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Riassunto

La presente tesi si basa sul lavoro da me effettuato nell’ambito della collaborazione
ALICE. L’obiettivo scientifico principale dell’esperimento é quello di investigare le pro-
prieta della materia fortemente interagente fino alle elevatissime densita di energia (> 10
GeV/fm?3) e temperatura ( > 0.2 GeV) che verranno fornite da LHC e che ci si aspetta
caratterizzino il mezzo formato nelle collisioni tra ioni pesanti a questi regimi. Calcoli
di Cromo Dinamica Quantistica (QCD) su reticolo prevedono che in tali condizioni, il
confinamento dei quark in adroni privi di carica di colore scompaia e si formi un plasma
di quark e gluoni, denominato Quark-Gluon Plasma (QGP). Nelle ultime due decadi,
numerose indicazioni della formazione di questo stato della materia sono state osservate
negli esperimenti al CERN-SPS (\/syn = 17.3 GeV) e al BNL-RHIC (\/syn = 200
GeV). ALICE, quindi, grazie alle energie con cui opera e potra operare in futuro, aprira
una porta in un regime totalmente nuovo e sinora inesplorato nel campo della fisica delle
interazioni forti.

Il primo capitolo della tesi descrive per linee generali i fondamenti della QCD de-
scrivendo le basi della fisica del Plasma di Quark e Gluoni. Si sofferma quindi nella
descrizione di grandezze caratteristiche del tipo di fisica sotto esame e delle osservabili
(probes) che possono testimonare la comparsa del QGP nelle collisioni fra ioni pesanti,
con attenzione particolare riguardo a quelle legate alla produzione di stranezza. Ven-
gono inoltre illustrati alcuni dei risultati principali ottenuti dagli esperimenti all’'SPS e
a RHIC nonche alcune delle primissime misure effettuate da ALICE.

Nel secondo capitolo é presentata una breve descrizione della macchina LHC seguita
da un’ampia panoramica delle varie componenti del rivelatore ALICE, delle rispettive
prestazioni, nonche del framework di calcolo messo a punto per la gestione e I'analisi
dell’enorme mole di dati prodotti dall’esperimento.

Il terzo capitolo approfondisce in maniera piu specifica uno degli aspetti piu rilevanti
della fisica studiata da ALICE, ovvero la fisica delle risonanze strane quale strumento
per lo studio della evoluzione dinamica del QGP, in particolare durante la fase di raffred-
damento. Tra le numerose risonanze strane oggetto di possibile indagine, alcuni modelli
teorici conferiscono particolare rilevanza alla risonanza ¥(1385) della quale verrano dis-
cusse le caratteristiche e gli studi che la concernono effettuati dall’esperimento STAR a
RHIC.

Il quarto capitolo entra quindi nell’ambito specifico del lavoro svolto per questa tesi,
ovvero lo studio della ¥(1385) in ALICE, in collisioni protone-protone, nel canale di
decadimento forte A m. Verranno dapprima illustrati gli studi effettuati su simulazioni
protone-protone all’energia di 10 TeV nel centro di massa, realizzati al fine di met-
tere a punto la procedura di analisi. Saranno descritte la procedura implementata per

I’estrazione del segnale, la valutazione del fondo ed il fit ai dati, nonche lo studio por-



tato avanti per 'ottimizzazione dei tagli implementati al fine di massimizzare il rapporto
segnale su rumore e la valutazione delle incertezze sistematiche.

Il quinto ed ultimo capitolo illustrera ’applicazione delle procedure descritte ai dati
raccolti in collisioni protone-protone alle energie di 900 GeV e 7 TeV nel centro di massa,
analisi fondamentale per il tuning dei modelli esistenti noncheé come riferimento per le
analisi in collisioni piombo-piombo che non rientrano nell’ambito di questa tesi. I tagli
applicati sono stati quindi nuovamente ottimizzati in modo da verificare la bonta del
metodo messo a punto su dati simulati e sono state valutate le incertezze sistematiche.
Il capitolo termina con l'illustrazione dei risultati ottenuti. Dapprima i valori di massa e
larghezza estratti dalle distribuzioni integrali in massa invariante, riscontrati in accordo
con i valori riportati nel Particle Data Book; poi gli spettri differenziali in funzione
del momento e della massa trasversi opportunamente fittati. I risultati vengono infine
confrontati sia con le simulazioni prodotte alla medesima energia realizzate sulla base di
diversi modelli teorici sia, in via del tutto preliminare, con i risultati ottenuti da STAR
a /s = 200 GeV.
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Introduction

This thesis work was carried out in the context of the ALICE collaboration. The
ALICE (A Large Ion Collider Experiment) experiment [1, 2 3] will study Pb-Pb col-
lisions at the Large Hadron Collider (LHC) until the center of mass energy per nucleon
pair \/syny = 5.5 TeV, the highest ever reached. The main physics goal of the experi-
ment is the creation and the investigation of the properties of the strongly-interacting
matter in the conditions of high energy density (> 10 GeV/fm?) and high temperatures
(2 0.2 GeV), expected to characterize the medium formed in central heavy-ion collisions
at these energies. Under these conditions, according to lattice Quantum Chromo Dy-
namics (QCD) calculations, quark confinement into colorless hadrons should fade and
a deconfined Quark-Gluon Plasma (QGP) should be formed. In the past two decades,
experiments at CERN-SPS (\/syn = 17.3 GeV) and BNL-RHIC (\/syn = 200 GeV)
have gathered ample evidences for the formation of this state of matter. ALICE, there-
fore, thanks to the energies available now and in the next future, will open a door in a
whole and completely unexplored new regime for the physics of the strong interactions.

The first chapter of this thesis describes at a general level the cornerstones of the
QCD and of the Quark-Gluon Plasma physics. Then it concentrates on the description
of the main quantities related to the topics under analysis and on the so-called probes
of the creation of the QGP in heavy-ion collisions. Particular attention will be put on
the strangeness production related probes. Moreover some of the most important results
obtained by the experiments at SPS and RHIC will be presented together with the very
first measurements performed by ALICE.

A very short description of the LHC machine and its features opens the second
chapter followed by a wide overview of the ALICE detector and of its performances, in
addiction with a description of the computing framework built for the collection and the
analysis of the huge amount of data provided by the experiment.

The third chapter will describe in more details one of the most relevant aspects of
the physics studied by ALICE, i.e. the physics of the strange resonances as fundamental
tool for the QGP dynamic evolution analysis, in particular during the freeze-out phase.
Among them, some theoretical models consider much relevant the ¥(1385). It will be
described in detail, with particular attention to the studies performed on it by the STAR
experiment at RHIC.

The forth chapter is dedicated to this specific topic, i.e. the 3(1385) study at ALICE
in proton-proton collisions, in the strong decay channel A 7. First of all the studies
performed on simulated data at /s = 10 TeV will be described. They were realized in
order to built a dedicated analysis procedure. The implemented method for the signal
extraction, background evaluation and the data fit will be described together with the

optimized cuts introduced in order to find an optimal set able to maximize the signal
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over background ratio. Then the systematic uncertainties evaluation is presented.

The application of the described procedure to the data collected in proton-proton
collisions at /s = 900 GeV and 7 TeV, is then presented in the fifth and last chapter.
This analysis is crucial for the tuning of the existing models and is an important bench-
mark for the next lead-lead collisions analysis. A new cut optimization will be performed
in order to check the consistence of the procedure built using the simulated data. The
systematic uncertainties will be evaluated at both energies. The results obtained (both
integral and differential in the transverse momentum) will be shown and discussed to-
gether with a comparison with some dedicated simulations provided at the same energy
with different models and with a very preliminary comparison with the STAR results at
Vs = 200 GeV.
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Chapter 1

The Physics Of Relativistic Heavy-Ion

Collisions

The Standard Model is the theory of the elementary particles and their fundamental
interactions. This theory includes the strong interactions due to the color charges of
quarks and gluons and a combined theory of weak and electromagnetic interactions[4].
Proposed and developed since the 1960’s, the Standard Model is today a well established
theory applicable over a wide range of conditions: the high-energy physics has validated
it and confirmed its predictions through a large variety of experiments. In this context,
the relativistic heavy ions physics is aimed at the application of this theory to complex
and evolving systems of finite size, in order to understand the relations between collec-
tive phenomena and the microscopic laws of elementary-particle physics. The collisions
between relativistic heavy ions allow to study the nuclear matter under conditions of ex-
tremely high temperature and energy density. In these conditions, the Standard Model
predicts that the nuclear matter undergo a new phase, where the quarks and the gluons
are expected to be deconfined and to freely move. Lattice QCD calculations[5] predict
for the new phase a critical temperature T, ~ 170 MeV, corresponding to a critical en-
ergy density e, ~ 0.7 GeV/fm3. This means the possibility to observe how the Universe
was looking like about 1079 seconds after the Big-Bang (Figure Eﬂ)

This phase transition toward this hot and dense state of matter should be accessible to
experimental observations. Collisions of atomic nuclei have been studied for more than 20
years at sufficiently high energies to cross into the deconfined phase. The first attempts
were done since 1986 with light nuclei at the Alternating Gradient Synchrotron (AGS)
at the Brookhaven National Laboratory (BNL) and at the Super Proton Synchrotron
(SPS) at CERN, with Si and S respectively. Then, in the early 1990’s, the acceleration
of heavy nuclei began at both facilities: Au at AGS and Pb at SPS. The center of mass
energy per colliding nucleon-nucleon pair, (\/snyy), was 4.6 GeV at the AGS and 17.2

!The Temperature is often expressed in eV instead of Kelvin. The conversion from eV to Kelvin is

defined using the Boltzmann constant kg: 1:;/ = 1'15(;%%3?13121,02;;{;} = 11604.505 K.
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Figure 1.1: Evolution of the temperature of the Universe as a function of the time elapsed after
the Big-Bang.

