predicts a relative increase of charmed baryon produc-
tion compared to mesons in pp collisions at LHC have been proposed in recent years,
including: PYTHIA8 with color reconnection, SHM+RQM (statistical hadronisation
model with relativistic quark model) and the Catania and QCM model, that implement
quark recombination. Instead the POWLANG model, that assumes the formation of a
small, decon ned, and expanding reball in pp collisions qualitatively describe the data,
but especially in the interval 0O< pt < 1 GeV/c POWLANG tends to underestimate the
measurement.

Overall the current precision and granularity of the measurements does not discrim-
inate among the model calculations that describe charm hadronisation at the LHC em-
ploying new mechanisms, but they con rm the baryon-to-meson enhancement compared
to e" e results.

In the enB, the results indicate that the measured ;| =D° ratios at midrapidity in pp
collisions at’” s = 5:02 TeV and 13 TeV are described by the predictions provided by
these model calculations and are compatible within uncertainty. Thus, with the current
uncertainties, no signi cant energy dependence is observed in pp collisions at midrapidity
at the LHC. [12, 13].

16
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Figure 1.8: Top panel: ratio between the pr-di erential production cross sections at
midrapidity ( jyj < 0:5) of prompt { baryons and D’ mesons in pp collisions at s =
5:02TeV, 7 TeV and 13 TeV. Bottom panel: ratio between the pr -di erential produBtion
cross sections at midrapidity of prompt ! and D° mesons in pp collisions at” s =
13TeV compared with the prediction from PYTHIA8 Monash tune, PYTHIA8 CR-
BLC Mode 0, 2 and 3, SHM+RQM, Catania, QCM and POWLANG models. Figures

taken from [12].
17



Chapter 2

ALICE: A Large lon Collider
Experiment

The ALICE experiment was proposed in 1993, to study strongly-interacting matter at
extreme energy densities and temperatures. The aim is analyse the QGP, a decon-
ned state of quarks and gluons created in heavy-ions collisions. At the same time
ALICE is studying proton-proton and proton-nucleus collisions both as a comparison
with nucleus-nucleus collisions and in their own right and speci ¢ aspects of pp physics
gained progressively more importance with time [11].

In 2021, ALICE completed a signi cant upgrade of its detectors to further enhance
its capabilities and continue its scienti ¢ journey at the LHC in Run 3 and 4, until
the end of 2032. At the same time, upgrade plans are being made for ALICE 3, the
next-generation experiment for LHC Runs 5 and 6.

2.1 LHC

The accelerator complex at CERN (visible in gure 2.1) is a succession of machines
designed to progressively increase the beam's energy. Each machine injects the beam
into the next one, which takes over to bring the beam to an even higher energy, and so
on. The last element of this chain is LHC (Large Hadron Collider), the world's largest
and most powerful particles accelerator in the world. The construction of the LHC was
approved in December 1994. LHC re-uses the tunnel that was built for CERN's previous
big accelerator, LEP, dismantled in 2000.

Among the main goals of LHC there is the study of Higgs boson in detail, the search

for evidence of supersymmetry, that could provide a uni ed description of all the fun-
damental forces, the exploration of matter-antimatter imbalance, trying to access dark
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Figure 2.1: The accelerator complex at CERN.

matter and dark energy and study the quark-gluon plasma.

At the LHC, the particles form two beams that are accelerated up to the total colli-
sion energy of 536 TeV per nucleon pair ([14]) and 13 TeV for protons and collide at four
points where the four main experiments (ALICE, ATLAS, CMS and LHCD) take place.
ALICE focuses on measuring and analysing lead-ion collisions for studying QGP. ATLAS
and CMS are general-purpose detectors designed to cover the widest possible range of
physics, while LHCb is specialized in the study of the asymmetry between matter and
antimatter present in interactions involving bottom quarks.

The hadrons in the LHC circulate around the ring in well-de ned bunches. Under
nominal operating conditions, each proton beam consists of 2808 bunches, with each
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bunch containing about 18! particles. As the bunches circulate they are squeezed and
expanded along the ring, with the size varying from a few centimetres long and a millime-
ter wide when far from a collision point, to being squeezed up to fén near a interaction
point to optimize the collisions chances. Inside the collider, particles travel around in a
vacuum tube and are guided using a strong magnetic eld (up to 8.3 T) generated and
maintained by superconducting electromagnetic devices. In particular, dipole magnets
are responsible for bending and tightening the particles' trajectory, so that the beams
remain stable and aligned, while quadrupole magnets focus the beam before it enters in
a detector. Magnets are also employed for particle detection, for example through the
amount of de ection caused by the magnetic eld in the detector.

The LHC's main magnets operate at super uid helium temperature of 1.9 K. Cryo-
genic techniques are used to cool the superconducting magnets and, in particle detectors,
they are in charge of keeping heavy gases such as argon or krypton in a liquid state for
particle detection, for example in calorimeters. One of super uid helium's remarkable
properties is its very high thermal conductivity, making it an excellent coolant.

The collider also has tree separate vacuum systems: one for the beam pipes, ensuring
that the beams doesn't collide with gas molecules inside the accelerator, while the other
two are for the insulation of the cryogenically cooled magnets and the helium distribution
line. For the latter two cases vacuum act as a thermal insulator, to minimize the amount
of heat from the surrounding room-temperature environment to the cryogenic parts,
that are kept at 1.9 K. The insulating vacuum has a pressure equivalent to 19 mbar,
while in the beam pipes there is an ultra-high vacuum, with a pressure of the order of
10 19 10 * mbar, a vacuum almost as rare ed as that found on the surface of the
Moon [15].

