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Jacazio che mi hanno pazientemente guidato in una delle fasi più importanti
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Abstract

Recent developments in hadron spectroscopy, particularly in the charm sector,
have revealed that there may exist different molecular bound states of hadrons,
observed as hadron resonances. In particular, some studies suggest that the
formation of molecules composed of particles containing a heavy quark is
more plausible than we could have expected a few years ago. For this reason,
this work explores the problem in more detail by focusing specifically on the
c-deuteron, a super-nucleus consisting of a bound state between a Λc and
a neutron. The Statistical Hadronisation Model was used to simulate the
number of c-deuterons expected in a Pb-Pb collision as a function of various
parameters. In particular it has been pointed out that the number of c-
deuterons expected shows a cubic growth with the increase in the radius of
the freeze-out surface. Performing a fit using the relation dN/dy = ar3 + b,
with a and b free parameters and r the radius, the results obtained are a =
(1.3921± 0.0032) · 10−6fm−3, b = (2.43± 0.13) · 10−8 with χ̃2 = 0.42.

For the increase in temperature, the functional relation that best described
the data produced was of the form dN/dy = aebT + c, with a, b and c as fit
parameters and T the temperature, the reason for this trend is unclear and
might only reflect a local behavior of a more complex functional relation valid
at a temperature around 156 MeV. The values obtained from the fit are a =
(1.19±0.17)·10−12, b = (0.13009±0.00087)MeV −1 and c = (−6.38±0.50)·10−6

with a χ̃2 = 1.0.
For the increase in charm fugacity, the relationship used for the fit was of

the form dN/dy = ax+ b and the results obtained were a = (2.366± 0.032) ·
10−5, b=(2.53± 0.94) · 10−5 and a χ̃2 = 1.4.

Dynamical simulations were then used to assess how the possible existence
of this super-nucleus could increase the number of deuterons detected by the
ALICE 3 detector. This value has been estimated under the following assump-
tions: the number of events generated by the LHC is 1010; only the central
collisions were considered, assumed to be 5% of the total; only c-deuterons
with |y| < 0.5 were considered, the freeze-out temperature was of 156 Mev,
the freeze-out radius of 8 fm and charm fugacity of 29.6; only some decay
channel has been considered. The resulting value is (1938 ± 12) deuterons.
This value seems to indicate the real possibility of finding c-deuterons. How-
ever, given the unexpectedly high value, it remains possible that this state
has not been observed because it does not form.
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Abstract

Sviluppi recenti nella spettroscopia adronica hanno rivelato la possibile es-
istenza di diversi stati legati molecolari di adroni. Questo lavoro esplora
il problema in modo più dettagliato, concentrandosi nello specifico sul c-
deuterone, un super-nucleo costituito da uno stato legato tra una Λc e un
neutrone. Per le analisi è stato utilizzato il Modello di Adronizzazione Statis-
tica per simulare il numero di c-deuteroni attesi in collisioni Pb–Pb in funzione
di vari parametri.

Si è osservato che il numero atteso di c-deuteroni mostra una crescita
cubica con l’aumento del raggio della superficie di freeze-out. Effettuando un
fit con la relazione dN/dy = ar3 + b, con a e b parametri liberi e r il raggio, i
risultati ottenuti sono: a = (1.3921±0.0032)·10−6 fm−3, b = (2.43±0.13)·10−8,
con χ̃2 = 0.42.

Invece la relazione funzionale meglio capace di descrivere i dati al variare
della temperatura era della forma dN/dy = aebT + c, con a, b e c parametri di
fit e T la temperatura. I valori ottenuti dal fit sono a = (1.19± 0.17) · 10−12,
b = (0.13009± 0.00087) MeV−1 e c = (−6.38± 0.50) · 10−6, con χ̃2 = 1.0.

Per quanto riguarda invece l’aumento della fugacità del charm, la relazione
utilizzata per il fit è stata della forma dN/dy = ax + b, e i risultati ottenuti
sono: a = (2.366± 0.032) · 10−5, b = (2.53± 0.94) · 10−5, con χ̃2 = 1.4.

Sono state poi condotte analisi sulla dinamica per valutare come la pos-
sibile esistenza di tale supernucleo potesse influenzare il numero di deuteroni
rivelati dal rivelatore ALICE 3.Ipotesi adottate: numero di eventi generati
al LHC è 1010; la temperatura di freeze-out era di 156 MeV ed il raggio di
freeze-out di 8 fm con fugacità di charm di 29.6; sono state considerate solo
le collisioni centrali, assunte pari al 5% del totale; si è considerato solo un
gruppo ristretto di decadimenti sono stati considerati e solo i c-deuteroni con
—y— <0.5 si è trovato un aumento previsto di deuteroni pari a (1938± 12).
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Chapter 1

Heavy-ion collision

1.0.1 Concepts of quantum chromodynamics (QCD)

Before talking about the dynamics of heavy-ion collision and c-deuteron pro-
duction we should introduce some concepts coming from quantum chromody-
namics (QCD) and the standard model (SM). The SM describes the universe
at its most fundamental level and correctly predicts many results of the ex-
periments we have ever done, sometimes with unprecedented accuracy. This
theory can explain the interaction of particles with three different forces: the
strong nuclear force, the weak nuclear force, and electromagnetism; while the
gravity force is not yet part of the Standard Model [1]. Fortunately the ab-
sence of a quantum gravity theory, that is maybe the most fundamental lack
of the SM, is not too influent in the experiment that we can actually perform.
In fact physicist believe that the gravity influence will became evident only
at the plank scale. This region may be characterized by particle energies of
around 1019 GeV or 109 J on a single particle. The same kinetic energy of a
Jumbo jet that travel at ≈ 250 km/h. However the SM is very extended and
in this thesis we will only focus on the essential aspect for understanding the
following chapters.

The QCD, a theory included in the SM, is the most successful theory to
explain the strong interaction. The QCD assumes that strong nuclear force
acts on the quarks and is mediated by gluons. The quarks are elementary
particles introduced by Gell-Mann and Zweig for understand the ”proliferation
of the hadrons”. In fact, historically, when the energy of the collision starts to
increase different particles that interact with the strong force, called hadrons,
were discovered. So, for explain the hundred of different hadrons detected, the
two scientists proposed that this structures come form different combinations
of more fundamental particles, the quarks. In particular the name quark come
from the Finnegan’s wake, a book of James Joice, a writer that Gell-Mann
loved. Nowadays we know six different types (flavor) of quarks usually divided
in three generation. The first generations includes quark up (u) and down (d),
the second the quark strange (s) and charm (c), and the last one the quark

7
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top (t) and bottom (b).
Instead the quantum chromodynamics takes it’s name because it intro-

duces a property called color charge, the QCD analog of electric charge. First
hint about the real existence of color charge was given with the discovery of
∆++ baryon in 1951. This baryon could only be explained imaging that it is
composed of three quarks up with the spin aligned. So the configuration of
the particle could be written as follows:

|∆++⟩ = |u↑u↑u↑⟩

a highly symmetric configuration. However, since the the particles that com-
pose it are fermions, for the Pauli principle, they must have an overall an-
tisymmetric wave function. In 1965, fourteen years after its discovery, this
problem was finally understood by the introduction of the charge of colour.
With this new parameter we can add another inner space associated to the
particle and is configuration can be written as.

|∆++⟩ = |u↑u↑u↑⟩ ϵijk [Ci ⊗ Cj ⊗ Ck]

where ϵijk is the Ricci’s tensor that permits the wave function to be anti-
symmetric under quarks exchange. This is only an example but other strong
supports of the color charge assumption have been discovered with the passing
of time.

Quantum Chromodynamics is based on the gauge group SU(3), the Spe-
cial Unitary group in 3 (complex) dimensions, whose elements are the set
of unitary 3 × 3 matrices with determinant one. Since there are 9 linearly
independent unitary complex matrices in three dimensions, the condition on
the determinant reduces the set at 8 independent directions in this matrix
space, corresponding to eight different generators of the group. On a physical
level the presence of eight generators predicts the existence of eight different
gluons. The Lagrangian density of QCD is

L = iψ̄i
qγ

µ(Dµ)ijψ
j
q −mqψ̄

i
qψiq −

1

4
F a
µνF

aµν (1.1)

where ψj
q denotes a quark field with colour index, γµ is a Dirac matrix that

expresses the vector nature of the strong interaction, with µ being a Lorentz
vector index, mq, the mass of the quark, allows for the possibility of non-zero
quark masses, F a

µν is the gluon field strength tensor for a gluon and Dµ is
the covariant derivative in QCD given by (Dµ)ij = δij∂µ − igstaijAa

µ, with gs
the strong coupling constant [2]. The coupling constant is maybe the most
important parameter in defying the properties of the theory, we can imaging
it as the probability that a parton, therm used for indicate both gluon and
quark, of interacts in each instant of time with other partons. The possible
vertices of interaction between partons are visible in Fig 1.1. Since this value
is considerable during a process the higher order Feynman diagram cannot be
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Figure 1.1: The figure show the basilar Feynman diagram of QCD.

Figure 1.2: The figure resume the process of pair production of quarks. [3]

neglected therefore is particularly difficult to perform analytical calculus. So,
as it is said in this cases, the theory is not perturbatively tractable. The QCD
exhibits three salient properties: color confinement, asymptotic freedom and
the chiral symmetry breaking.

Starting from the first one we can say that unlike one may think watching
at Eq 1.1 since the gluon are massless the QCD should be a long range force.
Instead the common experience tell us that only at very close distances the
effect of the interaction are visible. This is possible because the energy for
separate the quarks grows until a quark–antiquark pair is spontaneously pro-
duced, turning the initial hadron into a pair of hadrons instead of isolating a
color charge, a graphical resume is visible in Fig 1.2. This is a very efficient
way for dissipate the energy and the final result is the production of jets of
hadron clearly visible in the experimental data. For these reasons, physicists
believe that a direct consequence of the theory is ”colour confinement”, which
rules out the possibility of finding a free quark. However, a formal proof
has not yet been obtained and this problem has been added to the list of
Millennium Prize Problems.

The asymptotic freedom is a reduction in the strength of interactions be-
tween quarks and gluons as the energy scale of those interactions increases.
In fact, if the transferred momenta during a collision are low, it is not possible



CHAPTER 1. HEAVY-ION COLLISION 10

to penetrate the cloud of virtual process associated to a particle. Instead, if
the transferred momenta increase is possible to deeper in the virtual process
cloud and so analyze in more detail the ”naked particle”. In this way different
behaviors of the particles are observable. The asymptotic freedom is related
to the fact that the quark-antiquark loop has a shielding effect of the color
charge and the gluon loop has an anti screening effect. In particular, we can
express the coupling constant as.

gs(Q
2) =

gs(µ
2)

1 + gs(µ2)
11nc−2nf

12π
ln
(

Q2

µ2

) =
gs(µ

2)

1 + gs(µ2) 21
12π

ln
(

Q2

µ2

) (1.2)

where µ is a generic transferred quadri-momenta as Q, nf is the number of
known flavor (assumed six in the SM), nc the number of color (assumed three),
since 11nc > 2nf the anti-shielding effect of the gluon loop is prevalent. From
the Eq 1.2 we can desume that the coupling decrease when the transferred
momenta increase. The Eq 1.2 is usually expressed showing the scale factor.

gs(Q
2) =

1

1
gs(µ2)

+ 21
12π

ln
(

Q2

µ2

) (1.3)

defining

1

gs(µ2)
=

21

12π
ln

(
µ2

Λ2
CQD

)
(1.4)

gs(Q
2) =

1

21
12π

ln
(

µ2

Λ2
CQD

)
+ 21

12π
ln
(

Q2

µ2

) =
1

21
12π

ln
(

Q2

Λ2
CQD

) (1.5)

In this way is more evident the point at withc the logarithm diverges and the
QCD becomes perturbatively tractable. Experimentally it is found ΛQCD ∼
200 ÷ 300 Mev [4]. The asymptotic freedom of QCD was discovered in 1973 by
David Gross and Frank Wilczek, [5]. and independently by David Politzer in
the same year. For this work, all three shared the 2004 Nobel Prize in Physics.
With the advent of computers, it has become possible to perform lattice QCD
simulations. These simulations can be carried out in the non-perturbative
condition to study the strong interaction by discretizing spacetime into a lat-
tice, which makes it possible to calculate the behavior of quarks and gluons
numerically. Before the advent of these advanced computing resources, such
detailed simulations were impractical due to the immense complexity of solv-
ing the QCD equations at low energies. However, lattice QCD simulations
can be very expensive and compromises are necessary.

Lastly, we can talk about the Chiral symmetry breaking. Massless fermions
in Dirac theory are described by left- or right-handed spinors. The difference
is related to the fact that a particle can have spin either aligned (right-handed
chirality), or counter-aligned (left-handed chirality), with his momentum. In
the case of massless fermion chirality is a conserved quantum number and
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the left and right handed spinors can be independently phase transformed.
A Dirac mass term explicitly breaks the symmetry but in QCD, the lowest
mass quarks are nearly massless and it exists an approximate chiral symmetry
making the system spontaneously prefer a certain configuration. In fact the
vacuum in QCD is non-trivial. It is not simply empty space, but has a rich
structure in which quark-antiquark pairs are constantly created and annihi-
lated. For this reason, it is described as a superposition of many states, and
the interactions between quarks and gluons cause the system to favour a par-
ticular configuration, which spontaneously breaks the chiral symmetry. The
spontaneous symmetry breaking produces hadrons masses far above the one
of the quarks. Yoichiro Nambu was awarded the 2008 Nobel Prize in Physics
for elucidating the phenomenon in 1960. Lattice simulations have confirmed
all his generic predictions [6].

For our discussion the Polyakov loop operator gets a particular importance:

L =
1

3
Tr
(
Peig

∫ β
0 dτA4(x⃗,τ)

)
(1.6)

where P is the path-ordering operator and A4 is the Euclidean temporal com-
ponent of the gauge field and β = 1

T
in natural unit, T temperature. A

vanishing thermal expectation value ⟨L⟩ of the Polyakov loop operator thus
indicates infinite energy for a free quark, i.e. quark confinement. It’s possible
to proof that as the temperature increases ⟨L⟩ increases rapidly to a nonzero
value at high temperatures. This indicates that quark confinement is broken
at the corresponding critical temperature Tcr. Experimentally it is found that
Tcr ∼ 160 MeV, which corresponds approximately to 1.86 1012 K [7]. However,
this doesn’t mean that we can find free quark, because the strong force is still
there and the quark can’t escape by flying away.