GeV at the SPS. Already in the late 1990’s, at the CERN SPS, enough evidences were
gathered to conclude that a new state of matter had been created. When the Relativistic
Heavy Ion Collider (RHIC) went into operation at BNL, heavy-ion nuclei such as gold
collided at a center of mass energy per nucleon-nucleon pair \/syy = 200 GeV. The
huge step in collision energy meant a much larger, hotter, longer living QGP “fireball”
than at the SPS. Only with the LHC at CERN a similar (and even larger) step will be
attained. Pb nuclei will collide at a center of mass energy of \/syny = 5.5 TeV, about
30 times more than RHIC.

1.1 The Standard Model

The Standard Model describes the fundamental forces and the composition of matter. It
is a gauge theory including the strong, weak, and electromagnetic forces and the related
interactions; gravity is not part of the Standard Model and not further addressed. Matter
is constituted out of point-like particles which having spin 1/2 and grouped into three
families. Each family has two quarks and two leptons members (Table .

Leptons feel the weak force and the charged ones, the electromagnetic force. Quarks
have a property called color playing the role of charge in the strong force. The color
can take one out of three possible values (conventionally red, green, and blue). They
do not appear freely, they are confined and appear in the form of hadrons that are
colorless (also called white), i.e. in the corresponding SU(3)-algebra the colors of the
constituent quarks sum to 0 (red + green + blue = white). Hadrons are grouped into
baryons and mesons. Baryons consist of three quarks, qgq or §gq (e.g. the proton: uud).
Mesons consist of two quarks, ¢7 (e.g. the 77: ud). Quarks fell the strong, weak, and
electromagnetic forces. The forces are mediated by the exchange of gauge bosons, listed
in Table together with their relative coupling strengths.

Pag. 4 Study of the strange resonance 3(1385) as a tool for the analysis of the
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Quarks Leptons
Family Name Charge Mass Name  Charge Mass
u 2/3 e 1.7-3.3MeV/c? e” —e 0.511 MeV /c?
1
d -1/3 e 4.1-58 MeV/c? Ve 0 <2eV/c?
c 2/3 e 1.271057 GeV/c? wo —e 106 MeV /c?
2
s -1/3 e 101729 MeV/c? Yy 0 <0.19 eV/c?
t 2/3 e 172.041.6 GeV/c? | 7~ —e 1.78 GeV/c?
3
b -1/3 e 4197008 Gev/c? v, 0 <18.2 MeV/c?
Table 1.1: Constituents of matter in the Standard Model[d].
Force Strength  Gauge Boson(s) Applies on
Strong force 1 8 Gluons (g) Quarks, gluons
Electromagnetic force ~ 1072 Photon () All charged particles
Weak force ~ 1077 w*, 20 Quarks, leptons
Gravitation ~ 1073 Gravitons All particles

Table 1.2: Fundamental forces[6].

The strong force is mediated by gluons that have a color charge, and its theoretical
framework is Quantum Chromo Dynamics (QCD). The Quantum Electro Dynamics
(QED) describes the electromagnetic force, mediated by the exchange of photons. The
weak force governed by the exchange of W*’s and Z%’s is described by the electroweak
theory that includes the electromagnetic force. It has thus four gauge bosons (y, W,
and Z°). The Standard Model has also, however, limitations that require extensions
to keep the theory consistent. The most prominent example are the masses of the
electroweak gauge bosons predicted to be zero within the theory. Something that is
clearly inconsistent with experiment. This situation can be resolved by an additional
gauge boson added to the theory, the Higgs boson[7]. The Higgs mechanism generates
the masses for the W+ and the Z° while the v remains massless. The puzzle about the
existence of the Higgs boson is one of the topics addressed by the ATLAS and CMS
experiments at the LHC.

Study of the strange resonance 3(1385) as a tool for the analysis of the Pag. 5
dynamics of the Quark Gluon Plasma in the ALICE experiment at LHC



1.1. The Standard Model Chapter 1. The Physics Of Relativistic Heavy-Ion Collisions

1.1.1 The QCD
1.1.1.1 Historical Review

The strong interaction has been studied since the beginning of the 20th century soon after
the discovery of the atomic nucleus. The existence of a binding force holding together
the nucleons in the nuclei was postulated to assure nucleus stability. The discovery of
the neutron and, later, of the pion provided a rather complete and satisfactory picture of
the nucleus with the pion recognized as the long searched Yukawa particle of the strong
interaction. Very early this turned out to be only a simplified picture of a small piece of
what strong interaction concerns. Lots of new particles were produced in the experiments
leading to a complete new scenario of both strong and weak interactions. The idea
that the proton, as any strongly interacting particle (hadrons), were composed of more
fundamental particles called quarks, emerged. Deep inelastic scattering experiments
further clarified the quark structure of hadrons and the properties of strong interaction.
The quarks exist in six different flavours and carry strong “colour” charge in three
different types. The “mediators” of the strong force, playing the same role of the photon
for electromagnetism, are called gluons, which come in eight colour combinations. A
main difference with electromagnetism is that gluons do interact with each other while
photons do not. The two main strong interaction features of interest for heavy-ion

physics are:

e Colour confinement: “free” quarks have never been observed. Quarks are con-

fined in particular “colourless” combinations inside hadrons.

o Asymptotic freedom: the value of the strong coupling constant, ayg, depends
on the momentum transfer (Q?) at which an observed process occurs (running
coupling constant). «g decreases with increasing energy and asymptotically, at

infinite energy, tends to zero.

Another fundamental aspect concerns hadron masses: light mesons/baryons are
mainly composed by two/three light quarks (u, d, s). However, summing the masses
of the constituent quarks, only a small fraction of the hadron mass is obtained. For
instance, the proton (uud) mass is ~ 1 GeV/c? while the sum of the bare masses of
its constituent quarks is < 25 MeV/ cZ. All these features are accomplished within the
Quantum Chromo Dynamics theory of strong interaction described in the following sec-
tion. This theory predicts that strong interaction properties in a complex system may
differ from those observed in the vacuum. Quark confinement inside hadrons can dis-
appear at energy densities higher than those typical of normal nuclear matter. The
study of the modification of strongly interacting matter properties in a medium started

relatively recently (in the 1970’s).

Pag. 6 Study of the strange resonance 3(1385) as a tool for the analysis of the
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The cornerstones of QCD

The QCD describes the interaction of quarks and gluons in the form of a gauge field
theory, very similar to the way QED does for electrons and photons. In both cases
we have spinor matter fields interacting through massless vector gauge fields. In QCD,
however, the intrinsic colour charge is associated to the non-Abelian gauge group SU(3),
in place of the Abelian group U(1) for the electric charge in QED. The quarks thus
carry three colour charges, and the gluons, transforming according to the adjoint rep-
resentation, carry eight different combinations of colours. The intrinsic charge of the
gauge field (the gluon) is the decisive modification in comparison to QED; it makes
the pure gluons system self-interactive, in contrast to the ideal gas of photons. As a
result, the three-dimensional Laplace equation, which in non-relativistic QED leads to
the Coulomb potential V ~ 1/r, for massive quarks becomes effectively one-dimensional,
with the confining potential V ~ r as the solution. The Lagrangian density of QCD is
given by [8] 9]

1 -,
L=~ Fi, Y+ Y dl(in.D")v) (11)
f
with the non Abelian group tensor

Ff, = (0,A4% — 0,A% — gffL AL AS) (1.2)

and

Aa
Dy = 0, +ig 5 AL (1.3)

The fundamental degrees of freedom of the theory are the 3 x 6 quarks fermionic
fields ¢ and the eight gluonic fields A,. A, and f;, are the eight SU(3) group generators
(the 3 x 3 Gell-Mann matrices) and the structure constants. In the definition above,
1 represents, for each flavour, a vector (Yred; Ygreen; Ybiue) Of fermionic fields. Being
based on a non abelian symmetry group, interaction terms between the vector bosons
of the theory, the gluons, are present.

The inclusion of quark masses would add a term

L=y mslw!® (1.4)
f

in Eq. Equation [1.3| contains one dimensionless coupling constant g, and hence
Eq. 1.1 provides no scale: QCD predicts only the ratios of physical quantities, not abso-
lute values in terms of physical units. In QCD hadrons are colour-neutral bound states
of quarks (baryons) or of quark-antiquark pairs (mesons); they are thus the chromody-
namic analog of atoms as the electrically-neutral bound states in QED. The difference
between the two theories becomes significant at large distances: while a finite ionization

energy AE suffices to break up the electrodynamic bound, this is not possible in the

Study of the strange resonance 3(1385) as a tool for the analysis of the Pag. 7
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1.2. Phase Transition in QCD Chapter 1. The Physics Of Relativistic Heavy-Ion Collisions

case of quark binding. This property of the QCD leads to the concept of “confinement”:
quarks and gluons are confined inside hadrons. At short distances QCD shows another
peculiar behaviour: the decrease of the colour charge with decreasing the distance from
the colour-probe to the charge itself. This leads to the concept of “asymptotic freedom”,
which implies that partonsE| inside hadrons interact weakly among themselves and can

be considered as almost free.