2.2 Overview of ALICE

Being the only detector speci cally devoted to QGP studies, ALICE was designed to
access a large number of speci c observables in a wide transverse momentum range, in
order to shed light on the various stages of the evolution of the heavy-ion collisions, from
the initial state to the QGP phase to the mechanism that con ne quarks and gluons into
hadronic matter.

ALICE is optimized for the physics requirements and experimental conditions ex-
pected in nucleus-nucleus collisions at the LHC. The most stringent design constraint is
the extreme particle multiplicity, with a range of several thousands of tracks produced
by heavy-ion collisions. Also a large dynamic range is required for momentum measure-
ment, spanning more than three orders of magnitude from tens of MeV/c to over 100
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GeV/c. Particle Identi cation (PID) over much of this momentum range is essential and
basically all the known PID techniques are employed in ALICE. With respect to ATLAS
or CMS, ALICE is slow in acquiring data, for its nature it is focused on precision, and
hopes to discriminate the thousands of particles produced by pp or heavy-ion collisions.
Indeed, it provides excellent capabilities in tracking, for primary and secondary vertex
reconstruction.

The overall dimensions of the detector are 16 16 26 m® with a total weight of
approximately 10000 tons. An overview of the detector with its subdetectors is shown
in gure 2.2. It consists of two main parts: the central barrel, which measures hadrons,

Figure 2.2: The ALICE experimental apparatus with the names of the main sub-
detectors.

electrons, and photons, and a forward muon spectrometer. The central part covers polar
angles from 45 to 135 and is embedded in a large solenoid magnet. From the inside
out, the barrel detectors include:

1. Inner Tracking Systems (ITS)
2. Cylindrical Time-Projection Chamber (TPC)

3. Transition Radiation Detector (TRD)
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4. Three particle identi cation arrays of Time-of-Flight (TOF)

5. The High Momentum Particle Identi cation Detector, a ring imaging Cherenkov
(HMPID)

6. The Electromagnetic Calorimeter (EMCal)
7. The Photon Spectrometer (PHOS)

All detectors expect HMPID and the two calorimeters cover the full azimuth angle. The
forward muon arm, that covers the range from 2to 9 consists of a complex arrange-
ment of absorbers, a large dipole magnet, and fourteen planes of tracking and triggering
chambers. Moreover there are several smaller detectors for global event characterization
and triggering located at small angles and an array of scintillators (ACORDE) used to
trigger on cosmic rays.

A detailed overview of ALICE, its performances and results can be found in Refs. [15,
16].

In the following sections, only the detectors that measured the variables used in this
analysis are described.

2.3 ITS: Inner Tracking System

The Inner Tracking System, whose layout is pictured in gure 2.3, is a cylindrically-
shaped silicon tracker that surrounds the interaction region. It consists of six layers,
with radius ranging from 4cm to 43 cm, covering the pseudo-rapidity rangej < 0:9.
The outer radius is determined by the necessity to match tracks with those from the
TPC, and the inner radius is the minimum allowed by the size of the beam pipe. The
main tasks of the ITS are:

A

Determination of the primary vertex with a high resolution, better than 100 mi-
crometer.

Reconstruction of secondary vertices, where short-lived hadrons liké decay.

Tracking and identi cation of particles with low-momentum (below 200 Me\£c)
that are missed by the TPC.

Improve the momentum and angle resolution for particles reconstructed by the
TPC.

The ITS is made up of six layers of silicon detectors. Because of the high particle density
in heavy-ion collisions, the innermost two layers, where there are about 50 particles
per cn?, are composed of Silicon Pixel Detectors (SPD), responsible for determining the
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Figure 2.3: Layout of the ITS. The beam line is along thez direction.

position of the primary vertex. For the following two layers Silicon Drift Detectors (SDD)
were chosen and double-sided Silicon micro-Strip Detectors (SSD) for the two outer
layers, where the track density is expected to be below one particle per%nThe four
outer layers have analogue readout and therefore can be used for particle identi cation
by measuring(é—'i in the non relativistic region. To measure the separation between
the interaction and the secondary vertex (that is the decay vertex of heavy avoured
hadrons) the ITS provides a resolution on the track impact parameter of the order of
few tens of m, although this is not always su cient, as for the case of the [ baryon
[17].

2.4 TPC: Time Projection Chamber

The Time Projection Chamber (TPC) is a device that uses a combination of electric
and magnetic elds, together with a volume of gas, to perform a three-dimensional re-
construction of the particle's track. A negative high-voltage electrode plane located at
the centre divide the chamber in two halves and establishes a uniform electric el
from the two ends to the centre that accelerate the electrons towards the endplates. The
strong magnetic eld B is aligned in one direction and therefore is parallel and antipar-
allel to E in the two sections of the chamber.

The ALICE TPC (whose schematic is shown in gure 2.4) is the central tracking
detector, with an active volume that has an inner radius of about 85 cm, an outer radius of
about 250 cm and an overall length along the beam direction of 500 cm. It is supplied with
a uniform electrostatic eld of 400V cm ! and a Q5T magnetic eld. The gas inside the
detector, a Ne-CQ-N, mixture at atmospheric pressure, is ionized by charged particles
traversing the detector. The formed electrons from ionisation drift under the in uence
of the electric and magnetic eld making a helical trajectory towards the endplates of
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