We have already discuss that in the absence of quark masses the Eq 1.1
is chirally symmetric. Since the up and down quark masses are very small,
neglecting them is a good approximation. Anyway when the temperature
decreases the approximate chiral symmetry breaks generating a dynamic mass,
the so called “constituent” masses. In vacuum this constituent mass are thus
about 300 MeV for the up and down quarks, about 450 MeV for the strange
quark, 1.5 Gev for the charm, 4.5 Gev for bottom and 180 Gev for top [4].
The dynamically generated masses disappear at Tcr, making the quarks light
again and restoring the approximate chiral symmetry of QCD. The dissolution
of massive hadrons into almost massless quarks and gluons at Tcr leads to a
very rapid rise of the energy density near the deconfinement transition, as
shown in Fig 1.3. For a massless gas of quarks and gluons the energy density
is proportional to T 4. It’s possible to note that for T < 4Tcr the data remain
about 20% below this Stefan-Boltzmann limit. Instead near Tcr the ratio ϵ/T

4

drops rapidly by more than a factor 10. This is due to hadronization that we
will discuss in the following chapters. According to Fig 1.3 the critical energy
density for deconfinement is about 0.6÷ 0.7 GeV/fm3. However we can have
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Figure 1.3: The symbol ϵ stands fo energy density, the curves labelled “2
flavour” and “3 flavor” were calculated for two and three light quark flavors
of mass mq

T
= 0.4. “2+1 flavour” indicates a calculation for two light and one

heavier strange quark flavor of mq

T
= 1 [7].

information about the temperature and not directly on the energy density.
So the uncertainly of ± 15 MeV reported in the graph on Tcr introduce a
±40% uncertainty in the critical energy density, thanks to the T 4 proportional
relation, which could be as large as 1 GeV/fm3 or as small as 500 MeV/fm3.
The dependence of T 4 is particularly important because for exceed the critical
temperature by only 30% in order to reach the upper edge of the transition
region, an energy density ϵ ≈ 3.5 GeV/fm3 is required and to reach 2Tcr
the energy density has to arrive at 23 GeV/fm3 [8]. The former number
is approximately the value obtained in Pb-Pb collisions at

√
sNN= 17 GeV.

Under the assumption that the total momentum in the region is null we can
be compute the energy density for colliding nuclei as

⟨ϵ⟩ = 2ρ0γ
2 =

√
sNN

2

2V mc2
(1.7)

where ρ0 indicates the energy density at rest of each nucleus and γ is the
Lorentz factor of the beam, V the volume and m the mass. In heavy-ion
collision at the Relativistic Heavy Ion Collider (RHIC) for Au-Au collision at√
sNN = 200 GeV and R ≈ 6.98 fm ⟨ϵ⟩ = 3 103 GeV/fm3 while for Pb-Pb

collision at
√
sNN = 5.02 TeV and R ≈ 7.11 fm ⟨ϵ⟩ = 2 106 GeV/fm3, much

larger than ϵcr [9] . A more precise formulation of the energy density, valid as
long as the particle production exhibits a “plateau” structure in the central
rapidity region and the net baryon number at mid-rapidity is close to zero,
was given by Bjorken [10]

⟨ϵB⟩ =
1

τfπR2

d⟨E⟩
dy

(1.8)
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where τf stands for the formation time of the fireball and R is the transverse
radius of the participant volume and πR2 is the nuclei overlap area and y is
the rapidity y= 1

2
ln E+pzc

E−pzc
where z is the axis along which the beam is aligned

[11].

1.0.2 The QCD phase diagram

Under extreme conditions of density and temperature, hadrons “melt” and
release their contents of quarks and gluons. This is possible because at short
distances and large momentum transfers, the strong interaction is not intense
enough to bring the partons together and hadron structures are no longer
possible. Color charges are then deconfined, and this state is called Quark-
Gluon Plasma (QGP). For this reason is possible to consider QGP as the
deconfined state of QCD matter and is the hottest and most dense liquid
known to humankind. Furthermore, according to the most widely accepted
cosmological model, the ΛCDM, were the condition of our universe only few
microseconds after the Big Bang [12].

For the description of this transition the baryon chemical potential µB

have to be introduced. It is a thermodynamic coordinate like temperature,
best understood as the energy required by the system to change its chemical
composition. It is tightly connected with the density of quarks: when the
former is zero, the latter vanished as well, but we will discuss it better later.
A simple description of the phases of nuclear matter is given in Fig. 1.4. Par-

Figure 1.4: A sketched view of the phase diagram of strongly interacting
matter, in the plane of temperature and the baryon chemical potential that
represents the amount of net baryon charge available in the system [13]
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ticularly problematic is the study of the diagram when µB approaches zero,
like in the condition of the primordial universe. As illustrate in Fig 1.4 lattice
QCD provides evidence that, even for realistically small up and down quark
masses, the transition at µB = 0 is a first order rapid crossover; although
the precise value where the transition occur still remains to be determined.
The short line visible in correspondence of µB = 1 GeV indicates the nu-
clear liquid-gas phase transition, with a critical endpoint at a temperature of
about 7.5 MeV. At higher temperatures more and more hadron resonances
are excited and we have a hadron resonance gas. At low temperatures and
asymptotically large baryon densities quarks are also deconfined, although
not in a quark-gluon plasma state but rather in a color superconductor state.
In these condition matter carries color charge without loss, analogous to the
conventional superconductors that can carry electric charge without loss. The
superconducting state is separated from the QGP by a first order transition
at a critical temperature estimated to be of the order 30-50 MeV. It is im-
portant to note that heavy-ion collisions are not a viable method for probing
the colour-superconducting phase. This is due to the fact that the process
of compressing nuclear matter in such collisions results in significant entropy
increase and consequent heating.

Is interesting to note that if the centre-of-mass collision energy increases,
the colliding nuclei become increasingly transparent with respect to each other.
Consequently a decreasing fraction of the beam energy and of the incom-
ing baryons get stopped in the center of mass. When the energy increases
the incoming net baryon number decreases, making the system more baryon-
antibaryon symmetric and pushing µB closer to zero. At the LHC the entropy
per baryon ratio S/A can reach several thousand, still far from the early uni-
verse ratio of 109, that is, for all practical purposes, “baryon-free” (µB = 0)
QCD matter [8].

1.0.3 The different stage of a heavy-ion collision

The main stages of relativistic heavy-ion collisions are: collision, pre-equilibrium,
thermalization, hadronization, chemical freeze-out, and decoupling. This sec-
tion came from the following article [8], [7], [14], [15] and [11].

1. Collision: At t=0 the collision take place. The nuclei are highly Lorentz
contracted and an extremely dense region of partons is generated with
a large energy deposit in the overlap region of the collision. The su-
perposition occur in tcoll = 2RN

γ c
, where RN is the nucleus radius. In

Pb-Pb collision at
√
sNN = 5.02 TeV tcoll ∼ 6 10−3 fm/c, smaller than

the strong-interaction timescale tQCD ∼ 1 fm/c.

2. Pre-equilibrium (t < 1 fm/c): The two nuclei just collided. The par-
tons of the participating nucleons interact producing a large amount of
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quarks and gluons. This process leads to generate high-momentum par-
tons (the transverse momenta is p⊥ ≫ 1 GeV/c) creating jets or heavy
quark with the emission of prompt photons. The system is now formed
by a dense inhomogeneous droplet of strongly interacting QGP matter.
In the very early collision stages the momentum transferred is huge and
the particle production can be calculated in perturbative QCD. Accord-
ing to the Heisemberg uncertainty relation the production happens on
a time scale t ∼ 1

2
√

Q2
, where Q is the momentum transfers. The key

difference between elementary particle and nucleus-nucleus collisions is
that the quanta created in the primary collisions between the incoming
nucleons can’t right away escape into the surrounding vacuum.

In a central collision between two Pb or Au nuclei the nuclear reaction
zone has a transverse diameter of about 12 fm, so a hard particle created
near the edge and moving towards the center (straight inward) needs
about 20 fm/c before it emerges on the other side. During this time the
matter thermalizes, expands, cools down and almost reaches decoupling.
As the particle moves through the plasma, it loses energy. It can be
shown that the energy loss is proportional to the density of the medium
times the scattering cross section between the probe and the medium
constituents integrated along the trajectory of the probe. In this way,
important information about the medium can be analysed. Other probes
of the early collision stage are direct photons, either real or virtual, and
other process connected to QED such the creation of a couple lepton-
antilepton generally known as “dileptons”. In contrast to all hadronic
probes, they thus escape from the collision zone without reinteraction
and carry pristine information about the momentum distributions of
the particle that generated them. Anyway the directly emitted photons
and dileptons must be must be searched in a chaotic background of
indirect photons and particle generated in other process. This makes
the measurement of these signals particularly difficult.

3. Thermalization (t ∼ 1 − 15 fm/c): The constituents of the fireball
interact frequently, establishing a local equilibrium state. This phase is
characterised by a thermally equilibrated nature, which makes the QGP
exhibit perfect fluid behaviour and allows a hydrodynamic description of
the medium. This refers to its exceptionally low viscosity, minimal inter-
nal friction and high thermal conductivity. Experimental observations,
in particular those related to the collective flow of particles produced
in heavy-ion collisions, support this behaviour. The partons produced
rescatter both elastically and inelastically. Both types of collision lead
to an equipartition of the deposited energy, but only the inelastic ones
change the chemical composition of the medium by changing the flavour
of the partons. The system, now in equilibrium, builds up an internal
pressure that is unopposed by the surrounding void. This leads to a
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rapid hydrodynamic expansion of the system with a decrease in temper-
ature and energy density.

4. Hadronization (t ∼ 20 fm/c) As the temperature lowers, the energy
density of the system is no longer able to keep the partons apart, and
hadrons begin to form as the energy density approaches ϵcr. During this
phase the entropy density drops because of the recombination. However
this parameter cannot decrease. This implies that the fireball volume
must increase by a large factor while the temperature remains approxi-
mately constant. Since the growth of the fireball volume takes time the
systems spend significant time near Tcr. While the matter hadronizes

it’s speed of sound vs =
√

∂p
∂e

is small causing inefficient acceleration

that doesn’t permit the collective flow increase during this phase.

5. Chemical freeze-out: When the temperature decreases enough in-
elastic interactions among hadrons are completely stopped and only the
elastic one occur. This happen because at this point the matter becomes
so dilute that the average distance between hadrons exceeds the range
of the strong interactions. The hadrons abundance ”freeze out” but the
creation of some resonance is still possible but such processes does not
change the finally observed chemical composition. Since most of the
hadrons in a relativistic fireball are pions, very light particle mπ ∼ 140
MeV, resonances with them are very efficient in keeping the system in
thermal equilibrium. The chemical freeze-out occur when T = Tch.

6. Kinetic freeze-out: At this stage the hadrons, including the unstable
resonances, start to decouple from the medium as the temperature lowers
and the mean free path becomes larger than the mean distance between
hadrons. This mean that particles are no longer subject to significant
interactions and can travel freely to the detector. The distribution of
kinetic energy among all hadrons has now ceased and the transverse
momentum spectrum is approximately exponential while the unstable
resonances decay in particle with smaller transverse momenta. Given
that the majority of resonances decay by emitting pions, this effect is
of particular importance for their spectra, which at low transverse mo-
menta are dominated by decay products. The kinetic freeze-out occur
when T = Tkin ∼ 153 MeV.

A graphical resume of the process is visible in Fig 1.5 and 1.6.
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Figure 1.5: Evolution of a central heavy-ion collision in a Minkowski-like
plane. The two scenarios with and without QGP are pointed out. The critical
temperature is indicated by Tc, while the freeze-out and chemical freeze-out
temperatures, are pointed out with Tfo, and Tch, respectively [16].

Figure 1.6: A sketched view of the phase of the system after the collision [8].
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1.0.4 Centrality

An important parameter to characterize heavy-ion collisions is the centrality,
an observable related to the transverse distance (⃗b) between the centers of the

colliding nuclei. Interactions with the smallest |⃗b| are called central collisions,

while those with large |⃗b| are called peripheral collisions. This parameter is
expressed in terms of the fraction of the total cross section σAA. The centrality
percentile of collisions with impact parameters in the interval [b1, b2] is given
by

c(b1, b2) =

∫ b2
b1
dbdσ

db∫∞
0
dbdσ

db

=

∫ b2
b1
dbdσ

db

σAA

(1.9)

Centrality has important consequences for the expected particle abundances,
in particular the number of charged particles. The total number of charged
particles produced in a collision is a commonly used observable called the
multiplicity. For this reason, the centrality can be obtained experimentally
from the measure of the multiplicity or by counting the number of spectator
nucleons, the nucleons that do not interact during the collision. The central-
ity of each collision must be determined experimentally in order to identify
peculiar behaviour that can occur for very specific centrality classes. It is
interesting to report that only 5% of the total cross section corresponds to a
central interaction [11]. The centrality can be used to calculate the number
of interacting (participant) nucleons Npart(b) and the total number of binary
nucleon-nucleon collisions Ncoll(b). The Glauber model formulation [17] as-
sumes that: the nucleons are point-like and independent, their trajectory is a
straight line, the nucleon-nucleon inelastic cross section does not vary during
the collision, hypotheses known as optical limit. If we call A and B the num-
ber of nucleons in the first and second nucleus respectively, the probability of
nucleon-nucleon interactions is given by the binomial distribution.

p(n, b⃗) =

(
AB

n

)[
TAB (⃗b)σ

NN
inel

]n [
1− TAB (⃗b)σ

NN
inel

]AB−n

(1.10)

Where σNN is the cross section and TAB is the nuclear overlapping function, it
can be computed from the single nucleon distribution of the interacting nuclei.
It’s possible to imagine this parameter as probability to have a nucleon at the
same position in the transverse plane in both colliding nuclei. From the mean
value of the binomial.

⟨Ncoll(b)⟩ = A B TAB (⃗b) σ
NN
inel (1.11)

So the number of participant is given by:

⟨Npart(⃗b)⟩ =A
∫
d2s TA(⃗b)

[
1−

(
1− TB (⃗b− s⃗)σNN

inel

)B]
+B

∫
d2s TB (⃗b− s⃗)

[
1−

(
1− TA(s⃗)σNN

inel

)A] (1.12)

with T the thickness function [15].