1.1.1.2.1 Chiral symmetry and constituent quark masses
As already mentioned, for light hadrons, only a small fraction of the hadrons masses are
recovered when the masses of the quarks they are composed of are summed. In the QCD
theory this is motivated by the spontaneous chiral symmetry breaking mechanism. If the
mass term is neglected, the QCD Lagrangian defined in Eq. becomes chirally sym-
metric, i.e. invariant under separate flavour rotations of right- and left-handed quarks.
Neglecting the mass term is a good approximation for the up and down quarks and
quite good for the strange quark. The non-zero vacuum expectation value of the scalar
quark density operator 1) (“chiral condensate”) breaks this symmetry and generates
a dynamic mass of order 300 MeV for the up and down quarks and about 450 MeV
for the strange quarks. A pictorial view of the spontaneous chiral symmetry breaking

mechanism can be seen in Figure

Figure 1.2: Pictorial view of the spontaneous breaking of the chiral symmetry. The quark,
represented by the sphere, tends to occupy the minimum energy state: in the (a) configuration,
it correspond to a symmetric state; in the (b) configuration, representing the confined quark in a
nucleon, the parton is forced to break the symmetry and occupies an asymmetric state [10, [11].

1.2 Phase Transition in QCD

According to the Big Bang cosmological theory, a few microseconds after the Big Bang
the early Universe was a very hot plasma of deconfined quarks and gluons. It evolved
to its present state rapidly expanding and cooling, traversing a series of phase transi-
tions predicted by the Standard Model. In these transitions, quarks and gluons became
confined and the global features of our Universe, like the baryon asymmetry and the
galaxy distribution, were originated. Today, the deconfined quarks and gluons are likely

present in the core of the neutron stars, even if at lower temperature and higher density

2The basic constituents of hadrons, namely quarks and gluons.
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than in the early Universe. The goal of the relativistic heavy-ion experiments is to form
the deconfined phase colliding heavy ions at very high energy. In order to understand
how the new phase forms, we can consider at first this picture, shown in Figure [1.3
composite nucleons with a finite spatial extension and made up of point-like quarks, if
compressed, start to overlap above a critical density until each quark eventually finds
within its immediate vicinity a considerable number of other quarks. It has no way to
identify which of these had been its partners in a specific nucleon in the previous state
at lower density. Therefore beyond a certain condition of high density, the concept of
a hadron loses its meaning. At extreme densities, a medium constituted of unbound

quarks forms|[12].

Figure 1.3: Pictorial view of the compression of the nuclear matter: the composite nucleons,
with their finite spatial extension, are packed together (a); if compressed above a critical density,
they start overlapping and the quarks can not identify their previous partners (b); the matter is
thus deconfined.

In relativistic thermodynamics, higher densities can be obtained either by increasing
the net baryon numbelﬂ, or by “heating” the system, so that collisions between its con-
stituents produce further hadrons. This leads to the phase diagram shown in Figure|l.4
for low values of temperature 7' and baryon density pp, we have confinement and hence
hadronic matter; for high 7" and/or pp, deconfinement sets in and we get a particular
phase of the matter called the Quark Gluon Plasma (QGP)[13] 14, 15].

Compressing the nuclear matter at T' = 0, its properties can be understood in terms
of a degenerate Fermi quark gas. By increasing T at low pp, we are heating matter until
it becomes a quark-gluon plasma. Strong interaction thermodynamics thus predicts the
existence of new, deconfined state of matter at high temperatures and densities. In the

following paragraphs, the creation of this state and its main features will be described.

3The net baryon number Np is the difference between the number of baryons and of antibaryons
present in a system. The variation of energy due to an increase in the Np is the baryochemical potential
uB = ;’TEB. It increases with the baryon density pp, thus it is an alternative way to express the baryon

content of a system.
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Figure 1.4: The nuclear matter phase diagram. For low temperature and baryon density the
matter is in the ordinary nuclear conditions. Increasing the density and/or the temperature a
phase transition to the Quark Gluon Plasma should occur. The red arrow shows approximately
the range of temperature and density that are studied by the RHIC and LHC experiments.

Characteristics of QGP

Even before the formulation of the QCD, the existence of a phase transition to a new state
of matter had been argued from the mass spectrum of resonances produced in hadronic
collisions[16]. After the formulation of the QCD as an asymptotically free theory this
observation has been related to a phase transition[I7]. From QCD lattice predictions, the
phase transition is expected at a critical temperature 7T, = 175 MeV, corresponding to
an energy density € ~ 1 GeV/fm3. Starting from the ordinary nuclear matter, the ultra-
relativistic heavy-ion collisions recreate the energy density conditions more favorable for
the creation of this phase of coloured matter called the Quark Gluon Plasma (Figure[L.4).
As suggested by the extrapolations of the asymptotic high temperature behaviour of
QCD in the region of the transition from hadronic to partonic matter, the QGP was
expected to behave as an ideal non-interacting gas: instead the observation performed by
RHIC seems to suggest a rapid thermalization of the dense matter created in relativistic
heavy-ion collisions. This suggests that the hot and denser medium created in these
collisions is still strongly interacting. Also the early non-perturbative study have shown
that the high temperature phase of QCD is far from being simply an ideal quark and
gluon gas; even at temperatures T ~ (2-3)7, large deviations from the ideal gas behavior
have been deduced[L]. In order to compare the new scenario that should be accessible at
LHC, the expected experimental conditions and the fireball characteristics are compared
with the ones estimated at SPS and RHIC in Table [L.3|
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SPS RHIC LHC

VENN (TeV)  0.017 0.2 5.5
T/T. 1.1 1.9 3-4

e (GeV/fm?) 3 5 15-60

Toap (fm/c) <2 2-4 >10

Ve (fm3)  few 10 few 107 few 10°

Table 1.3: Experimental conditions and QGP characteristics expected at LHC, compared with
the corresponding values estimated at SPS and RHIC.

1.2.2 Deconfinement and chiral symmetry restoration

The phase transition from the hadronic matter to the QGP affects the masses of the
quarks, due to the partial chiral symmetry restoration that takes place in this phase.
When confined in hadrons, the quarks “dress” themselves with gluons to acquire an
effective constituent quark mass of about 300 MeV (resulting as the equivalent to 1/3 of
the proton or 1/2 of the p-meson mass). On the other hand, the basic bare quarks in the
QCD Lagrangian are almost massless, so that the mass of the constituent quarks in the
confined phase must be generated spontaneously through the confinement interaction
(spontaneous breaking of chiral symmetry). Hence when deconfinement occurs, this ad-
ditional mass is likely “lost” and the quarks go back to their intrinsic bare mass[12]. A
Lagrangian with massless fermions possesses chiral symmetry; this allows a decomposi-
tion of the quarks into independent left- and right-handed massless spin one-half states,
which for massive fermions become mixed. Hence the mass shift transition in QCD is
often referred to as chiral symmetry restoration. It is important to stress that it does
not necessarily coincide with deconfinement: when the hadrons are dissolved into quark
constituents, the free and now coloured quarks may still interact to form coloured bound

states.

1.3 The Lattice QCD predictions

The phase transition of ordinary QCD matter to a quark-gluon plasma state is quan-
titatively best studied in QCD thermodynamics within the framework of lattice QCD.
Phase transitions are related to extended range phenomena in a thermal medium, to the
collective behaviour and spontaneous breaking of global symmetries. In order to study
such mechanisms in QCD a calculation approach able to deal with all non-perturbative
aspects of the theory of strong interactions is needed: this is precisely the purpose of
lattice QCD[19]. A discrete space-time lattice is introduced in this formulation of QCD,
well suited for numerical calculations. Although the lattice calculations are affected by

systematic errors, which are caused by the finite lattice cutoff and the use of quark
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masses larger than those in nature, they have achieved important results in the study
of the QGP phase transition: in particular, for zero baryochemical potential (up = 0),
they expect it to occur at the critical temperature 7, = 175 £+ 15 MeV and the critical
energy density €. ~ (6 &+ 2)T* ~ (0.3-1.3) GeV/fm?; the influence of the non-zero bary-
ochemical potential expected at LHC is anyway estimated to be very small. Moreover,
the estimates of the order of the transition and of the critical temperature depending
on the number of flavours and the values of the quark masses indicate that in the more
realistic limit of 2 zero mass quarks plus the s quark, the transition is a crossover at zero
baryochemical potential and then a sort of second order phase transition. In Figure [L.5
the results of the lattice calculations are shown for what concerns the energy density in

the limit of 2 and 3 zero mass quarks, as well as of 2 light and a heavier quark[5].