Chapter 2

Thermal model

2.0.1 Hydrodynamical description

This section resume the information of [8], [18].
We have already seen that the fireball can be approximately described as

an ideal fluid. This approximation holds if the microscopic scattering time
scale is much shorter than any macroscopic time scale associated with the
fireball evolution. So hydrodynamics becomes applicable when the mean free
path of the particles is much smaller than the system size. For these reason the
fact that the QGP behaves like an ideal fluid implies strong non-perturbative
interactions in the quark-gluon plasma phase. Hydrodynamics allows a de-
scription of the system in terms of macroscopic quantities so an equation that
connect the pressure, the energy density and baryon density i.e. an equation
of state is required. Lattice QCD suggests a simplified equation of state for
an ideal massless gas:

Ppressure =
ϵ

3
=
dπ2T 4

90
(2.1)

where d is the effective number of degrees of freedom, value of d = 47.5 for a
three flavor QGP which is an order of magnitude larger than that of a pion
gas where d ∼ 3 [19].

The possibility to describe the evolution of the fireball in terms of macro-
scopic quantities makes hydrodynamics the ideal language, as it allows the
description of the hadronisation phase transition without the need for a mi-
croscopic description, and at the same time explains the observed collective
flow phenomena.

The particles velocities in the fireball are under the effect of pressure gra-
dients and are not independent. For this reason in the final state particle
velocities will not be distributed according to random thermal motion, but
instead will keep a collective ones. This means that, as happen in an expand-
ing gas, the momentum distribution of particles depend on the position in the
plasma and is not completely randomical. This feature is commonly called
“collective flow” as opposed to the “non-collective flow” in which particles
show uncorrelated velocities. To define the collective flow we can consider

19
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any space-time point in the fireball and consider an infinitesimal volume as-

sociate with the point. So the flow velocity can be expressed by v⃗(x) = |P⃗ |
P 0 ,

where P⃗ is the mean 3-momentum of the particle in the volume and P 0 is the
mean energy in quadrivectorial formalism. It’s possible to associate at v⃗(x)
a normalized velocity uµ = γ(1, v⃗(x)) where γ is the Lorentz factor. In the
same manner we can define T(x) the average local temperature and the µi,
the chemical potential of the i-th particle species. It’s possible to separate
the flow velocity into its components along the beam direction (“longitudinal
flow” v⃗l(x)) and in the plane perpendicular to the beam (“transverse flow”
v⃗⊥(x)). From now on the natural unit will be used. In this case the phase-
space distribution of particles of type i is given by the Lorentz covariant local
equilibrium distribution:

fi,eq(x, p) =
gi

e(p·u−µi)/T + θi
= gi

∞∑
n=1

(θi)
nen(p·u−µi)/T (2.2)

Here gi is a spin-isospin-color-flavor-etc. degeneracy factor which counts all
particles with the same properties. The factor p · u 1is the energy of the
particle in the local rest frame. The θi in the denominator accounts for the
proper quantum statistics of particle (+1 for fermions and -1 for bosons). The
Boltzmann approximation corresponds to keeping only the first term in the
sum in the last expression. In our applications this is an excellent analytical
approximation for all hadrons except for the pion because of their mass.

At relativistic energies it is convenient to parametrize the longitudinal
flow velocities and momenta in terms of rapidities and pseudo-rapidities, η =
1
2
ln1+v

1−v
in this way v = tanh(η). It’s also possible to define ηl =

1
2
ln 1+vl

1−vl
and

y = 1
2
ln

1+
pl
E

1− pl
E

= 1
2
ln E+pl

E−pl
. Rapidities have the advantage over longitudinal

velocities that they are additive under longitudinal boosts. In fact it is possible
to express η

′

l in a given inertial frame which moves relative to the first frame
with rapidity ∆η in the -z direction as η′l = ηl + ∆η. In addition the previous
expression simplified:

uµ = γ⊥(cosh ηl, vx, vy, sinh ηl) (2.3)

pµ = (m⊥ cosh y, vx, vy,m⊥ sinh y) (2.4)

Where γ⊥ = 1√
1−v2⊥

and m⊥ =
√
m2 + p2⊥ is the transverse mass. For con-

venience we define also τ =
√
t2 − z2, the longitudinal proper time and z the

longitudinal position, and r⃗⊥ = (x, y).

1this expression correspond to the quadrivectorial scalar product with the metrical tensor
Pµuµ = gµνP

µuµ

gµν =


1 0 0 0
0 −1 0 0
0 0 −1 0
0 0 0 −1


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Bjorken argued that at asymptotically high energies the physics of sec-
ondary particle production should be independent of the longitudinal refer-
ence frame. Furthermore, the boost-invariance of these initial conditions is
preserved in longitudinal proper time if the system expands collectively along
the longitudinal direction, in this approximation hold η = ηl. For more details
see [10]. The Bjorken scaling approximation is expected to be good at high
energies and not too close to the beam and target rapidities. We can so said
that

p · u(x) = γ⊥(r⃗⊥, τ) (m⊥cosh(y − η)− p⃗⊥ · v⃗⊥(r⃗⊥, τ)) (2.5)

The Cooper-Frye formula

In this section we will discuss a formalism for count the total number of par-
ticles of species i produced in the collision. Since this value does not depend
on the reference frame of the observer, we must be able to express it in a
Lorentz-invariant way. We define a three-dimensional hypersurface Σ(x) in 4-
dimensional space-time along which we perform the counting. It’s clear that
different choices for the hypersuperface are possible and the final result must
not change as long as it completely closes off the future light cone emerg-
ing from the collision point. So for obtaining the count of total particles of
each species produced we can study how many particles cross the surface. A
possible way for obtain the desired result consists in subdividing the hyper-
surface into infinitesimal elements d3σ and then summing on them. Defining
an outward-pointing 4-vector d3σµ(x) perpendicular to Σ(x) at point x with
the magnitude d3σ. Introducing the 4-vector jµi describing the current of par-
ticles i through point x, and summing over all the infinitesimal hypersurface
elements we get

Ni =

∫
Σ

d3σµ(x) j
µ
i (x) =

∫
Σ

d3σµ(x)

(
1

(2π)3

∫
d3p

E
pµfi(x, p)

)
(2.6)

Where jµi (x) is the particle number current density given in terms of the
Lorentz-invariant phase-space distribution. The normal vector can be com-
puted assuming longitudinal boost-invariance, the freeze-out surface can be
characterized by a longitudinal proper time. It’s possible to proof that

d3σµ =

(
cosh η,−∂τf

∂x
,−∂τf

∂y
, sinh η

)
τfd

2r⊥dη (2.7)

If the freeze-out surface is Σf = (tf , xf , yf , zf ) = (τf cosh η, r⃗⊥, τf sin η), by
multiplying the latter parameters with the velocity pµ

E
and integrating over

all momenta with measure d3p
(2ℏπ)3 = d3p

(2π)3
, we finally obtain the Cooper-Frye
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formula

E
dNi

d3p
=

dNi

dyp⊥dp⊥dϕp

=
dNi

dym⊥dm⊥dϕp

=
1

(2π)3

∫
Σ

p · d3σµ(x)fi(x, p)

(2.8)
Where ϕp is the azimuthal angle. Combing the Eq. 2.7 and 2.5 one gets:

p · d3σµ = (m⊥ cosh(y − η)− p⃗⊥ · ∇⊥τf (r⃗⊥)) τfd
2r⊥dη (2.9)

To compute the measured momentum spectrum we can therefore replace the
surface Σ by shrinking it to the smallest and earliest surface that still encloses
all the processes. It is called the “surface of last scattering” or “freeze-out
surface” Σf . The the number of particles obtained from the Cooper-Frye
formula is not always positive-definite. Physically negative contributions of
the Cooper-Frye formula correspond to particles that stream backwards into
the hydrodynamical region. It’s possible to compare the negative contribution
with the total number particles crossing the transition hypersurface. It is
found that the number of underlying inward crossings is much smaller than
the one the Cooper-Frye formula gives under the assumption of equilibrium
distribution functions [20].

To compute the measured momentum spectrum the knowledge of the
phase-space distribution on the surface of last scattering is required. Since
the transition from strong coupling to free-steaming thus happens in a short
time interval we may approximate fi(x, p) on the last scattering surface. In
this section we report only the final momentum distribution obtainable from
the Eq. 2.8 result but the proof is in the appendix A.

dNi

dy m⊥ dm⊥ dϕp

=
gi
π

∫ ∞

0

r⊥ dr⊥ ni(r⊥)

[
m⊥K1

(
m⊥ cosh(ρ(r⊥))

T (r⊥)

)
I0

(
p⊥ sinh(ρ(r⊥))

T (r⊥)

)
− p⊥

∂τf
∂r⊥

K0

(
m⊥ cosh(ρ(r⊥))

T (r⊥)

)
I1

(
p⊥ sinh(ρ(r⊥))

T (r⊥)

)]
(2.10)

That includes the modified Bessel functions and v⊥ = tanh ρ. This for-
mula is useful because it allows to easily perform systematic studies of the
influence of the radial profiles of temperature, density and transverse flow on
the transverse momentum spectrum, in order to better understand which fea-
tures of a real dynamical calculation of these profiles control the shape of the
observed spectra.

Eq. 2.10 can be simplified by assuming instantaneous freeze-out. In this
case there is no dependence of the proper time at the freeze-out surface τ
therefore ∂τ

∂r⊥
= 0 so we can rewrite the previous equation in the following

manner:
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dNi

dy m⊥ dm⊥
=
gi
π2

∫ ∞

0

r⊥ dr⊥ ni(r⊥)

[
m⊥K1

(
m⊥ cosh(ρ(r⊥))

T (r⊥)

)
I0

(
p⊥ sinh(ρ(r⊥))

T (r⊥)

)] (2.11)

Commonly named Boltzmann-Gibbs blast wave. This formulation is par-
ticulary used to extract properties of the common source such as the temper-
ature Tf or to fit the single particle spectra. The agreement of Eq. 2.11 with
the spectra is quite remarkable especially in central events where the thermal
description is expected to work better. However for a more precise description
some models take into account also the final state interaction effects, such as
the Coulomb repulsion/attraction between charged hadrons which continues
long after their strong interactions with each other have ceased.

Transverse momentum spectra and freeze-out temperature

For all hadrons it is observed that m⊥/T > 1 so the modified Bessel function

can be approximated in the following manner Kν ∼ e−
m⊥ cosh ρ

T . At r⊥ = 0
the radial flow velocity must vanish by symmetry but to larger r⊥ typically it
rises linearly, it eventually reaches a maximum value and drops again to zero
since the dilute tail of the initial density distribution freezes out early. Some
simulated profile of grow are shown in the Fig. 2.1 [21].

Different processes can manifest, for example at SPS energies the freeze-
out surface moves from the edge inward since the fireball matter cools and
freezes out faster than the developing radial flow can push it out. At LHC
energies the much stronger radial flow generated by the much higher internal
pressure makes the fireball grow considerably arriving at radius of 13 fm/c.
To understand how radial flow influences the spectra, first consider the case
with no flow (ρ = 0). in this condition Iq(0) = 0 and thus Eq 2.10 reduces to

dNi

dym⊥dm⊥
∼ m⊥K1

(m⊥

T

)
∼ m

1/2
⊥ e−

m⊥
T (2.12)

In this condition as the temperature is the same for all hadrons the spectra
depend only on the transverse mass, a fact known as ”m⊥” scaling. As visible
in the equation the temperature can be extracted easily. Instead if the radial
flow is not vanishing approximating p⊥ ≈ m⊥ one gets:

dNi

dym⊥dm⊥
∼ e−

m⊥(cosh ρ−sinh ρ)

T = e
− m⊥

Tslope (2.13)

With Tslope = T
√

1+v⊥
1−v⊥

. Convective flow breaks m⊥ scaling especially at low

m⊥ as in Fig. 2.2. In fact for sufficiently large hadron mass and flow velocity
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Figure 2.1: Radial flow rapidity profile ρ(r⊥) = yT for central Au+Au col-
lisions at RHIC, from hydrodynamic calculations employing three different
equations of state [16].

the spectrum develops a blast wave peak at nonzero transverse momentum.
In conclusion is possible to summarize these two important limits

Non relativistic: p⊥ ≪ mi Ti,slope ≈ Tf +
1

2
mi⟨v⊥⟩2 (2.14)

Relativistic: p⊥ ≫ mi Tslope = T

√
1 + v⊥
1− v⊥

(2.15)

This effect is visible in Fig. 2.2 for two flow velocities. These formulations
have of course their practical limitations in the fact that pions, the lightest
hadrons, are quickly falling into the relativistic case and few measures were
performed at low momenta, especially in collider experiments. In addition,
non-relativistic pions are affected by both Bose-Einstein statistics and contri-
bution from resonance decays. Furthermore the m⊥-scaling is expected to be
more evident for the pp collision while for the heavy-ion case the presence of
the radial flow breaks the m⊥ -scaling. The modification of the spectral shape
affects also the mean of the distribution in a mass-dependent way, resulting
in an increase of the p⊥ with the particle mass. This increasing is expected to
be more evident when flow is stronger.
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Figure 2.2: Flow spectra for various hadrons as a function of m⊥ −m0 where
m0 is their rest mass. The calculation assumes an infinitesimally thin shell
of temperature T = 150 MeV expanding with β = 0.9 on the right and β =
0.4 on the left. The curve labelled ”π+ (all)” includes pions from resonance
decays in addition to the thermally emitted pions.

2.0.2 Anisotropic flow

x,b
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on Plan
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Figure 2.3: Almond shaped interaction volume after a non-central collision
of two nuclei. The spatial anisotropy with respect to the x-z plane (reac-
tion plane) translates into a momentum anisotropy of the produced particles
(anisotropic flow).

This section come from [19], [8] and [22]. For central collisions between
equal spherical nuclei, radial flow is the only possible type of transverse flow
allowed by symmetry. In non-central collisions, however, this azimuthal sym-
metry is broken, and anisotropic transverse flow patterns can develop. Ex-
perimentally, anisotropic flow provides the most direct evidence of flow in the
QGP, producing anisotropy in particle momentum distributions. The evolu-
tion of the elliptic shaped interaction volume is shown in Fig. 2.4 [23]. The
contours indicate the energy density profile and the sequence shows the time
evolution from an almost elliptical region into an almost symmetric system,
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an expansion that happen at the speed of sound. In this situation the equa-
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Figure 2.4: The created initial transverse energy density profile and its time
dependence in coordinate space for a non-central heavy-ion collision. The z-
axis is along the colliding beams, the x-axis is defined by the impact parameter.

tion 2.8 can be written using a Fourier expansion introducing b, the impact
parameter modulus, and ψn the azimuthal angle, in the form

E
dNi

d3p
(b) =

dNi

dyp⊥dp⊥dϕp

(b)

=
1

2π

dNi

dyp⊥dp⊥
(b)

(
1 + 2

∞∑
n=1

vin(p⊥, b) cos(n(ϕp − ψn))

) (2.16)

In this Fourier decomposition, the coefficients v1, v2 and v3 are known as
directed, elliptic and triangular flow respectively. As visible in Fig. 2.3 the
momentum space distribution has a preferred direction and this asymmetry
can be quantified by the spatial ellipticity:

ϵx(b) =
⟨y2 − x2⟩
⟨y2 + x2⟩

(2.17)

As a function of time, ϵx decreases spontaneously due to free-streaming radial
expansion, in the absence of rescattering, or faster when elliptic flow devel-
ops as a result of rescattering. The first mechanism is a consequence of the
Heisenberg uncertainty principle: as the spatial localization improves, the un-
certainty in the corresponding momentum component increases. Instead the
elliptic flow is a consequence of the fact that there is high pressure in the inte-
rior of the reaction zone which falls off to zero outside. The pressure gradient
is very steep in the short direction leading a stronger hydrodynamic accelera-
tion. It’s possible to show that the spatial eccentricity decrease as a function
of time in the following manner, as detailed in the appendix B:

ϵx(τ0 +∆τ)

ϵx(τ0)
=

[
1 +

(c∆τ)2

⟨r⃗2⟩τ0

]−1

(2.18)

where τ0 is the time when the particles were created and ⟨r⃗2⟩τ0 is the az-
imuthally averaged initial transverse radius squared of the reaction zone. Hy-
drodynamics predicts that heavier particles gain more momentum than lighter
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ones for the previously discussed flattening of their spectra at low transverse
kinetic energies. It is also known from microscopic kinetic studies that for a
given initial spatial eccentricity the magnitude of the generated elliptic flow
is a monotonic function of the mean free path.

More recently, it was realized that small deviations from ideal hydrody-
namics, in particular viscous corrections, modify significantly the buildup of
the elliptic flow. The shear viscosity determines how good a fluid is, how-
ever, for relativistic fluids the more useful quantity is the shear viscosity over
entropy ratio ηv/s. For perfect fluids the ratio can be approximated by:

ηv
s
≈ ℏ

4πkB
(2.19)

It is argued that the transition from hadrons to quarks and gluons occurs
in the vicinity of the minimum in ηv/s, just as in the phase transitions of
common life substances such as water.

2.0.3 Statistical Hadronisation Model (SHM)

This section had been inspired by the folowing article [24], [25], [8] and [11].
The idea of applying statistical concepts to the problem of multi-particle

production in high energy collisions dates back to a work of Fermi in 1950,
who assumed that particles originated from an excited region evenly occupy-
ing all available phase space states. Note that such a statistical approach has,
of course, its limitations. In fact in this way it is impossible to investigate
correlations between pairs, triplets, quadruplets etc. of particles because they
belong to the same event and so are not produced entirely independently but
correlated in a non-statistical way. For example the momenta of the parti-
cles emerged from the fireball must conserve the original one of the initially
colliding nuclei generating non-statistical correlations. So for describe this
complex dynamical process, the Statistical Hadronisation Model (SHM) pos-
tulates that hadrons are formed from the decay of each cluster in a purely
statistical way so. Every multihadronic state localized within the cluster and
compatible with conservation laws is equally likely.

Often the mathematical formalism used to describe the system is the gran-
canonical one, which takes into account the possibility for the volume under
study to exchange both particles and energy with its surroundings. This ap-
proach is justified by the fact that in heavy-ion collisions the volume of the
fireball is considerably larger than the partonic scale; indeed, the volume of
clusters is in constant ratio to their mass when hadronisation takes place.
For smaller systems, like happen for example in collision between protons or
proton and other nucleus, the grand-canonical ensemble is no longer a good
description of the system. In this case the volume created after the collision
is considerably smaller and it is better to require the local conservation of
quantum numbers and so the canonical formulation is more appropriate. It
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is worth noting that the transition from a canonical to a grand-canonical de-
scription effectively occurs when the cluster volume is of the order of 100 fm3

at an energy density of 0.5 GeV/fm3 [26]. In addition one has to consider
the quantum behaviour of both fermionic and bosonic degrees of freedom that
form the system. Some possible effect are for example the Bose-Einstein corre-
lations or Hanbury Brown-Twiss interference. The Bose-Einstein correlations
refer to a quantum mechanical phenomenon that arises due to the wave-like
nature of bosonic particles and their tendency to occupy the same quantum
state. Instead the Hanbury Brown and Twiss effect is any of a variety of cor-
relation and anti-correlation effects in the intensities received by two detectors
from a beam of particles and depends on the fermionic or bosonic nature of
the beam. From statistical mechanics is known that hold

⟨N⟩ = 1

β

(
∂lnZ

∂µB

)
(2.20)

⟨E⟩ = −
(
∂lnZ

∂β

)
+ µB⟨N⟩ (2.21)

⟨S⟩ = kB
∂T · lnZ
∂T

(2.22)

Ppressure =
1

β

(
∂lnZ

∂V

)
(2.23)

Where E,S Ppressure, N, T and kB are respectively the energy, the entropy,
the pressure, the number of particle, the temperature and the Boltzmann
constant, instead β = 1

kBT
and Z is the partition function that can be expressed

in the following manner

lnZi(T, V, µi) =
∆V gi
2π2ℏ3

∫ ∞

0

θip
2 dp ln

(
1 + θie

β(µi−E)
)

(2.24)

θi, already defined, is +1 for fermions and -1 for bosons, and gi is the overall
degeneracy. Global observables such as the particle mean multiplicities and
entropy can be derived from the previous equation:

⟨N⟩ = ∆V gi
2π2ℏ3

∫ ∞

0

dp
p2

e−β(µi−E) + θi
(2.25)

⟨S⟩ = −
∑
i

∫
∆V

∫
d3xd3p

(2π)3
[fi ln fi + θi(1− θifi)ln(1− θifi)] (2.26)

In this case the distribution is a bit different from Eq. 2.2.

fi,eq(x, p) =
gi

eβ(∆V )(Ei−µi(∆V )) + θi
(2.27)
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The Eq. 2.24 can be further developed by considering Taylor expansion of the
logarithmic part, the full derivation is given in the appendix C.

lnZi(T, V, µi) =
∆V gi
2π2ℏ3β

∑
K

(θie
βµi)k

k2
m2

iK2(kβmi) (2.28)

The definition of the chemical potential µi is strictly related to the pro-
cesses under study and to the type of chosen ensemble formalism. It became
necessary in order to take into account the possibility to have fluctuations in
the number of particles of species i. For a given species i the chemical poten-
tial can be split into µi = BiµB + SiµS + QiµQ , where Bi , Si and Qi are
respectively the baryon number, strangeness and electric charge while µB , µS

and µQ are the corresponding chemical potentials. If the energy of the colli-
sion is not enough the strange quark and antiquark can be non thermalized.
So we should add another therm to chemical potential. This term take the
form |si|µ̄s where si is the total number of strange quarks and antiquarks in
hadron and µ̄s the corresponding potential. In heavy-ion collisions, however,
the s quarks can be fully thermalised. Similarly to the strange quark, the
same process can be repeated for the heavier flavours.

Starting from measurements of the identified particle yields (dN/dy) in
the light flavor sector by using the SHM approach one gains access to the
thermodynamic properties of the system created in the collision. An example
of such measurement for different particle species is given in Fig. 2.5. It is
possible to identify some key features:

• Particles and antiparticles tend to be equally produced if the collision
energy is high enough. This is especially true at LHC energies.

• Baryons and mesons follow different behaviour with significant baryon/anti-
baryon discrepancies at lower energies.

• Pions are the most abundant particle species produced

• Particles containing s or c quarks are subject to a significant increase in
their abundances at opportune energy. This effect known as “strangeness
enhancement” was historically identified as a typical signature of the
QGP. This aspect will be discussed better later.

• At high energies the production of particles with same mass but different
quark content tends to be similar.

The SHM can be used to fit the measured dN/dy using only a limited
number of parameters. This allows to obtain quantities such as the chemical
freeze-out temperature, the system volume V and the chemical potential µB.
Fig. 2.6 shows how the best fit parameters to describe the data from Pb–Pb
central collisions collected by the ALICE experiment at

√
sNN = 2.76 TeV

are: T = 156.5 ± 1.5 MeV, µB = 0.7 ± 3.8 MeV, V = 5280 ± 410 fm3.
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The model is able to describe reasonably well measurements of yields which
span over 9 order of magnitudes with a χ̃2 = 1.61 with a low number of free
parameters [27]. In addition these results allow for a direct comparison with
predictions from lattice QCD. Such comparison is resumed in Fig. 2.7 where
is possible to see that the curve is correctly described.

2.0.4 Strangeness and Charmness enhancement

Another success of the SHM model is the prediction of a phenomenon called
strangeness enhancement, which consists of an increase in the production
of particles containing strange quarks. In particle production, one would
generally expect that the heavier flavours should be suppressed compared
to the up and down quarks, both for their greater mass and the need to
preserve quantum numbers. In fact it is known that the strong interaction
exactly preserves the strangeness quantum number and so the heavier flavours
are produced in pairs. Consequently, the production of strange quarks is
expected to be suppressed in small collision systems where there is less phase
space available for particle production. This because the creation of a second
hadron with a compensating strangeness has to be created inside the same
small volume at the same time resulting in a large energetic threshold that
the system has to overcome (canonical suppression). Instead the fact that the
gran canonical formalism, that assumes only the average conservation of the
quantum number, is useful for the description of this kind of process tell us
that the system behave as if the strange and antistrange hadrons were created
independently and statistically distributed over the entire nuclear fireball.
This mean that are not important the initial conditions in witch the pairs ss̄
are created for determine the final distribution. This point is not completely
understood but is probably related to the fact that a significant amount of
strangeness diffusion occur before hadronization.

In heavy–ion collisions, the enhancement of strange hadron production is
possible due to the high gluon density of the QGP. This is thanks to the
dominance of gluonic production channels, such as the processes gg → ss̄,
uū → ss̄ and dd̄ → ss̄. In addition, the partial restoration of the chiral
symmetry in proximity to the temperature of deconfined transition reduces
the constituent mass thus decreasing the energetic threshold for its production.
This effect reduces also the time scale for strangeness saturation that occur
for temperatures above 160 MeV, very close to the chemical freeze-out one
where the relative particle abundances are fixed. As a consequence, when
the quark-gluon plasma breaks up into hadrons, the increased abundance of
strange quarks leads to a higher yield of particles containing this flavour in
the final state.

Instead the charm quark mass is much larger than the other described
in this section and hence thermal production of charm quarks or hadrons
is strongly suppressed. However, with increasing center-of-mass energy the
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Figure 2.5: The energy dependence of experimenal hadron yields at mid-
rapidity for various species produced in central nucleus-nucleus collisions. The
energy regimes for various accelerators are marked. Note that, for SPS en-
ergies, there are two independent measurements available for the Λ hyperon
yields [28].

Figure 2.6: hadron multiplicities in central (0-10%) Pb–Pb collisions at the
LHC, for different particles [27].
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Figure 2.7: The a panel show (a) comparison between the Phase diagram
of QCD with data points as obtained at different energies and the thermal
model fits from SIS up to LHC data. The panel (b) show the evolution of the
temperature of chemical freeze-out and the µB as a function of the

√
sNN .[27]

total charm production cross section, which results from initial hard collisions,
increases strongly. In this case similar considerations made for the strange
quark holds also for the heavier charm flavor [29].



Chapter 3

YcN bound state

3.0.1 One Boson exchange model

Before the publication of Hideki Yukawa’s groundbreaking papers in 1935 [30],
physicists struggled to explain the results of James Chadwick’s atomic model,
which proposed that protons and neutrons were packed inside a small nucleus
with a radius of the order of 10−14 − 10−15 meters. At such small scales,
the electromagnetic forces would be extremely intense, causing the protons
to repel each other. In 1932, Werner Heisenberg proposed a ”Platzwechsel”
(migration) interaction between protons and neutrons within the nucleus, sug-
gesting that neutrons were composite particles made of protons and electrons.
According to this model, neutrons would emit electrons, creating an attractive
force with protons, and then transform back into protons [31]. However, this
model violated the conservation of linear and angular momentum. To resolve
this issue, Enrico Fermi proposed in 1934 that the emission and absorption
of two light particles: the neutrino and electron. A few months later, Soviet
physicists Igor Tamm and Dmitri Ivanenko demonstrated that the force asso-
ciated with the emission of neutrinos and electrons was not strong enough to
bind protons and neutrons together in the nucleus.

Yukawa decided so to combine both the idea of short-range force interac-
tion and the idea of an exchange particle in order to explain the neutron-proton
binding. by introducing the Yukawa’s potential it is possible to start from the
Klein-Gordon equation that governs dynamics of free massive scalar, without
spin, field

∇2ϕ(r⃗, t)− 1

c2
∂2ϕ(r⃗, t)

∂2t
=
m2c2

ℏ2
ϕ(r⃗, t) (3.1)

where ϕ is the wave function, r⃗ the position, t the time, and m the mass
of the particle. In spherical coordinate becomes for the radial component:

1

r2
∂

∂r
(r2

∂

∂r
ϕ(r⃗, t))− 1

c2
∂2ϕ(r⃗, t)

∂2t
=
m2c2

ℏ2
ϕ(r⃗, t) (3.2)

33
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A possible solution is:

ϕ(r⃗, t) = −g2ℏce
i
ℏ (r⃗·P⃗−Et)

r
(3.3)

Where P⃗ is the linear momentum and E the energy. For virtual particles
holds that 0 ∼ p2c2 + m2c4 so p ∼ ±imc and with the Einsten-De Broglie
equation one gets that λ = ±ih

mc
, named Compton wave length, and the solution

can be rewritten rejecting the divergent solution as

ϕ(r⃗, t) = −g2ℏce
− r

λ

r
= −g2ℏce

− rmc
h

r
(3.4)

The Eq. 3.4 describes how the mediators of the interaction evolve with
time, showing that the massive one produces a short-range interaction due
to the exponential decrease. A graphical representation of the phenomena is
visible in Fig. 3.1.

Figure 3.1: The one-boson-exchange diagram of the nucleon-nucleon scatter-
ing.