L RHIC e/ T —+

14 L E/T4 1 _

12 | t ]

10 1

LHC

8 E -
SPS 3 flavour ———

6 2 flavour —— g

4 )

T, = (173 +/- 15) MeV

- ec ~ 0.7 GeV/fm® T [MeV] ]

0 1 1 L 1 1

100 200 300 400 500 600

Figure 1.5: The energy density in QCD with 2 and 3 degenerate quark flavours as well as with
two light and a heavier (strange) quark. The arrow on the right-side ordinates show the value

of the Stefan-Boltzmann limit for an ideal quark-gluon gas.

1.4 The Bjorken Picture

In the collisions of heavy nuclei at every high energy, the density of matter is increased
well beyond the ordinary nuclear matter density (pg = 0.17 nucleons/fm?3); while the
energy increases, the nuclei penetrate each other bringing the matter from highly excited
states to a quark gluon plasma: at the LHC energy, the colliding nuclei pass through
each other, leaving behind them the hot and dense matter that eventually decays into
hadrons. After the collision, the high energy density allows to turn on the degree of
freedom normally hidden in the ordinary nuclear matter that successively turn off during
the expanding and cooling down phase. The different stages of the event evolution can
be qualitatively described by the picture formulated by Bjorken[20], 21]. In Figure it

is possible to follow this space-time representation of the event, from the collision to the
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final state:

1. At t = 0 the two nuclei collide: they are Lorentz contracted along the beam
direction by a factor v = Epeqm /M (Epeam is the beam energy per nucleon and M
=~ 0.94 GeV is the nucleon mass. v ~ 110 at RHIC and ~ 3000 at the LHC), thus

the longitudinal coordinate of each the nucleon is the same.

2. After impact, hard collisions with large momentum transfer ) ~ 1 GeV between
partons inside the two nuclei (quarks, antiquarks and gluons) produce high en-
ergetic secondary partons. The hard scatterings happen at early times, ~ 1/Q
<< 107%* 5. During the pre-equilibrium phase the system reaches the maximum
energy density, forming a not yet thermalized system of quarks and gluons into a

volume of some tens of fm?; prompt leptons and photons can be emitted.

3. The remnants of the original nuclei, called “spectator nucleons”, fly along the
beam line. The “participant” nucleons that do not survive the collision form the
mentioned fireball, so called because of the high energy density of the system and its
rapid expansion. Then, thanks to the interactions among the partons, the system
starts to thermalize: in these conditions and before the energy density drops below
the critical value, the quark gluon plasma forms and the matter deconfinement
takes place, at a time estimated of order 1 fm/c after the collision (QGP phase);
direct leptons and photons and hard jets are produced. Soft collisions with small
momentum exchange << 1 GeV produce many more particles and thermalize
the QGP. The resulting thermalized QGP fluid expands hydrodynamically and

cools down approximately adiabatically.

4. The partons from different nucleon-nucleon collisions rescatter leading to local
thermal equilibrium and generating a thermodynamic pressure which brings to a
collective expansion of the matter; the system cools down and the surface, already

at a temperature below T, evaporates into a hadron gas (hadronization stage).

5. The generated hadrons stop to interact ~ 20 fm/c after the collision: the evapo-
ration is completed and the hadron gas, now expanded in a region of about 10%
- 10° fm?® around the interaction point, should have reached its final chemical

composition (chemical freeze — out).

6. The hadrons continue to interact quasi-elastically, cooling the fireball until the
kinetic (or thermal) freeze — out, defined as the moment in which all interactions
among particles cease. Unstable particles, like resonances, decay and the decay

products stream freely towards the detector.
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collisions)

space (< 1 fm/c)

Figure 1.6: The space-time evolution of the heavy-ion collision. The various stages of the
collision, drawn on the left part of the figure, are described, moving along the down-up direction,
by the space-time representation and indicated with the conventional names on the right; on top,
the particle types produced in the different stages of the evolutions are summarized.

1.5 The QGP Signatures

Since it is impossible to directly observe this short lived (~ some fm/c) QGP system, the
heavy-ion experiments like ALICE take the challenge to study the different behaviour of
observables to infer on the existence and on the properties of this matter phase. Many of
the signatures considered require the comparison of collisions where a QGP is suspected
to have formed and collisions where no QGP is expected. The collective effects in heavy-
ion collisions need to be disentangled from effects already present in lighter systems
(p+p or p+heavy-ion) where no QGP is expected to form. For this purpose the same
observables in heavy and light collision systems are usually directly compared. A further
possibility is the comparison of central and peripheral heavy-ion collisions. In this case
one can calculate the nuclear modification factors R44. These are the ratios of yields in
heavy-ion collisions (N44) and in light collisions systems like p+p (/Vp,) normalized to

the number of independent binary nucleon-nucleon collisions (N ):

1 dQNAA/dydpt
Ncall dszp/dydpt

Raa(p) = (1.5)

Depending on the compared systems, an isospin correction has to be taken into ac-
count owing to the different mixture of protons and neutrons in the two systems. In a
likewise way, the factor Rop denotes the ratio of central and peripheral collisions. The
estimation of the number of participants in peripheral collisions, Ny, is model depen-

dent, therefore the systematic error in this comparison is larger than for the comparison
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to a light collision system. Generally, it is of big advantage to use the same experimental
setup for subsequent measurements under conditions as similar as possible. In this way
many systematic uncertainties that are present in the measurements almost cancel out.
In the following paragraphs, signatures of the QGP are outlined with special focus on
the need for p+p reference data.

The signatures of the QGP can be divided in different categories, related to the differ-
ent stages considered by the evolution picture described before: the deconfined medium
(QGP), a possible interacting hadronic medium, and the final hadronic state[22]. The
main direct hard probes of the creation of the QGP phase are:

e Hard emission of thermal dileptons and photons. These are a sort of internal
probe: they are produced by the QGP itself and are not affected by the subsequent
states of the medium, since they undergo only weak and electromagnetic interac-
tions after their formation; therefore, they bear the imprints of the bulk properties
of the early stages of the interaction and can be used as a thermometer of the
medium, since they are produced also by the confined matter. However, this is
also the main drawback of this study: it is very difficult to separate thermal dilep-
tons and photons from the abundant hadronic production; moreover, the presence
of a prompt component produced by early hard parton interactions in the primary

and pre-equilibrium stages, has to be taken into account and separated as well.

e Production of quarkonium states (J/¢ , T) in the primary parton col-
lisions. These states are produced before the existence of any medium but their
dissociation is possible in a deconfined medium; their observed behaviour indicates
therefore whether the subsequent medium was deconfined or not, resulting in a sort

of external probe.

e Jet quenching. The energy loss of partons passing through the hot deconfined

medium is expected to be larger than through the hadronic matter.

Information about the evolution of the hadronic system, in particular about its last

stage, where the hadrons are still interacting, can be provided by:

e In-medium modifications of resonances observable in their decays. The
changes of their masses or widths can originate from the large rescattering cross
section in the medium, where the final state interactions influence in particular
the hadronic decays. The study of these changes should be useful to distinguish

between different expansion and freeze-out scenarios.

The expected QGP probes produced in the hadronization phase, the so called soft
probes, which appear when the density of the medium has dropped sufficiently to allow

the existence of hadrons, are:

e Strangeness enhancement. A hot QGP should contain the different quark

species in almost equal amounts, which, if preserved up to hadronization, should
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result in more abundant strangeness production than observed in p-p interactions,

where the strange quark abundance is suppressed.

e Collective flow and transverse momentum broadening. Compared to p-
p interactions, a hot initial QGP could lead to more pronounced expansion and

specific expansion patterns.

In this sections, the main heavy-ion observables that are measured and studied by the
ALICE experiment as probes and signatures of the QGP are discussed (with particular
attention to those more related to the topic of this thesis), giving an overview of the
present results, achieved by the previous experiments at SPS and at RHIC, and the
perspectives for these topics research. Where necessary, the measurements of the same
observables in proton-proton collisions will be discussed as a reference for nucleus-nucleus

collisions.

1.5.1 Particle multiplicity

1.5.1.1

In the heavy-ion collisions, it is possible to determine the initial geometry of the collision
and the way in which the initial available center-of-mass energy is redistributed in the
accessible phase space studying the global properties of the final state. The collision
geometry, moreover, is an essential prerequisite to the study of any physics observable.
One of the most important observables that ALICE has measured, already from the
first days of collisions, is the charged particles multiplicity. The quantities related to the
event geometry, like the impact parameter b, the number of participant nucleons in the
interaction Npq+ and the number of nucleon-nucleon collisions, can be extracted from
the measurement of the multiplicity in a rather model-independent way. Reconstructing
the centrality of the collisions, it is possible to study the physics observables as a function
of b or Npgr¢ in order to locate the onset of the phase transition from the hadronic to the
deconfined matter. A complete characterization of the event will be finally provided by
the information about the temperature and the energy density reached in the collision,
that can be inferred from the charged particle rapidityﬁ density dN.,/dy and the p;
distributions.

In the following paragraphs the expectations of the particle multiplicity in proton-

proton and in nucleus-nucleus collisions will be discussed.