Yukawa used his equation also to predict the mass of the mediating particle
in nuceus as about 280 times the mass of the electron ∼ 140 MeV. Physicists
called this particle the ”meson,” as its mass was in the middle of the lep-
tons and baryons ones. Yukawa’s meson was found in 1947, and came to be
known as the pion [4]. This model of interaction based on the exchange of
particle is generally called ”one-boson-exchange model” (OBE model) or the
”one-particle-exchange model”. This model has opened up a new possibility
for a realistic understanding of nuclear forces; indeed, based on the Yukawa
potential, the Sakata model [32] was created with the aim of giving a sys-
tematic understanding not only of the nucleon-nucleon interaction but also
of other various strong reactions. While the OBE model is extremely useful
for understanding the basics of nuclear interactions, it has several important
limitations that prevent it from being a complete theory of nuclear forces
[33]. Furthermore, the theory has been extended since Sakata’s proposal, and
some ideas from the model have been incorporated into QCD. However, his
introduction was important for understanding the next section.
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3.0.2 Λc N interaction

This section is a resume of the [34] and [35]. As already seen, the construction
of a model to describe non-perturbative QCD phenomena with analytical first-
principles calculations is very limited. In addition, the lack of experimental
information on Yc N, a bound state of a particle containing a quark charm, in
particular for our issue Λc, and a nucleon (N), makes its description much more
difficult. The situation can therefore be improved by using well-constrained
models based as much as possible on symmetry principles and analogies with
other similar processes. For this scope an approach was proposed in the early
1990s in an attempt to obtain a simultaneous description of the light baryon
spectrum and the nucleon-nucleon interaction [36]. In this model, baryons
are described as clusters of three interacting massive (constituent) quarks and
is for these reason called Costituent Quark Model (CQM). In this way the
microscopic interactions between quarks and gluons are neglected.

According to Goldstone’s theorem, when a continuous symmetry is spon-
taneously broken, new massless scalar particles appear in the spectrum of
possible excitations. These particles are called Goldstone bosons and can be
thought as the excitations of the field in the broken symmetry directions in
group space. This spinless boson can acquire a mass if the symmetry is not
exact, like happen for the approximate chiral symmetry, but they typically
remain relatively light if compared to other hadrons like protons and neu-
trons [37]. When the Goldstone bosons are created in the system they can
be exchanged by other particle creating a potential. For the chiral symme-
try the Goldstone bosons are pions (π) and their chiral partner (σ) and the
complessive potential take the form:

Vχ = Vσ(r⃗ij) + Vπ(r⃗ij) (3.5)

where

Vσ(r⃗ij) =
−g2ch
4π

Λ2

Λ2 −m2
σ

mσ

[
Y (mσrij −

Λ

mσ

)Y (Λrij)

]
(3.6)

Vπ(r⃗ij) =
g2ch
4π

m2
π

12mimj

Λ2

Λ2 −m2
π

mπ

[
Y (mπrij −

Λ3

m3
π

)Y (Λrij)

]
σ⃗i · σ⃗j

+

[
H(mπrij)−

Λ3

m3
π

H(Λrij)

]
S2
ij(τ⃗i · τ⃗j) (3.7)

g2ch
4π

is the chiral coupling constant, mi are the masses of the constituent
quarks, Λ ∼ ΛCSB = 4πfπ ∼ 1GeV a momentum scale where fπ is the pion
electroweak decay constant, Y (x) = e−x

x
is the standard Yukawa function,

H(x) = (1 + 3
x
+ 3

x2 )Y (x), Sij = 3(σ⃗i · r̂ij)(σ⃗j · r̂ij)σ⃗i · σ⃗j is the quark tensor
operator with σ the Pauli matrices. For an explicit expression of the param-
eters and their expectation values see [35]. The meson exchange potential
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contains four kinds of terms: spin-independent, spin-spin, spin-orbit, and ten-
sor. The spin-independent term is the one that has the greatest influence on
the depth and shape of the potential well at not too small distances and for
this reason it will be studied in more detail in the following section. The spin
operator also includes the Pauli repulsion, producing an increasing repulsive
effect as the distance between the hadrons decreases; this becomes essential
for the fermion description. It’s possible to see that this term will become
significant in determining which configuration between nucleons is most plau-
sible to be observed. The spin-orbit and tensor contributions can instead be
thought as effects analogous to magnetism, due to the presence of relative
motion in the colour charges (colour-magnetism effect). The latter will then
contribute in the case where the total angular momentum of the bound state
is not zero. Perturbative QCD effects are taken into account through the
one-gluon-exchange (OGE) potential that take the form:

VOGE(r⃗ij) =
as
4
λ⃗ci · λ⃗cj

[
1

rij
− 1

4

(
1

2m2
i

+
1

2m2
j

+
2σ⃗i · σ⃗j
3mimj

)
e−rij/r0

r20rij

3Sij

4mimjr3ij

]
(3.8)

where λ⃗c are the SU(3) color matrices, r0 = r̂0/ν is a flavor-dependent regu-
larization scaling with the reduced mass ν of the interacting pair, and αs is
the scale-dependent strong coupling constant given by:

αs(ν) =
α0

ln[(ν2 + µ2
0)/γ

2
0 ]

(3.9)

α0=2.118, µ0 =36.976 MeV and γ0=0.113 fm−1. the Eq. 3.9 gives rise to
αs ∼ 0.54 for light quark and αs ∼ 0.43 for uc pairs. The table 3.1 resumes
all the parameters.

mu,d (MeV) 313 g2ch/4π 0.54
mc (MeV) 1752 mσ (fm

−1) 3.42
r̂0 (MeV fm) 28.170 mπ (fm

−1) 0.70
µc (fm

−1) 0.70 Λ (fm−1) 4.2
b (fm) 0.518 ac (MeV) 230

Table 3.1: The table summarizes the typical values of the parameters present
in the previous equation.

Finally, any model imitating QCD should incorporate confinement. Al-
though it is a very important term from the spectroscopic point of view, it is
negligible for the hadron-hadron interaction. Lattice QCD calculations sug-
gest a screening effect on the potential when increasing the interquark distance
which is modeled here by.

VCON(r⃗ij) = −αc(1− e−µcrij)λ⃗ci · λ⃗cj (3.10)
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The Fig. 3.1 shows the different diagrams contributing to the charmed
baryon-nucleon interaction. The first type of interaction, visible in (a) and (b),
is mediated by the exchange of a boson between light quark or between a light
ad heavy flavor. The second one instead takes into account also the exchange
of the identical light quark (c) and (d). The last possibility (d) correspond to
short range interaction based on one-gluon exchange contributions not present
in the interaction in ordinary nucleus because of the only presence of light
flavours. In the limit where the two baryons Yc N overlap, the Pauli principle
impose antisymmetry requirements. Such effects, if any, will be prominent for
relative S waves (L = 0). The S wave normalization kernel of the two-baryon
wave function can be written in the overlapping region (R → 0)

N → 4π

(
1− R2

8

(
5

b2
+

1

b2c

))
[1− 3C(S, I) + . . . ] (3.11)

Where C(S,I) is a spin-isospin coefficient and b, bc are the parameters for
the wave function of the light and charmed quarks, respectively, assumed to
be different for the sake of generality. The closer the value of C(S, I) to 1/3 the
grater is the suppression at short distances of the wave function, generating
Pauli repulsion, effect visible in the phase shift. So there might exist Pauli
suppressed channels.

Figure 3.2: The vertical solid lines represent a light quark, u or d. The
vertical thick solid lines represent the charm quark. The dotted horizontal
lines stand for the exchanged boson. The different type of interaction are:
(a) Interaction between two light quarks. (b) Interaction between the heavy
and a light quark. (c) Interaction between two light quarks together with the
exchange of identical light quarks. (d) Interaction between the heavy and a
light quark together with the exchange of identical light quarks.

A numerical simulation of the potential is described in [38], performed with
lattice QCD with lattice spacing a = 0.0907(13) fm and physical lattice size
La = 2.902(42)fm. The Fig. 3.3 shows the ΛcN central potential in the 1S0

channel with different masses considered for the pion. For ensemble 1 mπ ∼
700 MeV, mπ ∼ 570 MeV for ensemble 2 and 410 MeV for ensemble 3. They
found a repulsive interaction at short distances (r < 0.5 fm) and an attractive
one for intermediate distances (0.5 < r < 1.5 fm). The same calculation has
also been performed with a ΛcN system with JP = 1+ obtaining the result
visible in the Fig. 3.4, The two results are qualitatively and quantitatively
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Figure 3.3: The figure show ΛcN central potential in the 1S0 channel for each
ensemble. The potential is calculated for mπ ≈ 700 MeV case (Blue), for
mπ ≈ 570 MeV case (Green) and for mπ ≈ 410 MeV case (Red).

similar except at short distance (r < 0.5 fm). As can be seen for both Λc

N S waves the intensity of the attraction becomes stronger as the pion mass
decreases, moving towards the predictions of the CQM. However the 3S1 po-
tential is more attractive than 1S0. This is due to the short-range dynamics
consequence of gluon and quark exchange. In fact, if no meson exchanges were
considered, the S wave phase shifts of the ΛCN system are very similar to the
corresponding NN scattering. Instead considering the exchange both partial
waves are subjected by hard-core phase shifts due to the short-range gluon and
quark-exchange dynamics. However, the hard-core radius in the spin-singlet
state is larger than in the spin-triplet one leading to a more attractive inter-
action in the spin-triplet partial wave due to a lower short-range repulsion. In
fact, the hard cores caused by the color magnetic part of the OGE potential
have been calculated obtaining 0.35 fm for the spin-triplet state and 0.44 fm
for the spin-singlet one.

In conclusion is possible to note that the potential of ΛcN system is less
attractive with respect to other hyper-nucleus like ΛN, this fact could be
explained from the following consideration.

• The long-range contribution is expected to be caused by the K meson
exchange for ΛN interaction. In the system, however, the K meson
(strange quark) exchange is replaced by the D meson (charm quark)
exchange. This contribution is highly suppressed due to the significantly
larger mass of the D meson compared to the K meson.
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Figure 3.4: The figure show ΛcN central potential in the 3S1 channel for each
ensemble. The potential is calculated for mπ ≈ 700 MeV case (Blue), for
mπ ≈ 570 MeV case (Green) and for mπ ≈ 410 MeV case (Red).

• The one-pion exchange in the ΛN −ΣN transition is considered to give
a contribution to the effective ΛN interaction. Instead this contribution
is expected to be suppressed due to the large mass difference between
ΛcN and ΣcN.

3.0.3 Possible Λc super-nuclei

One of the most interesting applications of the charmed baryon-nucleon inter-
action is the study of the possible existence of super-nuclei. A description of
the potential had been taken from [38]. Since the Λc interaction is dominated
by the spin-independent central force, as we discussed in the previous section,
the spectrum of super-nuclei, if they exist, would probably be approximated
by the following single-folding potential defined by:

Vf (r⃗) =

∫
d3r′ρA(r⃗′)VΛcN(r⃗ − r⃗′) (3.12)

Where ρA(r⃗) denotes the nuclear density distribution corresponding to the
atomic number A and VΛcN stands for the two body spin-independent central
potential of the Λc system. The study described assumed,

ρA(r⃗) = ρ0

[
1 + e

r−c
a

]
(3.13)

Where the parameters employed ρ0, c, a are the same used for describing
spherical nuclei such as 12C, 28Si, 40Ca, 58Ni and 208Pb. With the following
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Figure 3.5: The figure show the binding energy in symmetric nuclei with the
parameter assumed for each atomic number for each ensemble. The binding
energies are calculated from the folding potentials for Λc super-nuclei by using
the Gaussian expansion method. The folding potentials are constructed from
the spin-independent central potential of the ΛcN system

potential they calculate the binding energy for Λc super-nuclei by the Gaussian
expansion method for the S-wave potential. The result is shown in Fig. 3.5.
As expected the binding energy increases with increasing atomic number.
Furthermore varying the mass of the quark up and down in the simulation
is observed that when their masses decrease toward physical values, and so
the potential approach the physical one, the binding energy increases. These
results suggest super-nuclei may exist, if their binding energy is larger than
the Coulomb repulsion energy. To calculate the expectation value for the
Coulomb potential energy they used a potential defined by:

VC(r⃗) =

∫
d3r′ρch ⃗(r′)VCoulomb(r⃗ − r⃗′) (3.14)

Where VCoulomb is an ordinary Coulomb potential and ρch is the charge density
distribution obtained from elastic electron scattering for the previous nucleus.
It is interesting to compare the energy expectation values, also taking Coulomb
repulsion into account; the result is shown in Fig. 3.6. It’s possible to see that
for heavy nuclei the repulsion is too weak but for A = 12-58 the expectation
values for the Coulomb force are not much stronger than the binding energy
of Λc super-nuclei.
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Figure 3.6: The figure show the expectation value of folding potential for
Coulomb force in Λc super-nuclei (Blue). The expectation values are calcu-
lated from the binding solution of the Λc super-nuclei for Ensemble 3 (mπ ≈
410 MeV). For comparison, the binding energy of Λc super-nuclei (Green) and
sum of them (Red) are also plotted.

3.0.4 C-deuteron (c− d) simulation

Using the SHM model, we investigated how the production of super-nuclei
depends on various parameters. In particular, we focused on the c-deuteron,
denoted c–d for convenience, which is a bound state of a Λc and a neutron.
This choice is motivated by the fact that the c-deuteron is the most accessible
super-nucleus to search for in heavy-ion collisions due to its mass. In fact,
is the lightest bound state of a Λc and a nucleon without Coulomb repulsion
which makes the existence of this super-nucleus less likely.

The first step was the c−d characterization. The most probable configura-
tion for its existence was chosen, i.e. the 3S1 state, so that the associated spin
is 1 ℏ. The mass was obtained by adding the mass of the Λc = (2286.46±0.14)
MeV/c2 and the neutron mass mn = 939.56542052(54) MeV/c2 [39] removing
then the binding energy. The latter value is still unknown, for this reason
the binding energy of the deuteron was used, Ebe d = (2.224575 ± 0.000009)
MeV [40], giving mc−d ≈ 3.223 GeV/c2. One would expect a lower effective
c − d binding energy, but as can be seen in Fig 3.5, the order of magnitude
is correctly identified. Furthermore, since the binding energy is of the order
of MeV while the estimated mass is of the order of Gev/c2 the effect of this
approximation is negligible for the purpose of the present analysis.

We then started the simulation using the Thermal FIST [41], with a gran-
canonical formalism based on Maxwell-Boltzmann statistics, thus neglecting
quantum mechanical effects, for all particles except mesons, for which Bose-
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Einstein statistics were used due to their abundance. The focus was on central
collisions, so a spherically symmetric shock wave momentum spectrum was
assumed. For each combination of parameters, 2 · 107 events were generated,
setting the typical chemical potential observed in LHC collision. The baryonic
potential was set at µB = 0.71 MeV and the electric charge potential was fixed
at µQ = −0.18 MeV as described in [9] for Pb-Pb collisions at

√
sNN = 5.02

TeV in ALICE 1. Instead, as described in [25], at the same energy in the center
of mass the charm fugacity was γc = 29.6± 5.2, however, this parameter was
particularly important in determining the expected abundance of c− d, so it
was changed in a second step. On the other hand, the chemical potential of
strangeness has no influence on the following considerations since no particle
with a strange quark had been analyzed and was therefore set to zero.

At the end of the generation, a histogram of the multiplicity dN/dy as a
function of y was obtained. The integral was then evaluated using discrete
values in order to determine the total particle yield at mid-rapidity (|y| < 0.5).
For the rapidity variable y, a half-bin width was taken as the uncertainty,
corresponding to 0.006 in all the simulations. In contrast, the uncertainty
on dN/dy was provided directly by the simulation program. Finally, for the
hadron masses and their associated uncertainties, the values reported in [39]
were used.

The number of nuclei generated versus rapidity was then plotted in a
semi-logarithmical scale for a chemical freeze-out temperature of 156 MeV
and a radius of 8 fm in the range |y| < 0.5, obtaining the result shown in
Fig. 3.7. It can be observed that the number of particles produced in a
collision decreases exponentially with increasing mass. Moreover, the phe-
nomenon of charm enhancement becomes evident in the higher abundance of
particles containing a charm quark compared to what would be expected for
particles of the same mass, as illustrated by the fit lines. The function used
for the fit was of the form dN/dy = aebx, where a and b are free parame-
ters. For nuclei without quark charm, the values obtained are a = (1.057 ±
0.014) 105 while b = (6.2107 ± 0.0071) GeV −1 with a χ̃2 = 0.16. The value
of χ̃2 turns out to be particularly low, most likely due to the large number
of events considered, which reduces the statistical uncertainty. On the other
hand, for particles containing a charm quark it was not possible to proceed
in the same way, since the production of Λc baryons is more strongly affected
by the presence of resonances, as discussed in [29]. For this reason, the pre-
viously determined coefficient b was fixed in the fit, and only the parameter
a was extracted, yielding a = (3.534 ± 0.021) 105, in particular for the c− d,
(dN/dy)c−d = (7.072 ± 0.042) · 10−4. These results reinforce the earlier ob-
servation of strangeness enhancement, as particles containing heavier flavors
appear more abundant than expected. For a more complete picture see Fig.
3.8 in witch the color code separates particles with 1, 2, 3 charm quarks. The
line at the far left corresponds to particles without a quark charm and coin-

1The measured values were µB = 0.71± 0.45 MeV while µQ = −0.18± 0.90 MeV
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Figure 3.7: The figure shows the value of dN/dy of different hadrons in mid-
rapidities with the temperature of freeze-out fixed at 156 Mev and the freeze-
out radius at 8 fm with a logarithmic scale on the y axis. The two line show the
different fit performed for the nucleus and the hadrons with a quark charm.

cides with that determined for (u,d,s) hadrons. In this graph is more evident
how the deviation clearly visible for a single quark charm is due to feeding
from hadronically unstable resonances.The data presented in the graph sug-
gest that, based solely on midrapidity c–d production, the expected abundance
could be sufficient for detection with the ALICE detectors. However, as dis-
cussed later and in Section 4.4, other factors may interfere with its detection,
making its identification more challenging.

We then started to change the value of the temperature of chemical freeze-
out and his radius. We have considered temperatures in the range of 150 MeV
to 160 MeV with unit steps of increment in order to see how the number of
particles produced would change locally by setting the freeze-out radius at
8 fm. A similar procedure was followed varying the volume by considering
freeze-out radii from 4 to 12 fm with unit increments and a fixed freeze-out
temperature set at 156 MeV. Fig. 3.9 shows the combined effects of volume
and temperature variations. It can be seen that the number of expected c− d
increases more rapidly with increasing volume than is observed for tempera-
ture. However, it’s necessary to pointed out that the percentage changes in
radius, and therefore in volume, made during the simulation are much larger
than those for temperature.

Analyzing in more detail the results on the variation of the radius, the
expected increase in the c− d abundance was predictable from the Eq. 2.25,
in fact assuming a spherical symmetry the trend dN/dy ∝ r3 = was expected;
therefore, the fit was performed with a relation dN/dy = ar3 + b, with a
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Figure 3.8: The figure shows the value of dN/dy of different hadrons in mid-
rapidities with the temperature of freeze-out fixed at 156 Mev and the freeze-
out radius at 8 fm. The color code separates particles with 1, 2, 3 charm
quarks while the line at the far left corresponds to particles without a quark
charm.



CHAPTER 3. YcN BOUND STATE 45

2 4 6 8 10 12

Radius (fm)148150152154156158160162164

Temperature (Mev)

0.0002

0.0004

0.0006

0.0008

0.001

0.0012

0.0014

0.0016

0.0018

0.002

0.0022

0.0024
dN

/d
y

 

Figure 3.9: The figure show the value of dN/dy of c− d in the range |y| < 0.5
obtained from the simulation with a freeze-out temperature fixed at 156 Mev
for variation in the radius and a radius of 8 fm for changing in the temperature.
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Figure 3.10: The figure show the value of dN/dy of c−d in the range |y| < 0.5
obtained from the simulation with a freeze-out temperature fixed at 156 MeV.

and b fit parameters. The Fig 3.10 show the results of the fit confirming the
prediction. The fit results are a = (1.3921 ± 0.0032) 10−6 fm−3, b = (2.43
± 0.13) 10−8 with χ̃2 = 0.42. The former number suggest that the functional
dependence has been correctly identified.

With regard to the evaluation of temperature increase, the expected trend
was not easy to predict, but Eq. 2.13 seems to suggest an exponential trend.
The result of the fit is shown in Fig 3.11. The functional relation that best
described the data produced was of the form dN/dy = aebT + c, with a,
b and c parameters to be determined; the reason for this trend is unclear
and could only be a local behaviour of a more complex functional relation.
The values obtained from the fit are a = (1.19 ± 0.17) 10−12, b = (0.13009
± 0.00087)MeV −1 and c = (-6.38 ± 0.50) 10−6 with a χ̃2 = 1.0. The lat-
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Figure 3.11: The figure show the value of dN/dy of c−d in the range |y| < 0.5
obtained from the simulation with a freeze-out radius fixed at 8 fm.

ter value suggests that although it was not possible to proceed analytically
from Eq. 2.25, the agreement with the empirical relationship is nevertheless
consistent. This result also supports the earlier observation that increases in
temperature produce, at least locally, exponential increases so although Fig.
3.9 may suggest that changes in radius are more effective this is related to the
larger variations in percentage that were used in the analysis described so far.

An attempt was then made to investigate how variations in the charm
fugacity affect the final result. Once again, it is possible to make an analytical
prediction, starting from Eq. 2.25.

⟨N⟩ = ∆V gi
2π2ℏ3

∫ ∞

0

dp
p2

e−β(µi−E) + θi

≈ ∆V gi
2π2ℏ3

∫ ∞

0

dp p2eβ(µi−E)

=
∆V gi
2π2ℏ3

eβµi

∫ ∞

0

dp p2e−βE

∝ γc

(3.15)

In the first step, it was assumed to be in the classical limit, where the Maxwell-
Boltzmann distribution can be applied, given the large mass of the super-
nucleus under study, and then the contribution of the chemical potentials
was removed from the integral, since they were fixed during the simulation.
A linear increase was therefore expected, so to verify the prediction of the
model, 2 · 107 events were generated with unit increments of the charm fu-
gacity from 24.6 to 36.6, to cover the range of values most likely to occur
during an experiment at the LHC. For greater generality, the relationship
used for the fit was of the form dN/dy=ax+b and the results obtained were
a = (2.366 ± 0.032) · 10−5, b=(2.53 ± 0.94) · 10−5 and a χ̃2 = 1.4. Again,
the agreement suggests that the functional relationship has been correctly
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Figure 3.12: The figure show the value of dN/dy of c−d in the range |y| < 0.5
obtained from the simulation with a freeze-out temperature fixed at 156 Mev
and a radius set at 8 fm.

identified. The fit results are visible in Fig 3.12, in this case a slightly worse
agreement is observed but this is probably related to the lower scale in the y
axis. Furthermore, if the number of charm quarks in a bound state increase,
one would expect from Eq. 3.15 a ∝ (γc)

α trend with α number of charm
quarks present.

We finally analyzed the detection of c − d. Based on the data obtained
from the previous simulations, a histogram was produced to correlate the mo-
menta of c − d with its occurrence. Then, using a Monte Carlo simulation
with PYTHIA 8 [42], c − d were generated with a distribution of the linear
momentum based on our previous results. The decays leading to the forma-
tion of a deuteron were then examined in order to estimate the increase in
the number of deuterons originating from super-nucleus decay. The decay
channels included in the simulation, together with their branching ratios, are
summarized in Tab. 3.2. It is important to note that after the decay of Λc,
the resulting decay proton will bind to the remaining neutron only with a
probability, estimated by a coalescence model, of 3-10%. Specifically, only
protons with a relative momentum in the rest frame of the nucleus below a
threshold of 200 MeV/c are bound [43]. The total branching ratio for the c−d
decay in the deuteron is then given by the product of the branching ratio of
the different channels analyzed multiplied by the aforementioned probability,
assumed to be 7%, of the proton to bind to the neutron. Since the formation
of the deuteron by the channel in which the Λc arrived in a Λ and then in a
proton is suppressed by the double decay, that reduce the possibility of create
bound state, this process are not be taken into account in this evaluation.

Thus, by generating random numbers with a hit-or-miss approach, we
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Channel Branching ratio
d K̄0 (2.3 ± 0.6)% x 7%

d K− π+ (5.0 ± 1.3)% x 7%
d K̄∗(892) (1.6 ± 0.5)% x 7%
d K̄0 π0 (3.3 ± 1.0)% x 7%
d K̄0 η (1.2 ± 0.4)% x 7%

d K̄0 π+ π− (2.6 ± 0.7)% x 7%
d K− π+ π0 (3.4 ± 1.0)% x 7%

total (1.36 ± 0.39)%

Table 3.2: The table shows all the decay channels used for the analysis. The
first column shows the possible decays product, and the second one the branch-
ing ratios with their relative error; x 7% means that the branching ratio should
be reduced by the probability of forming a bound. In this case, d stands for
deuteron.

estimated the probability of detecting a deuteron originating from the c − d
decay. Regarding the efficiency of detection the value related to the estimate
track finding efficiency of ALICE 3 reported in Fig. 4.7 has been used, for
more details see Section 4.4. Out of a total of 109 simulated c− d decays, the
number of deuterons produced by the decays was (1.55449 ± 0.00039) · 107,
while the fraction actually detected was Ndetect =(5.4823 ± 0.0023) · 106.
Therefore, the probability of detecting a deuteron produced by c − d decay
is estimable as pD = Ndetect

109
= (5.4823 ± 0.0023) · 10−3. We can see that

the previous values are consistent with what was expected, since the fraction
of deuterons produced should be of ∼ 1.4% of the total events number, and
the average detection efficiency should be of about 40%. In conclusion, the
number of detected deuterons coming from c − d decay has been estimated
under the following assumptions:

• the number of collision performed by LHC are NLHC = 1010;

• only the central collisions have been considered, assumed to be pcentral =
5% of the total;

• the freeze-out temperature is 156 MeV with a freeze-out radius of 8 fm
and a charm fugacity of 29.6 under spherical symmetry;

• abundances are derived only from the decay channels listed in Tab. 3.2;

• the probability of a bound state formation after the decay is 7%;

• only c− d with |y| <0.5 were considered.

Under these conditions, the expected number of detected deuterons is:

ND = (1938 ± 12) deuterons.
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This value has been estimated by:

ND = NLHC · pD · (dN/dy)c−d ·∆y · pcentral (3.16)

Since only |y| < 0.5 is considered, we take ∆y = 1. To calculate the uncer-

tainty on ND, the quantities pD and
(

dN
dy

)
c−d

are assumed to be independent,
so:

σ2
ND

=

(
∂ND

∂pD

)2

σ2
pD

+

 ∂ND

∂
(

dN
dy

)
c−d


2

σ2

( dN
dy )c−d

(3.17)

σND
= ND ·

√√√√√√(σpD
pD

)2

+

σ( dN
dy )c−d(

dN
dy

)
c−d


2

(3.18)

This value seems to indicate the real possibility of finding c− d, although,
since it is such a high value, the fact that it has not yet been observed may
suggest that this bound state does not actually form. However, the assump-
tions are very restrictive and this value can be considered as a lower limit of
the expected contribution.
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Chapter 4

ALICE

The A Large Ion Collider Experiment (ALICE) is a detector designed for
heavy-ion physics at the Large Hadron Collider (LHC). It is primarily used
to study lead-lead (208Pb) collisions and so the most severe design constraint
is to being able to withstand the high charge multiplicity expected for cen-
tral events. During a collision conditions similar to those just after the Big
Bang are recreated, condition that may also be present in neutron stars and
other astrophysical objects. The ALICE collaboration uses the 10 000-tonne
ALICE detector 26 m long, 16 m high, and 16 m wide. The detector sits in
a vast cavern 56 m underground close to the village of St Genis-Pouilly in
France, receiving beams from the LHC [44]. The aim of ALICE is to recreate
and study quark-gluon plasma, which is crucial for understanding the mech-
anisms that confine quarks and gluons, chiral symmetry restoration and the
nature of the strong nuclear force. ALICE is currently the only experiment at
the LHC specifically designed to study nuclear matter produced in relativistic
heavy-ion collisions and the QGP. For this reason, it must be able to measure
as many observables as possible by studying all the different phenomena that
can be attributed to the formation of a QGP state. It can estimate parameters
such as the charged multiplicity of the interactions, the impact parameter, the
shape and orientation of the fireball, the collision volume and the number of
nucleons interacting in the collision. Almost all known Particle IDentification
(PID) techniques are used in ALICE, such as: specific energy loss (dE/dx),
time-of-flight, Cherenkov radiation, electromagnetic calorimetry, muon detec-
tors and topological reconstruction of decays. Despite all these identification
techniques, it’s very difficult to select signals of decays of heavy flavours, as
will be explain in the last section, so the acquisition of a huge amount of data
with a high efficiency of the data acquisition system (up to a frequency of 1.3
GB/s) is required.

A sketch of the ALICE coordinate system is shown in Fig. 4.1. In this
figure, the (x, y, z) axes are shown together with the cylindrical coordinates
used to describe the trajectory of particles in ALICE, (r, θ, φ).