Multiplicity in p-p collisions

The ALICE experiment started measuring the charged particle multiplicity in proton-
proton events, as a benchmark for the further study in A-A events but also to extract

information about the phase transition to QGP from the multiplicity fluctuations. From

4The rapidity for a particle with four-momentum (E, p) is defined as y = %lngf—iz where z is the beam

direction. For particles in the relativistic limit (E ~ p) it is often approximated with the pseudo-rapidity

n= %lné"‘_’% = —Inftan(0/2)] with 6 being the polar angle with respect to beam direction.
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the observations, the hadron rapidity density can be parametrized for charged particles
by a quadratic polynomial in In(s). At SPS energies, /s = 20 GeV, the charged-particle
rapidity density is about 2 at y = 0; at RHIC energies, it is about 2.5 and it is 3.81,
4.70, 6.01 at ALICE energies (0.9, 2.36 and 7 TeV respectively) while in Figure the
charged particles multiplicity as a function of center of mass energy (right graph) and

the comparison with the considered models (left graph) are shown.
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Figure 1.7: Left: Relative increase of the charged-particle pseudorapidity density, for inelastic
collisions having at least one charged particle in || < 1, between /s = 0.9 TeV and 2.36
TeV (open squares) and between /s = 0.9 TeV and 7 TeV (full squares), for various models.
Corresponding ALICE measurements are shown with vertical dashed and solid lines; the width
of shaded bands correspond to the statistical and systematic uncertainties added in quadrature.
Right: charged-particle pseudorapidity density in the central pseudorapidity region |n| < 0.5 for
inelastic and non-single-diffractive collisions and in |n| < 1 for inelastic collisions with at least
one charged particle in that region (INEL>0j,<1), as a function of the center-of-mass energy.
The lines indicate the fit using a power-law dependence on energy. The data points at the same

energy have been slightly shifted horizontally for visibility[23].

The measured values are higher than those from the models considered, except for
PYTHIA tune ATLAS-CSC for the 0.9 TeV and 2.36 TeV data, and PHOJET for the
0.9 TeV data, which are consistent with the data. At 7 TeV, the data are significantly
higher than the values from the models considered, with the exception of PYTHIA tune
ATLAS-CSC, for which the data are only two standard deviations higher. The relative
increase of pseudorapidity densities of charged particles between the measurement at
0.9 TeV and the measurements at 2.36 TeV and 7 TeV have also studied. An increase
of 57.6% + 0.4%(stat.)™3-3%(syst.) between the 0.9 TeV and 7 TeV data, compared
with an increase of 47.6% obtained from the closest model, PYTHIA tune ATLAS-CSC.
The 7 TeV data shows that the measured multiplicity density increases with increasing

energy significantly faster than in any of the models considered.

Multiplicity in A-A collisions

The measurement of the particle multiplicity was one of the first topic addressed by the

ALICE experiment when started its first heavy-ions data taking activity, last Novem-
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ber 2010, with lead beams. In particular, the charged-particle pseudo-rapidity density
dN¢p /dn was the topic of the first ALICE article concerning the heavy-ion collisions at
the CERN-LHCJ[24]. Infact the first step in characterizing the system produced in these
collisions is the measurement of the charged-particle pseudo-rapidity density, which con-
strains the dominant particle production mechanisms and is essential to estimate the
initial energy density. This measurements was performed using the Pb-Pb collisions
provided by the LHC at \/syy = 2.76 TeV and comparisons to model predictions and
to previous measurements in nucleus-nucleus collisions at lower energies at the SPS and
RHIC, as well as to pp and pp collisions over a wide energy range. This measurement
provides new insight into particle production mechanisms in high energy nuclear colli-
sions and enables more precise model predictions for a wide array of other observables in
nuclear collisions at the LHC. In order to compare bulk particle production in different
collision systems and at different energies, and to compare with model calculations, the
charged particle density is scaled by the number of participating nucleons. The density
of primary charged particles at mid-rapidity was found to be dN.,/dn = 1584 + 4 (stat.)
+ 76 (sys.). Normalizing per participant pair, dNep/dn/(0.5Npert) = 8.3 - 0.4 (sys.) with
negligible statistical error. In Figure this value is compared to the measurements
for Au-Au and Pb-Pb, and non single diffractive (NSD) pp and pp collisions over a wide

range of collision energies. The energy dependence can be described by 39\% for pp and

pp, and by 59\',5\5, for nucleus-nucleus collisions. A significant increase, by a factor 2.2, in
the pseudo-rapidity density is observed at /syny = 2.76 TeV for Pb-Pb compared to

Vsyn = 0.2 TeV for Au-Au.
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Figure 1.8: Charged particle pseudo-rapidity density per participant pair for central nucleus-
nucleus and non-single diffractive pp/pp collisions, as a function of \/syn. The energy dependence

can be described by ;12 for nucleus-nucleus, and sQ4 for pp/pp collisions. [24].

Figure|l.9|compares the measured pseudo-rapidity density to model calculations that
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describe RHIC measurements /syy 0.2 TeV, and for which predictions at /syn 2.76

TeV are available.
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Figure 1.9: Comparison of this measurement with model predictions. Dashed lines group similar
theoretical approaches.[24].

Perturbative QCD-inspired Monte Carlo event generators, based on the HIJING
model tuned to 7 TeV pp data or on the Dual Parton Model, are consistent with the
measurement while, for instance among the other models, an hydrodynamic model in

which multiplicity is scaled from pp collisions overpredicts the measurement.

1.5.2 Energy density estimation

The energy density of the central rapidity region in the collision zone can be estimated

via the Bjorken formula]20]:

1 dE

= — 1.
SJ_T dy ( 6)

en;(7)
y=0

where 7 is the evaluation time, S| is the transverse overlap area of the colliding nuclei

; dE i i dE ~ dN ;
and F is the total energy. Usually & ‘y:O is approximated to i ‘y:O (ET) dyy—o with
Cfi—]; 0 the hadron multiplicity at y = 0 and (E7) the average hadron transverse energy

y:

in the same rapidity interval. The Bjorken formula is based on the assumptions of
longitudinal boost invariance and formation of a thermalized central region at an initial
time 79. Usually, a reference QGP formation time 1g is considered even if its value
is not exactly defined and different choices, between 0.2 and 1 fm/c, are used. At the
SPS with 7 = 1 fm/c the estimated energy density was eg; = 3.1 £ 0.3 GeV/fm3[25],
a sufficient value for the phase transition to occur. In Figure the estimated values
of epj(from STAR at RHIC[26]) are reported as a function of the centrality parameter
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Npart, for two different collision energies. The energy density is estimated to lie between

5 and 25 GeV/fm?3, depending on the chosen formation time.
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Figure 1.10: Estimate of the product of the Bjorken energy density and the formation time as
a function of centrality Npq,+ at RHIC (from STAR)[26].

1.5.3 Collective flow

Another collective observable that can provide information about the evolution of the
matter in the heavy-ion collisions is the flow. The flow can be defined as a collective
expansion of the matter and can follow different possible patterns, evolving both with an
isotropic expansion and with a non-isotropic component, like in non-central collisions.
In particular, this phenomenon affects all the particles involved in an event, showing the
presence of multiple interactions between them. In proton-proton collisions this effect
is absent, while it was observed in every nucleus-nucleus collision class, from the low
energy fixed-target reactions below 100 A MeV up to the RHIC collision at \/syy =
200 GeV; it is as well expected to be observed by ALICE. Different medium effects can
influence the flow, depending on the energy of the collision: at low energies, flow effects
are mostly caused by the nucleons belonging to the incoming ions and can be interpreted
as caused by two-body interactions and mean field effects. At high energy, the larger
number of produced particles dominates the flow effects while the initial nucleons are
supposed to give a minor contribute, especially at central rapidities. Measuring the
flow, it is thus possible to distinguish if it originates from partonic matter or from
the hadronization stage. In Figure the three most common flow phenomena are
schematically represented. The radial flow interests central collisions: here the initial
state is symmetric in azimuth, causing an isotropic azimuthal distribution even of the
particles in the final stage (see Figure ) The relevant observables to study such
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effects are the transverse momentum distributions of the various particle species.
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Figure 1.11: Nlustration of the three most common flow phenomena.

(a)

Instead, in non-central collisions the pressure gradients are in general azimuthally
asymmetric. These pressure gradients cause a correlation between the event configura-
tion and the momentum distributions. For this anisotropic flow, the pattern depends on
the collision energy, the considered phase-space region and the particle species. The flow
of the nucleons from the nuclei have its maximum in the plane determined by the impact
parameter and the beam axis, i.e. the reaction plane. Moreover, the flows of particles
originating from the two nuclei are equal in magnitude but opposite in direction, thus it
is called directed flow (see Figure ). At ultra-relativistic energies the particles are

mostly produced within the interaction volume and can exhibit additional flow patterns;
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this results in the so-called elliptic flow (see Figure ) Several different methods
has been proposed to measure the anisotropic flow, based for example on the event-by-
event reconstruction of the reaction plane, performed by correlating the directions of the
produced particles with the event plane, or on the study of the two-particle correlations

without reconstructing the reaction plane.

Kinetic freeze-out temperature and radial flow

A common flow velocity field results in a larger transverse momentum for heavier parti-
cles, leading to a dependence of the observed spectral shape on the particle mass. The
kinetic freeze-out temperature Tj;,, defined as the temperature at the surface of “last
scattering”, is estimated by the analysis of the measured transverse momentum spectral
shapes of different particles. Figure shows a comparison of the measured trans-
verse momentum spectra for 7’s, K’s and p’s in p-p, d-Au and Au-Au for central and

peripheral collisions.
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Figure 1.12: Comparison of ©’s, K’s and p’s transverse momentum spectra observed by STAR
in p-p and d-Au collisions (/syny = 200 GeV) and Au-Au collisions at (\/syy = 62.4 GeV) for
central (filled symbols) and peripheral (open symbols) collisions[26].