The ALICE sub-detectors are categorized into two main groups: one at

51
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Figure 4.1: The figure show the cylindrical coordinate set used to describe the
position of the objects with respect the cartesian one [7].

mid-rapidity |η| <1, the central barrel, and one at forward rapidity -4 < η <
−2.5, that include also the muon spectrometer for muon identification. The
apparatus scheme can be resumed in the following manner.

• The central barrel detectors can measure all over the azimuthal angle
and are embedded in the L3 solenoid magnet, providing a maximum
magnetic field strength of 0.5 T. It includes in order from the interaction
point and going outward [14] [15]:

1. The Inner Tracking System (ITS) is a silicon tracking system
composed of six cylindrical layers. Its main goal is to identify the
position of the primary vertex with a resolution better than 100
µm and provide tracking of charged particles.

2. The Time Projection Chamber (TPC) is used for tracking of
charged an particle identification.

3. The Transition Radiation Detector (TRD) is composed of
stacks of gas chamber and radiators to identify and track electrons.

4. The Time of Flight (TOF) measure the time of flight providing
important information for particle identification. It can also pro-
vide a trigger specific for cosmic ray and Ultra Peripheral Collision
(UPC) events.

These subsystems are mostly dedicated to vertex reconstruction, track-
ing, particle identification and momentummeasurement. Are also present
some specialized detectors with limited acceptance.

1. High-Momentum Particle Identification Detector (HMPID)
is used to identify charged particles with p⊥ > 1 GeV/c.
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2. PHOton Spectrometer (PHOS) is an electromagnetic calorime-
ter used for photons identification and as high-energy photon trig-
ger.

3. ElectroMagnetic Calorimeter (EMCal) is a Pb-scintillator
calorimeter for identify photons and pion with η < 0.7 and it is
also used as jet trigger.

4. Di-jet Calorimeter (DCal) is an electromagnetic calorimeter
specifically designed to extend the acceptance of the EMCal and
enable back-to-back correlation measurements.

• The forward detectors include:

1. Muon spectrometer for reconstruct heavy quark hadrons thought
their weak decays in the channels µ−ν̄µ or µ+νµ or for electrody-
namical decay in µ+µ− pairs.

2. Forward Multiplicity Detector (FMD) composed by several
layers of silicon strip detectors at a distance of 70÷150 cm from
the interaction point.

3. Photon Multiplicity Detector (PMD) made of preshower de-
tectors and proportional counters.

4. Zero Degree Calorimeters (ZDC) a proton and neutron calorime-
ter.

5. V0 Detectors made of two scintillator arrays for triggering and
luminosity and centrality measurements.

6. T0 detectors is a Cherenkov counter for event time measurement.

In the following section we will discuss some of the most important one.
A schematic view of the ALICE detector is reported in Fig. 4.2.
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Figure 4.2: The figure show the Layout of the ALICE detector in Run2 with
their position and dimension [45].

4.1 Central barrel

4.1.1 Inner Tracking System (ITS)

The Inner Tracking System (ITS) is a crucial part of the ALICE tracking
system, positioned as the innermost sub-detector of the central barrel, clos-
est to the beam pipe and the interaction point. It consists of six concentric
cylindrical layers of silicon detectors, comprising two layers each of Silicon
Pixel Detector (SPD), Silicon Drift Detector (SDD), and Silicon Strip De-
tector (SSD) as visible in Fig 4.3. The ITS covers the pseudorapidity region
|η| < 0.9 for interactions occurring within 10 cm from the nominal interaction
point. The SPD is located at radial distances of 3.9 cm and 7.6 cm from the
beam axis. These layers cover extended pseudorapidity ranges of |η| < 2.0
and |η| < 1.4, respectively. They consist of hybrid silicon pixel detectors,
in total 9.8 · 106, which generate binary signals when traversed by charged
particles, facilitating their counting. The primary functions of the SPD are
to determine the position of the primary vertex with a high resolution, better
than 100 µm, to help isolate events coming from pileup, and to contribute to
the triggering system due to their fast response. The SPD also contributes to
achieving an impact-parameter resolution better than 50 µm for tracks with
transverse momentum p⊥ > 1.3 GeV/c. The two intermediate layers are the
SDD, situated at radii of 15.0 cm and 23.9 cm, covering |η| < 0.9. The
SDD has very good multi-track capability and provides two out of the four
measurements of specific dE/dx employed for PID by the ITS. It provides two-
dimensional spatial information (r ϕ and z) with a spatial resolution of 35 µm
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Figure 4.3: Schematic diagram of the Inner Tracking System (ITS) of the
ALICE experiment [46].

(r ϕ) and 25 µm (z). The SDD determines particle positions using drift time
estimation and charge centroid measurement; for this reason it is structured
with a central cathode for more precise particle tracking. The two outermost
layers employ double-sided Silicon Strip Detectors, located at radial distances
of 38.0 cm and 43.0 cm, covering |η| < 1.0. The SSD is essential for the
prolongation of tracks from the main tracking detector of ALICE, the Time
Projection Chamber, to the ITS. It provides a spatial resolution of 20 µm (r
ϕ) and 830 µm (z) and 27 µm (r ϕ) and 830 µm (z), with a readout time of
1 µs. Besides connecting tracks, the SSD also provides dE/dx information.
The ITS can also perform ”standalone” tracking for charged particles in the
low p⊥ region by using exclusively the information from its six layers [14] [11]
[47] [15].

4.1.2 Time Projection Chamber (TPC)

The Time Projection Chamber is the main tracking detector of the central
barrel. It is specifically designed for measure tracks in the transverse mo-
mentum range 0.1 - 100 GeV/c and pseudorapidity range |η| < 0.9. It is
positioned at radial distances ranging from 85 to 247 cm from the beam axis,
extending along the beam direction with a total length of 510 cm. It is divided
along the beam axis into two equally large drift regions by a central cathode,
each having a length of 2.5 m. On the opposite sides of the central electrodes
there is the readout plate, which is equipped with multi-wire proportional
chambers (MWPC). Each of the 18 readout chambers covers an azimuth of
20◦; a graphical resume is visible in Fig. 4.4. The volume of the TPC (∼ 90
m3) can be filled with different gases depending on the running conditions.
The perfect candidate is a gas with a small radiation length and low mul-
tiple scattering rates, so is usually filled with a mixture containing various
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combinations of argon, neon, carbon dioxide and sometimes nitrogen. When
charged particles pass through the gas, they ionize it, creating an electron-ion
pairs. These ionization electrons then drift towards sensing electrodes under a
uniform electric field, typically achieved by applying a high voltage of around
100 kV between the central electrode and the readout plates. The ionization
electrons drift with a speed of approximately 2.7 cm/s, corresponding to a
maximum drift time of around 92 ms. This drift process allows spatial local-
ization of the ionization event along the particle trajectory. In addition, the
presence of a uniform magnetic field along the z-direction causes charged par-
ticles to bend into curved trajectories, a graphical resume is visible in Fig. 4.5.
The position resolution for the inner/outer radii ranges from 800 to 1100 µm
in the transverse plane (r ϕ) and from 1100 to 1250 µm along the beam axis
(z). The total charge collected at the end plates for each track is proportional
to the particle energy loss in the gas. This allows a sampling of the dE/dx
and therefore perform PID below 1 GeV/c. The resolution on the dE/dx is
5% for isolated tracks (low multiplicity collisions), while when the number of
particles increases such as Pb–Pb collisions (high multiplicity collisions), the
resolution is 7%. This is due to the increased probability to have hits close
in space. In addition, the contribution of positive ions to the signal shape
increases with the particle occupancy and the formation of large amount of
charged particles can induce local modifications to the electric field modifying
the drift speed and complicating the reconstruction of the track. The spe-
cific energy loss can be described by the Bethe-Bloch formula, which depends
on the particle species, its momentum, and the properties of the traversed
medium. It can be estimate in the following manner proposed by [48]:

f(β) =
P1

βP4

(
P2 − βP4 − ln(P3)

1

(βγ)P5

)
(4.1)

Where β is the particle velocity in c unit, γ the Lorentz factor, P1−5 free
parameter that must be estimate from data [14] [11] [47] [15].

4.1.3 Transition Radiation Detector (TRD)

The Transition Radiation Detector (TRD) is positioned between the TPC
and TOF detector and it covers a pseudorapidity range of |η| < 0.84. It is
principally used for electron identification in the high momentum region (p >
1 GeV/c), where discriminating between electrons and pions using traditional
dE/dx techniques becomes challenging. When charged particles attempt to
cross the detector, they pass through two media with different dielectric con-
stants thus emitting transition radiation with an intensity proportional to
their Lorentz factor. Since different particles have different masses and veloc-
ities, they emit different amounts of transition radiation making the identifi-
cation possible [14] [11].
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Figure 4.4: The figure show a
schematic representation of the time
projection chamber [49]

Figure 4.5: The figure show a dia-
gram of the TPC tracking method
[50]

4.1.4 Time Of Flight (TOF)

The Time Of Flight (TOF) detector is a large array of Multi-gap Resistive-
Plate Chambers (MRPC), located between 3.7 m and 3.99 m radial distance,
from the interaction point. It is designed to identify charged particles pro-
duced in pseudorapidity of |η| < 0.9 and with an intermediate momentum
range (0.5 < p⊥ < 4 GeV/c). In addition TOF has been used to provide a
trigger specific for cosmic ray and UPC events. The TOF detector has a mod-
ular structure divided along the azimuthal direction into 18 supermodules as
visible in Fig. 4.6. If a particle ionizes the gas in the detector, an avalanche
process will be triggered to generate signal on the readout electrodes. Particle
identification is performed by combining the recostructed momentum (p) and
track length (l) with the measurement of the time of flight (t) in TOF. The
mass (m) corresponding to the one of the detected particle can be obtained
as.

p = mγβc←→ m =
p
√

1− β2

cβ
=
p
√

1
β2 − 1

c
(4.2)

The β parameter can be measured in the following manner

β =
v

c
=

l

c t
(4.3)

So

m =
p
√(

l
tc

)2 − 1

c
(4.4)

It can be shown that, at large momenta, the resolution on the track momentum
(σp) becomes negligible and the total uncertainty is driven by the uncertainties
on the timing (σt) and track length (σl). For this reason, an MRPC-based
TOF was designed, as such detectors have been shown to be able to achieve
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Figure 4.6: The figures shoe the structures of the time of flight detector [51].

a time resolution better than 50 ps with an efficiency close to 100% [14] [11]
[47]. .

4.1.5 Photon Spectrometer (PHOS)

The Photon Spectrometer (PHOS) is an electromagnetic calorimeter known
for its high spatial and energy resolution thanks to a scintillating material
called Lead Tungstate (PbWO4). It covers a pseudo-rapidity range of |η| <
0.12 with a dynamic energy range from 0.1 GeV to 100 GeV. Its main goal is to
measure QGP temperature, space-time dimensions and study deconfinement
through jet quenching [14] and [11].

4.1.6 High-Momentum Particle Identification Detector
(HMPID)

The High Momentum Particle Identification Detector (HMPID) is dedicated
to the identification of charged hadrons with p⊥ > 1 GeV/c, thus extending
the PID capabilities of the ITS, TPC and TOF at high momentum. It covers a
pseudorapidity range of -0.6 < η < 0.6 and consists mainly of two parts: the
radiator and the photon detector composed by seven Ring Imaging Cherenkov
(RICH) counters [14] and [11].

4.1.7 Electromagnetic Calorimeter (EMCaL)

The EMCal consists of towers of 6 × 6 × 20 cm3 each, made up of 76 al-
ternating layers of lead and scintillator (not uniform, unlike PHOS). It was
designed to measure electrons from the decay of heavy flavour hadrons, but
not only. It also identifies high-energy particles and enhances energy resolu-
tion across various momenta, enabling precise measurements of jet quenching,
high-energy jets, and high-momentum electrons and photons [14] and [15].
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4.2 Forward Detectors

VZERO detector (V0)

The V0 detector consists of two circular arrays of scintillator counters (named
V0A and V0C) one per side with asymmetric distance from the interaction
point. The V0A covers the pseudorapidity region 2.8 < η < 5.1 while V0C
-3.7 < η < -1.7. They are important both in pp collision and AA collision
for the following reasons:

• Triggering: The V0 detector provides a minimum bias trigger signal.
This is important because it helps to detect a broad range of inelastic
collision events without introducing significant selection bias.

• Rejection background events: The VZERO detector helps in the
rejection of background events generated by interaction of beams with
residual gas within the beam pipe and with mechanical structures. This
is possible thanks to the time gap between signals from V0A and V0C.

• Centrality determination: The signal given by the V0 detector is
proportional to the number of particles traversing it, thus providing in-
formation about the multiplicity and centrality of the collision. These
data are precious for understanding the collision geometry and inter-
preting experimental results accurately [14] and [11].

4.2.1 T0 Detectors

The T0 detector consists of two arrays, T0A and T0C, of Cherenkov counters
placed along the beam pipe on each side of the interaction point, respectively
at -72.7 cm and 375 cm. The pseudorapidity coverage are 4.61 < η < 4.92
(T0A) and -3.28 < η < -2.97 (T0C). Its primary function is to provide a
fast timing signal for the TOF detector, serving as a collision time reference.
It can be also used for an independent determination of the vertex position
along the beam axis (with a precision of ± 1.5 cm) [14] and [11].

4.2.2 Zero Degree Calorimeter (ZDC)

The Zero Degree Calorimeter (ZDC) consists of four calorimeters, two for pro-
tons (brass-quartz proton ZP) and two for neutrons (tungsten-quartz neutron
ZN), located at ∼ 112.5 cm away from the interaction point, symmetrically in
both directions. The ZDC measures the energy of the spectator nucleons and
assists in the estimation of centrality and luminosity in heavy-ion collisions
by determining the collision geometry, overlap regions of the colliding nuclei
and the number of participating nucleons [14] and [11].
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4.2.3 Muon Spectrometer

The muon spectrometer is located 14 m in the negative beam direction and
covers a pseudorapidity range of 2.5 < η < 4. It helps to study the com-
plete spectrum of heavy quarkonia via their decay in the µ+µ− channel. It
is composed of different parts. The particles cross first an absorber, mainly
composed of carbon and concrete, designed to absorb the hadrons emerg-
ing from the interaction point. This material choice is for limit the multiple
scattering and the energy loss of the muons. The muons then traverse five
tracking stations and are deflected by the magnetic field allowing for the de-
termination of their momentum. The dipole magnet provides a magnetic field
nominally of B = 0.7 T but can be changed by the requirements on the mass
resolution. The next part is the muon filter, an iron wall designed to reduce
the background in the trigger chambers by absorbing secondary hadrons and
low momentum muons. Finally, the muons reach the trigger system, which
consists of two stations equipped with resistive plate chambers characterized
by a time resolution of about 1 ns [14], [52] and [7].

4.3 ALICE upgrades

The ALICE Collaboration has proposed a significant detector upgrades and a
completely new apparatus, named ALICE 3, for the LHC Runs 3, 4 and 5, re-
spectively. These upgrades will enable new measurements in the heavy-flavour
sector, focusing on low p⊥, especially for measuring multi-charm baryon pro-
duction, multi-differential measurements of dielectron emission, as well as fem-
toscopic studies of the interaction potentials between heavy mesons [47]. The
upgrade program includes the installation of an improved Inner Tracking Sys-
tem and a new Muon Forward Tracker for faster and more precise particle
tracking and vertexing, enabled in part by a smaller diameter beampipe. New
timing detectors called Fast Interaction Triggers (FIT) have replaced the for-
ward detectors. Additionally, the MWPC has been replaced by quadruple-Gas
Electron Multiplier (GEM) chambers as readout chambers of the TPC. These
replacements were motivated by the requirement to preserve the particle iden-
tification capabilities of the TPC at significantly higher interaction rates. In
fact with these upgrades the readout rate achieves a significant increase rising
from approximately 1 kHz to 50 kHz.

ALICE 3 is a compact, next-generation multipurpose detector that will
replace the current ALICE detector after the LHC Long Shutdown 4 (2034-
2035). The aim is to build a nearly massless barrel detector consisting of truly
cylindrical layers based on curved wafer-scale ultra-thin silicon sensors with
Monolithic Active Pixel Sensor (MAPS) technology, featuring an unprece-
dented low material budget of 0.05% X0 per layer, with the innermost layers
positioned inside the beam pipe thanks to a retractable design. In addition
to superior tracking and vertexing capabilities over a wide momentum range
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down to a few tens of MeV/c, the detector will provide particle identification
via time-of-flight determination with about 20 ps resolution, and with a RICH
detector.

For the study of the heavy-flavor sector, the Muon Forward Tracker (MFT)
plays a crucial role. In particular it is useful in estimating the degree of ther-
malization of heavy quarks via the measurement of the elliptic flow of charmo-
nia and single muons from decays of heavy-flavor hadrons. Furthermore, the
MFT extends the tracking of charged particles to the forward region, which
was not possible in ALICE before its installation. It is made of two half-cones,
each cone containing five detection half-disks perpendicular to the beam axis,
between z = −460 mm and z = −768 mm and cover the pseudorapidity
region −3.6 < η < −2.5. MFT provides a pointing resolution of a few
tens of µm for muons at forward rapidity, as well as secondary vertexing for
muon pairs by matching the tracks reconstructed in the Muon Spectrometer
to those reconstructed in the MFT. The MFT uses a silicon pixel chip called
the ALice PIxel DEtector (ALPIDE). The various ALPIDE chips are glued
on flexible printed circuits to form ladders, which are then assembled onto
the half-disks. A total of 936 ALPIDE chips equip the MFT, covering a total
surface of around 0.4 m2 [7].

4.4 Track and vertex reconstruction

To reconstruct particle’s trajectory a tracking algorithms is used [47]. This
process emploies the Kalman filter algorithm, which uses the information con-
tained in a data cluster and transforms them into tracking information to ob-
tain the best possible approximation of the real trajectory. It is implemented
in a three-pass tracking scheme known as inward-outward-inward.

The tracking procedure starts with the clustering step performed sepa-
rately by each detector in witch, starting from the raw data, clusters are
created. The clusters are groups of hits produced by a single particle inter-
action with a detector element and contain its positions, signal amplitudes,
signal times and their associated errors. Then the first inward stage starts.
As a first step, the track seeds are built from the clusters of the two outermost
pad rows of the TPC and the primary vertex point as a constraint. For de-
termine the interaction vertex the information provided by the SPD detector
plays a crucial role because is closest to the interaction point, and has excel-
lent transverse plane resolution due to its high granularity. The resolution
of the SPD vertex is of 10 µm in Pb–Pb collisions and 150 µm in pp colli-
sions at

√
sNN = 7 TeV. To find the vertex position the algorithm searches

the space point that minimises the distance among the tracklets, which are
the track segments reconstructed by associating pairs of clusters in the two
SPD layers, localizing the point where most of the tracklets converge. When
pileup interaction is expected, like in the high multiplicity events, the algo-
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rithm is repeated several times, discarding at each iteration those clusters
which contributed to already-found vertices. When the primary vertex has
been localized the algorithm starts to search the tracklets that fulfill certain
proximity cuts trying to reconstruct the path from the interaction vertex and
the data of the TPC. Sometimes happen that the same physical track is re-
constructed multiple times; to mitigate this issue, a dedicated algorithm is
used to identify pairs of tracks that share a fraction of common clusters above
a certain threshold, typically ranging from 25% to 50%. The efficiency of the
track reconstruction process is influenced by the transverse momentum of the
tracks and drops below p⊥ < 0.5 GeV/c, as visible in Fig. 4.7 due to energy
loss in the detector material, while for higher p⊥ the efficiency is affected by
the path followed, as it may pass through areas where clusters are lost due
to dead zones between read sectors [14]. In the second step the tracks recon-
structed thanks to the TPC are used as seeds for the propagation of the outer
tracks. As these seeds are propagated inward, they are continuously updated
by incorporating clusters within a defined proximity cut. In this way a tree
of track hypothesis is create using the new seed generated by each update.
The final candidates are selected based on their χ̃2 penalizing the case in
witch clusters are not found during the extrapolation except for the passage
in the dead zones of the detector. In the last stage, the reconstructed tracks
are propagated starting from the outer TPC radius toward the interaction
point for refine the track parameter. Finally the Kalman filter provides the
track parameters including: position, direction, and inverse curvature, with
the associated covariance matrix.

The MFT has been designed to allow a clean identification of muon sources,
resulting in particular in the possibility of having charm/beauty separation
and background reduction in the light-flavor sector. The MFT tracking algo-
rithm can be separated into two steps: the track finding and the track fitting.
For the track finding two methods are used. The first one is called Linear
Track Finder (LTF) that looks for cluster position aligned along a straight
line although the magnetic field curves the trajectory of charged particles,
but the deviation can be neglected at least at hight p⊥. For help in these
work a radial tolerance Rcut is given, a graphical resume is visible in Fig. 4.8.
If a track has been recognized in the previous step the corresponding clusters
are removed from the list of available ones and are no more considered. The
next step consists on a Cellular Automaton (CA) approach particularly suited
for low-momentum tracks. It is based on a propagation and joining of con-
secutive tracklets. So starting from a given segment, considered as the first,
the algorithm search the further ones imposing track continuity conditions.
The strategy is visible in Fig. 4.9. Only after that the track candidates are
found, a track fitting algorithm is applied in order to extract the kinematic
parameters. It is able to determine the spatial and momentum coordinates
considering material effects [7].

Once the tracks and the interaction vertex have been found a search for



CHAPTER 4. ALICE 63

Figure 4.7: Track finding efficiency for primary particles in different types
of collision [51]. On the left panel: reconstruction efficiency for TPC tracks
in Pb-Pb collision at

√
sNN = 2.76 TeV. Right panel: matching efficiency of

tracks from ITS to TPC in real, full markers, and simulated, open markers,
Pb–Pb collisions at

√
sNN = 2.76.

Figure 4.8: The figure show Linear Track Finder schematic using the RCut
parameter [53]

photon conversions and secondary vertices from particle decays is performed.
In ALICE, secondary vertex reconstruction begins by selecting tracks with
Distance of Closest Approach DCA greater than 0.5 mm in pp collisions or 1
mm in Pb–Pb collisions. A schematic view of the reconstruction procedure is
reported in Fig. 4.11. For each pair of selected tracks with opposite charges,
known as V0 candidates, the following additional selection criteria are also
applied:

1. The distance between the two tracks at their PCA is requested to be
less than 1.5 cm;

2. The PCA is requested to be closer to the interaction vertex than the
innermost hit of either of the two tracks;

3. The cosine of the angle between the total momentum vector of the
pair and the line connecting the primary and secondary vertex must
be greater than 0.9.



CHAPTER 4. ALICE 64

Figure 4.9: The figure show how the Cellular Automaton method works [53].

For V 0 candidates with a momentum below 1.5 GeV/c the cut are relaxed. For
the study of heavy-flavor decays close to the interaction point, the secondary
vertex is searched starting from point that satisfied other different topological
condition [51]. The secondary vertices are then reconstructed with the same
algorithm used to compute the primary vertex from tracks. The resolution on
the position of secondary vertex can be estimated by Monte Carlo simulations
to be of the order of 100 µm with little pt-dependence for p⊥ > 1 GeV/c [54].
For this reason it is particularly difficult to detect particles with charm flavour,
because for example the Λc has a mean life of t= (2.024 ± 0.031) 10−13 s, so
it can move away from the interaction point for ct ≈ 60 µm, less than the
instrument resolution. For this reason it is impossible to clearly distinguish
the two vertices, making the analysis much more complex. Using the decay of
the c−d in the Λc → pKπ channel the study [43] tried to evaluate the ALICE
3 performance for reconstructing c − d decay using a fast simulation. They
show that the distance of closest approach resolution of ALICE 3 allows a very
effective suppression of this background, as shown in Fig. 4.10. In contrast to
this, the correlated background in which a deuteron from a true c − d decay
picks up a wrong pion or kaon is negligible. So assuming the production rates
of the statistical-thermal model, central collisions and the previous evaluate
spectrum of p⊥ for the c−d about 50 occurrence per month of Pb–Pb running
is achieved. It can be concluded that ALICE 3 is well suited to either discover
or rule out the existence of these states.
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Figure 4.10: On the left, the distribution of the distance of closest approach
for primary deuterons and deuterons from c-deuteron decays is shown. In the
middle the decay radius for signal and correlated background and on the right
the distribution of the invariant mass, correlated background and background
from primary deuterons reshown.

Figure 4.11: The figure shows the secondary vertices reconstruction procedure
for different particles. Is possible to observe that long-lived particles detected
are used for reconstructing by back-propagating the position of the secondary
vertex.
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Appendix

A Appendix A

Starting with the proof that dyp⊥dp⊥dϕp = dym⊥dm⊥dϕp, in fact m⊥ =√
m2 + p2⊥ so dm⊥

dp⊥
= p⊥√

m2+p2⊥
= p⊥

m⊥
and the result follow immediately.

For the other equation starting from 2.8 and inserting 2.2 one get

dNi

dy m⊥ dm⊥ dϕp

=
gi

(2π)3

∞∑
n=1

(±)n
∫
d2r⊥ τf e

nµi/T enγ⊥v⃗⊥·p⃗⊥

∫ +∞

−∞
dη (m⊥ cosh(y − η)− p⃗⊥ · ∇⊥τf ) e

−nγ⊥m⊥ cosh(y−η)/T

=
gi

(2π)3

∞∑
n=1

(±)n
∫
d2r⊥ τf e

nµi/T enγ⊥v⃗⊥·p⃗⊥

(
m⊥K1

(
nm⊥

γ⊥(r⃗⊥)

T (r⃗⊥)

)
− p⃗⊥ · ∇⊥τfK0

(
nm⊥

γ⊥(r⃗⊥)

T (r⃗⊥)

))
(1)

Where the modified Bessel function enters the game. The azimuthal integral
can thus be done analytically

dNi

dy m⊥ dm⊥
=
gi
π2

∞∑
n=1

(±)n
∫ ∞

0

r⊥dr⊥ τf e
nµi/T

(
m⊥K1

(
nm⊥

γ⊥(r⃗⊥)

T (r⃗⊥)

)
I0

(
n
p⊥v⊥γ⊥
T

)
−p⊥

∂τf
∂r⊥

K0

(
nm⊥

γ⊥(r⃗⊥)

T (r⃗⊥)

)
I1

(
n
p⊥v⊥γ⊥
T

))
(2)

And finally, defining v⊥ = tanh(ρ) and η(r⃗⊥) = τfe
nµi/T , one obtains

67
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dNi

dy m⊥ dm⊥ dϕp

=
gi
π

∫ ∞

0

r⊥ dr⊥ ni(r⊥)

[
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(
m⊥ cosh(ρ(r⊥))

T (r⊥)

)
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∂τf
∂r⊥

K0
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)
I1

(
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)] (3)

B Appendix B

Under free-streaming the phase space distribution evolves as

f(r⃗, p⃗, t) = f(r⃗ − p⃗

E
(t− t0), p⃗, t) (4)

Using a Gaussian parametrization for the initial phase-space distribution of
produced secondary particles

f(r⃗, p⃗, τ) = e
− x2

2R2
x
− y2

2R2
y
−

p2x+p2y

2(∆τ)2 (5)

where ∆t = t− t0 and Rx Ry are the fireball radius in the indicate direction,
so writing the Eq 2.17 in integral form.

ϵx(t0 +∆T ) ≈
∫
d2rr2cos(2ψr

∫
d3pf(r⃗, p⃗, τ))∫

d2rr2
∫
d3pf(r⃗, p⃗, τ)

≈
R2

x +R2
y

R2
x +R2

y + 2(c∆τ)2
(6)

introducing the initial deformation δ is possible to rewrite Rx = ⟨r⃗2⟩τ0(1− δ)
Ry = ⟨r⃗2⟩τ0(1 + δ) such that ϵx(t0) = 2δ/(1 + δ2). One get

ϵx(t0 +∆T )

ϵx(τ0)
=

[
1 +

(c∆τ)2

⟨r⃗2⟩τ0

]−1

(7)

C Appendix C

For get the gran canonical partition function starting from Eq 2.24 visible
below.

lnZi(T, V, µi) =
∆V gi
2π2ℏ3

∫ ∞

0

θip
2dp ln(1 + θie

β(µi−E)) (8)

replacing the logarithm with taylor expansion under the assumpion that eβ(µi−E) <
1→ µi < E and using λi = eβµi it’s possible to rewrite 2.2.

lnZi(T, V, µi) =
∆V gi
2π2ℏ3

∑
K

(θλi)
k

k

∫ ∞

0

p2dp e−kβE (9)
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integring by part

lnZi(T, V, µi) =
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The first integrand vanish.
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(11)

so

lnZi(T, V, µi) =
∆V gi
2π2ℏ3

∑
K

(θλi)
k

k

∫ ∞

0

dp
p3 k βe−kβE

3

E

p
(12)

introducing x = kβE, wi = kβmi and yi = x/wi
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introducing the modified Bessel function
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and finally
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