The spectra are described by the hydrodynamics-motivated blast-wave model|26].
The blast-wave model assumes that particles are locally thermalized at a kinetic freeze-
out temperature and are moving with a common collective transverse radial flow velocity
field. As reported in [26] (by STAR collaboration) the expected momentum spectral
shape is used to fit six particle spectra (7%, KT, p, p) simultaneously. Both Tj;, and
the average transverse flow velocity (3) are free parameters of the fit. In Figure m
panel on the left, the kinetic freeze-out temperature obtained in different experiments
is reported along with the chemical freeze-out temperature as a function of the collision
energy. In the lower panel on the right the values recovered for () are shown.

The extracted average transverse flow velocity () increases with the centrality in

Au-Au collisions as expected if a stronger pressure gradient develops in more central
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Figure 1.13: Chemical (T¢) and kinetic (Tkipn) freeze out temperatures (left) and average
transverse-radial flow velocity ((8)) (right) extracted in different experiments for central heavy-

ion collisions as a function of the collision energy..

collisions. Quite large values of () are observed also in p-p and d-Au collisions mainly
due to hard-scattering and jet production. If this latter contribution is subtracted, a
value () flow = 0.54 is found in Au-Au collisions. The magnitudes of both the kinetic
freeze-out temperature and the radial flow velocity found by STAR are very similar
for \/syn = 62.4, 130, 200 GeV, while they strongly depend on the charged particle
multiplicity and, thus, on the initial energy density. This suggests that a higher initial
energy density results in a larger expansion rate and longer expansion time, yielding a

larger flow velocity and lower kinetic freeze-out temperature.

Elliptic flow

Flow anisotropies are generated mostly during the early stages of the collision. They
are driven by spatial anisotropies of the pressure gradients due to the initial spatial
deformation of the nuclear reaction zone in non-central collisions. This deformation
decreases with time as a result of anisotropic flow: matter accelerates more rapidly
in the direction where the fireball is initially shorter, due to larger pressure gradients.
With the disappearance of pressure gradient anisotropies, the driving force for flow
anisotropies vanishes, and, due to this “self-quenching” effect, the elliptic flow saturates
early. If the fireball expansion starts at sufficiently high temperature, it is possible
that all elliptic flow is generated before matter reaches T, and hadronizes. In this case,
elliptic flow is a clean probe of the equation of state of the QGP phase. Re-scattering
processes among the produced particles transfer the spatial initial deformation onto
momentum space, i.e. the initially locally isotropic transverse momentum distribution of
the produced matter begins to become anisotropic. The momentum anisotropy manifests
itself as an azimuthal anisotropy of the measured hadron spectra. The azimuthal particle
distributions are studied by analyzing the differential production cross-sections in terms

of a Fourier expansion:
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dN 1 dN
pedpidyde 2w pydpdy

1+2 Z vi(y; pe; b)cos[i(® — Urp)] (1.7)
=1

where Wgip is the reaction plane angle, y is the particle rapidity, b is the impact
parameter of the collision and v; are the Fourier coefficients. The sine terms in the
expansion vanish due to reflection symmetry with respect to the reaction plane. The

Fourier coefficients are given by:

vi(y; pr; b) = (cosli(® — Vrp)]) (1.8)

the angular brackets denoting an average over the particles, summed over all events,
in the (p¢; y) bin of interest. The lowest order Fourier terms are the so called direct
flow (v1) and elliptic flow (v2). For collisions between equal nuclei vq is, at mid-rapidity,
the first non vanishing Fourier coefficient. The dependence on the centrality and on the
spatial eccentricity reported in many papers (for instance [27) 28]) confirms that the vo
is tied to the spatial asymmetry of non-central collisions. This indicates that a high level
of collectivity is present at an early stage of the collision. Each particle species has its
own vy coefficient: at low p; the elliptic low depends on the mass of the particle, being
smaller for larger masses, as expected if a common radial flow velocity is present.

An overview of the v measurements performed at RHIC can be found at [27], [28],
[29], [30], [31] and [32].

Recently the ALICE experiment has provided its first vo measurement in Pb-Pb
collisions at /s = 2.76 TeV collected in November 2010. The Figure shows va(pt)
for the centrality class 40-50% obtained with different methods. For comparison, the
STAR measurements for the same centrality from Au-Au collisions at \/syy = 200 GeV
are shown indicated by the shaded area. It was found that the value of va(p;) does
not change within uncertainties from \/syy = 200 GeV to 2.76 TeV. The Figure
presents vo(py) for three different centralities, compared to STAR measurements. The
transverse momentum dependence is qualitatively similar for all three centrality classes.
At low p; there is agreement of vo(py) with STAR data within uncertainties.

Figure[I.15]shows that the integrated elliptic flow increases from central to peripheral

collisions and reaches a maximum value in the 50-60% and 40-50% centrality class.

The integrated elliptic flow measured in the 20-30% centrality class is compared to
results from lower energies in Figure It shows that there is a continuous increase in
the magnitude of the elliptic flow for this centrality region from RHIC to LHC energies.
In comparison to the elliptic flow measurements in Au-Au collisions at \/syn = 200 GeV
a ~30% increase in the magnitude of vy at /syy = 2.76 TeV. The increase of about
30% is larger than in ideal hydrodynamic calculations at LHC multiplicities but is in
agreement with some models that include viscous corrections which at the LHC become

less important [33].
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Figure 1.14: (a) v2(p) for the centrality bin 40-50% from the 2- and 4-particle cumulant
methods for this measurement and for Au-Au collisions at \/syy = 200 GeV. (b) vs 4(p;) for
various centralities compared to STAR measurements. The data points in the 20-30% centrality

bin are shifted in p; for visibility[33].

1.5.3.3 Chemical freeze-out properties: temperature, baryon-chemical potential and

strangeness suppression factor

The fireball produces hadrons that are in chemical equilibrium forming a statistical
ensemble. In the chemical equilibrium model [26, 34], the system is described in a
grand-canonical ensemble and distribution functions for each particle kind are derived
via the Maximum Entropy Principle by imposing global energy, baryon and strangeness
conservation. Particle abundances in a thermal system of volume V' are then governed

by only few parameters|26]:

9 s 1 3
N;/V = ~y / . _ v d’p. 1.9
i/ (2m)3 S e:zp(—Er“ﬂfg“ssl) +1 (1.9)

In the above expression, NN; is the abundance of particle species ¢, g; the spin degen-
eracy, B; and 5; are the baryon and strangeness number carried by the particle species
i, F; is the particle energy and the integral is over the whole momentum space. The

parameters in the model are the temperature of the system, the baryon and strangeness
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Figure 1.15: Elliptic flow integrated over the p; range 0.2 < p; < 5.0 GeV/c, as a function of
event centrality, for the 2- and 4-particle cumulant methods, a fit of the distribution of the flow
vector, and the Lee-Yang Zeroes method. For the cumulants the measurements are shown for
all charged particles (full markers) and same charge particles (open markers). Data points are
shifted for visibility. RHIC measurements for Au-Au at /syny = 200 GeV, integrated over the
pt range 0.15 < p; < 2.0 GeV/c are shown by the solid curves[33].
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Figure 1.16: Integrated elliptic flow at 2.76 TeV in Pb-Pb 20-30% centrality class compared
with results from lower energies taken at similar centralities[33].
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chemical potentials, up and pug and the ad-hoc strangeness suppression factor, vg. The
measured particle abundance ratios are fit by the chemical equilibrium model to obtain
the system parameters at the chemical freeze-out. In Figure (left panel) the results
obtained by the STAR collaboration for the ratio of different particle abundances are
shown[27]. On the right panel the baryon chemical potential extracted from the fits
in different experiments is reported as a function of the collision energy. It decreases
smoothly with the collision energy, so that new baryons and anti-baryons can be created
with increasing ease. This behaviour is confirmed by the recent measurements performed
by ALICE in terms of p/p ratio in pp collisions at /s = 7 TeV[35] and charged particle
multiplicity in PbPb collisions at \/syy = 2.76 TeV[24]. As shown in [26], the baryon

chemical potential increases with centrality.
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Figure 1.17: Left panel: ratios of ps-integrated mid-rapidity yields for different hadron species
measured in STAR for central Au-Au collisions at /syn = 200 GeV [27]. The horizontal bars
represent statistical model fits to the measured yield ratios for stable and long-lived hadrons.
The variation of g with centrality is shown in the inset, including the value (leftmost point)
from fits to yield ratios measured by STAR for 200 GeV p-p collisions. Right panel: the baryon
chemical potential (up) extracted in different experiments for central heavy-ion collisions as a

function of the collision energy|[26].

The chemical freeze out temperature T ,pem,, extracted from the data of many different
experiments at many different collision energies (Figure left panel), after an initial
steep rise, plateaus abruptly near /syny ~ 10 GeV at a value slightly higher than 160
MeV. It is remarkable that the same temperature is recovered for systems with different
initial conditions, that is, different centralities, different colliding nuclei and different
collision energies: central heavy-ion collisions at high energies can be characterized by a
unique, energy independent chemical freeze-out temperature. This temperature is rather
close to the critical temperature that should characterize the hadronization phase as es-
timated by lattice QCD calculations. Thus chemical freeze-out must occur very soon
after or in the meanwhile of hadronization. The success of chemical equilibrium model
in describing the data should not be readily taken as a proof of chemical equilibrium of
each individual collision[36]. In p-p and other collisions between elementary particles,

particles abundances are well described by the chemical equilibrium model (but with the
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ad-hoc strangeness suppression factor significantly smaller than unity) suggesting that
particle production in these collisions is a statistical process and the chemical tempera-
ture is a parameter governing the statistical production process. Some important points
emerges from collective flow and chemical freeze-out properties. The medium created in
heavy-ion collisions collectively expands very fast ((5) = 0.54) and undergoes rapid cool-
ing. Both () and the kinetic freeze-out temperature depends on the collision centrality
while the chemical freeze-out does not. The former are controlled by a competition
between local thermalization and expansion rate: the larger fireballs formed in central
collisions live longer, develop more radial flow and cool down to lower kinetic freeze-out
temperatures than in peripheral collisions. Conversely, T¢pen, is not the result of kinetic
processes. The difference between the two freeze-out temperatures indicates that, after
being formed, the hadrons continue to re-scatter quasi-elastically without changing their
abundances. The hydrodynamical models describing the elliptic flow, along with many
other signatures (see the following sections for some examples), support a scenario with
the creation of a QGP. The chemical freeze-out temperature is very close to the critical
temperature T, predicted by lattice QCD at which the phase transition should occur.
The rapid expansion (and thus cooling) along with the observation that strangeness is
not suppressed as in elementary collisions (see next section) suggests the existence of a
pre-equilibrium before hadronization because it would require time to reach the equilib-
rium starting from a non equilibrium condition, implying a larger difference between T,
and Typenm,. This would enforce the idea that the chemical freeze-out is related more to
a statistical formation of the hadrons rather than to a kinetic process involving inelastic
scattering among them. If this is the case, the observed plateau in Figure [1.13]| would
indicate that a phase boundary is reached at a critical collision energy. Beyond that
energy, all additional energy goes into heating the quark-gluon plasma which, in turn,

cools again and freezes out at the critical temperature delimiting the phase boundary.

1.5.4 Particle production

The partonic matter created in the heavy-ion interactions at ultrarelativistic energies
hadronizes into a large number of hadronic species. Through the study of the yields, the
momentum spectra and the correlations of the produced particles, it is possible to extract
information on the initial state matter phase and on the hadronization process, in order
to understand the evolution of the system. As described by the Bjorken picture, a large
fraction of particles will originate after the QGP phase, during the hadronization. The
chemical freeze-out stage of the event, where the inelastic interactions stop, will govern
the composition of the emitted hadrons; the elastic interactions will be still possible until
the kinetic freeze-out is reached: thus, the measurements of the momentum spectra of
the different particle types will allow a reconstruction of the event since the hard initial
collisions until the soft final interactions. The different behaviour of chemical and kinetic
freeze-out conditions in the T'— up plane is shown in Figure[I.18] The proposed empirical

unified description shows that the hadronic composition of the final state is determined
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by an average energy per hadron being approximately 1 GeV in the rest frame of the

produced system[37].
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Figure 1.18: The chemical freeze-out condition (solid line) compared with the temperatures
where kinetic freeze-out (dashed line) is observed[37]. The chemical freeze-out line is a phe-
nomenological behaviour extrapolated from the parameters observed at SIS, AGS, SPS (40 AGeV
and 160 AGeV ) and RHIC. The resulting final state is composed of hadrons with 1 GeV average
energy per hadron in the rest frame of the produced system.

Strangeness Enhancement

In order to observe the variations in the production of strange particles in presence of
the QGP, it is useful to define the strangeness content as the ratio (Wrobleski coefficient)
_ 2(s8)

W, = m (1.10)

where the quantities in brackets represent the number of quark-antiquark pairs[3§].
The particle yields are studied with the aim to reconstruct the strange-to-light-quarks
W, ratio at the hadronization point before the decays, even if it is difficult since the
u, d quark number increases significantly in the secondary decays. The production of
strange particles is suppressed in the ordinary nuclear matter by the larger s quark
mass with respect to the u and d masses. The absence of strange valence quarks in
the colliding nucleons causes a suppression of the strange baryons production in the
low-energy nucleon-nucleon collisions. Instead, the yields for strange-particle species
in ultrarelativistic nucleus-nucleus collisions should be higher than the corresponding

yields at the same energy in nucleon-nucleon collisions, if the deconfinement occurs: here
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the reactions leading to strangeness production are partonic and have lower thresholds
and higher cross sections, in particular if the strange mass is reduced by the partial
restoration of the chiral symmetry. In these conditions the quarks should retain only
their bare mass, decreasing from ~500 MeV to ~150 MeV for the s quark, and the
threshold for the ss pairs should be consequently lowered allowing their production via
gluon-gluon fusion in the QGP conditions. Moreover, in a system rich of baryons with
respect to the antibaryons with high concentration of up and down quarks, the Pauli
principle could block the production of u# and dd pairs: the energy of the lowest free
level available for a light quark should grow enough to be comparable with the energy
needed to create a s§ pair.

In more details it is possible to summarize the ideas about the strangeness enhancements
as follows. When color bonds are broken the chemically equilibrated deconfined state
has an unusually high abundance of strange quarks. Perturbative QDC studies on the
dynamical process of chemical equilibration has shown that only the gluon component in
the QGP is able to produce strangeness rapidly, allowing formation of (nearly) chemically
equilibrated dense phase of deconfined, hot, strangeness-rich, quark matter in relativistic
nuclear collisions. Therefore strangeness enhancement is related directly to presence of
gluons in QGP. The high density of strangeness formed in the reaction fireball favors
formation of multi strange hadrons which are produced rarely if only individual hadrons
collide[39].

The appropriate observable is the “enhancement” E of strange particle Y [40]:

() (V)
(') (N7

where <N5;f> and <N£;tA> are the numbers of participant in a p-A (A-A) collision

By = (1.11)

and <N§_A> and <N{,4_A> are the number of strange particles produced in a p-A (A-A)
collision.
It is expected that Fy > 1 and increasing with strangeness content of the particle.

The reason is that strangeness-producing processes in a QGP

qq<ss gg«rss (1.12)

should equilibrate faster than the corresponding processes in a hadron gas (HG)

T« KK 7nN&AK (1.13)

This can be seen relatively quickly by computing the momentum exchange (@) needed
for these processes ((Q) = 2mg for Eq. (Q) = 2mg for Eq. . Hence, the
strangeness abundance should reach chemical equilibrium much faster in a quark gluon
plasma than in a hadron gas. Since the initial strangeness abundance in collisions is zero,
the number of strange particles in a system of a certain lifetime with a phase transition

should be parametrically higher than for a similar system where the transition did not
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occur. This is particularly true for multi-strange particles: in the hadron gas phase,

these can only be produced sequentially

T T NeoTmnAK1TEKK& QKKK (1.14)

In a hadronizing quark-gluon plasma, strange hadrons are presumably produced via
coalescence of quarks. Hence, A, = and () are “automatically” equilibrated to the same
degree. In summary, strangeness particle abundance in a collision where a QGP is pro-
duced (a high energy A-A collision) should be enhanced with respect to a collision where
hadronic dynamics is at play (a p-p or p-A collision, or an A-A collision where hadronic
dynamics dominates). The onset of this enhancement could signal the appearance of a
phase transition, or more generally a change in the degrees of freedom of the system|[41].
Experimental data have confirmed this prediction [42][43][44]. Both at SPS and RHIC,
enhancement defined with respect to p-p collisions is unity for p-A and d-A. At A-A,
it increases with both Np.+ and strangeness content of the particle s, InE o< s InNpgp¢.
The constant of proportionality does not vary between RHIC and SPS. This is exactly
the behavior expected under the hypothesis that, in A-A (but not in p-A) systems the
density of strangeness is higher than in p-p.

Some works were performed in order to review the hypotheses of strangeness enhance-
ment, in particular how it scales with particle type, energy, system size[40]. The conclu-
sion reached by these studies, analyzing both equilibrium and non equilibrium statistical
models, is that different scenarios for the origin of strangeness enhancement within the
statistical model give, generally, different scaling observables controlling the strangeness
enhancement. The numerous competing effects, however, render it non-trivial to con-
clusively establish which model is more physically appropriate by scaling studies alone.
The results of an explicit calculation of enhancements from both the equilibrium and

non-equilibrium statistical model are shown in Figure [I.19]
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Figure 1.19: Enhancement factors of different stable particles (left panel) and resonances (right
panel) for the equilibrium (dashed lines) and non-equilibrium (solid lines) statistical models. Red

ellipses show where the scaling in the models differs[40].
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The resulting enhancement in the strange particle production has been observed by

the NA57 and WA97 experiments (Figure [1.20)).
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Figure 1.20: The strangeness enhancement as observed at SPS. The yields of the different
hyperons in p-Be, p-Pb and Pb-Pb collisions, normalized to the p-Be production are plotted as
a function of the number of participants.

No enhancements are seen for p-Pb, while for Pb-Pb the enhancement exists and
increases with the centrality of the collision. Moreover, the enhancements are system-
atically larger according to the strangeness content of the particle: for the Q’s, the
enhancement reaches the value of 20 for the most central collisions[45]. The STAR
experiment at RICH has observed an enhanced strange-baryon production in Au-Au
collisions compared to pp collisions at /syy = 200 GeV[46]. The enhancement ob-
served increases with the strangeness content of the baryon, and increases for all strange
baryons with collision centrality (Figure [1.21]).

At LHC, the expected enhancement should follow the same behaviour observed at
SPS and RHIC, but some non-equilibrium models predict even greater enhancements.
Anyway, ALICE is capable to measure this factor in order to understand the strangeness

production mechanisms in different systems at the same energy.

ALICE Strange Prospects Measurements

In recent years some studies were performed in order to try to analyze what would be the
scenarios of the strangeness measurements at the LHC energies and, in particular, in the
ALICE Experiment[47]. Assuming that particle production in heavy-ion collisions, as
shown at SPS and RHIC is described by a thermal source, some statistical observables

can be extrapolated up to LHC energies. Indeed, a chemical freezeout temperature
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Figure 1.21: Strangeness enhancement measured by the STAR experiment. Upper panel: the
ratio of the yields of K—, ¢, A and Z + = normalized to (Npart) in nucleus-nucleus collisions
and to corresponding yields in inelastic pp collisions as a function of (Npre) at /s = 200 GeV.

Lower panel: same as above for ¢ mesons in Cu-Cu collisions at 200 and 62.4 GeV.

and a finite baryo-chemical potential in the statistical thermal model approach can be
obtained at equilibrium using a constant average energy per hadron close to 1 GeV
which approximately gives T = 165 MeV and up = 1 MeV at /syy = 5.5 TeV. For
what concern the overall strange quark production, most of the information is contained
in the Wroblewski factor. From RHIC to LHC energies, this factor should stay almost
constant and reach ~ 0.43 and ~ 0.20 for respectively PbPb and pp collisions. The
models may consider differently the degree of strangeness equilibration in the final state,
which can be related to the QGP cooling under several assumptions. Figure[I.22|displays
the estimates for particle ratios for two models. Introducing, for the strange quarks, the

phase space occupancy factor vs, the equilibrium model (THERMUS[4S]) shown here
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assumes complete equilibrium of strangeness in the final (hadronic) state (v = 1)
whereas for the non-equilibrium model (SHARE[49]), equilibration for strange quarks in
the QGP (’y?GP = 1) can lead to an over-saturation after sudden hadronization (v =
3+5).

ALICE Estimates : Equilibrium vs Non Eq. particle ratios
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Figure 1.22: Estimates of particle ratios in central Pb-Pb collisions at LHC energies for equi-
librium (THERMUS[S]) and non equilibrium (SHARE[49]) statistical models with different
assumptions related to chemical freeze-out conditions: i) for the equilibrium model, a chemical
freeze-out temperature of T = 170 + 5 MeV and a chemical potential up = lf‘f MeV were
extrapolated from RHIC thermal fits; ii) for the non-equilibrium model, the strangeness equili-
bration is reflected in the strange quark phase space occupancy s and the image of strangeness
equilibrium in the deconfined source, ’y?GP = 1, results in an over-saturation v = 3 =+ 5 after
sudden hadronization. Strangeness saturation in the hadronic phase i.e. v =1 for the non equi-
librium model is shown as a reference (open circles) and systematics comparison for the chemical
freeze-out conditions (T = 156 MeV and pup ~ 2.6 MeV). Expected values for resonances are
presented with no in-medium effects[47].

Within errors, THERMUS ratios correspond exactly to the former values of T and
up and all antiparticle to particle ratios at LHC are shown to be unity. For non-
identical species ratios, the differences between THERMUS and SHARE equilibrium
results can be interpreted as a systematical variation of the chemical temperature. On
the contrary non-identical species ratios are very sensitive to the equilibrium hypothesis:
significant deviations are observed especially where strange baryons are involved. From
these comparisons and assuming that contributions from hard processes are marginal for
these studies, the distinction between non-equilibrium and equilibrium scenarios should
be within the reach of the ALICE experiment[47]. Moreover additional studies were
performed to estimate the ALICE strangeness capability at top LHC energies for K,
A, Z and Q and also for some resonances such as K°(892) and ®(1020) [50].
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1.5.5 Electromagnetic probes: photons and dileptons

1.5.5.1

The importance of the observation of collision products that undergo only electromag-
netic and weak interactions has been stressed in the introduction of this overview of the
QGP observables: probes with such characteristics can provide information about the
different stages of the event evolution without being influenced by the traversed matter.
In this section the study of the electromagnetic probes, namely photons and dileptons,

is discussed.

Photons

The photons are produced in all the different stages of a heavy-ion collision and, ow-
ing to their small electromagnetic coupling, they do not interact with the surrounding
matter[51), 52]. In particular the different production stages can be summarized quali-

tatively as follows:

1. The “prompt” photons are produced early in the pre-equilibrium stage of the
collision, by parton-parton scattering in the primary nucleus-nucleus (or nucleon-
nucleon) collisions. In the high p; domain (p; > 10 GeV/c), the photons are
produced in QCD hard-scattering processes. Although their rate decreases as an
inverse power of p;, photons up to several hundred GeV are expected to be de-
tected at LHC: their yield should be suppressed by the nuclear shadowing and
the in-medium parton energy loss, but should be increased thanks to the partonic
transverse momentum and to the photon radiation induced by the medium. The
production nuclear effects and the medium effects have to be disentangled com-
paring the Pb-Pb observations with the p-p and the p-Pb ones. The data from
Tevatron experiments on p-p events and from RHIC appears to be well described
by perturbative QCD. It has to be stressed that an important background to di-
rect photon production is the decay 7 — v produced in similar hard partonic

processes.

2. In the equilibrium stage of the collision, the quark gluon plasma is expected to
be formed with a temperature of up to 1 GeV. In the thermal bath, photons
are radiated off by the quarks which collide with other quarks and gluons. This
production adds to the prompt photons in the low p; domain (p; < 10 GeV/c).

3. After the QGP phase, the plasma expands and cools. At the critical temperature an
hadronic phase is formed. In this phase, photons can be produced in the scattering
of 7w, p, w or in resonance decays. This mechanism continues until the resonances
stop to interact, when the freeze-out temperature of ~100 MeV is reached. The
theoretical predictions of the direct thermal photon spectra are based on two step
calculations: the photon production rates from an equilibrated QGP and hadron
gas are calculated and then convoluted with a model for the space-time evolution
of the fireball.
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4. After freeze-out, further photons can be produced by the decay of 7°, 7 and higher

resonances, with energies in the range of up to a few hundred MeV.

Photons produced by 7 decays, either from the primary collisions or final-state con-
tribution, constitute a large but reducible background to direct photon production over
the whole p; range. Thus they can be subtracted from the data. Instead, the prompt
photons provide an irreducible background but its estimate is necessary to extract the

rate of thermal photons.

Dileptons

Another important tool for probing the temperature and the dynamical properties of the
matter during the evolution of a relativistic heavy-ion collision is the production of lepton
pairs, the so-called dileptons. Even for the dileptons production, as for the photons, it

is possible to distinguish among prompt, thermal and freeze-out decay components:

e considering the dileptons mass range, above pair mass M ~ 2 GeV/c? the prompt
contribution is dominated by semi-leptonic decays of heavy-flavour mesons and
by the Drell-Yan process (qg — {*T17). Since these leptons originate from hard

scatterings, their rates can be calculated in perturbative QCD;

e at leptons pair masses above ~ 1.5 GeV/c2, since the thermal radiation is very
sensitive to temperature variations, the dileptons production is expected to orig-
inate from the early hot phases, probably from ¢ annihilation. Similarly to the
photons case, the thermal QGP radiation has to be discriminated from the large

prompt background;

e finally, at low masses, less than 1.5 GeV/c?, thermal dileptons spectra are domi-

nated by the radiation process from the hot hadronic phase.

1.5.6 Heavy-quark and quarkonium production

Among the hard probes that could provide direct information on the deconfined medium
produced in the heavy-ion events, charm and bottom quarks are very suitable to under-
stand the dynamics of the collisions: their production takes place on a timescale of the
order of 1/m¢g where mg is the heavy-quark mass. On the other hand, thanks to their
long lifetime, charm and bottom quarks can live through the thermalization phase and
be affected by its presence. In order to extract information about the plasma from the
features of heavy-quarks production in A-A collisions it is very important to well under-
stand their production in p-p and p-A interactions and compare some observables like the
total production rates, the transverse momentum distributions and the kinematic corre-
lations between the heavy quark and antiquark. Both the productions of bound states
of ¢ and bb (quarkonia) and of open charm and bottom will be extensively studied by

ALICE, either as different probes of the event evolution and as interrelated topics. The
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study of the correlations between the properties of open charm and bottom and quarko-
nia spectra will allow to understand the dynamics of the dense medium: in the very low
p¢ region, which will be accessible to ALICE, the production of heavy quark-antiquark
pairs should increase the probability of forming quarkonia. In the region of perturbative
production, i.e. at large p;, the quarkonium suppression should take place. Moreover,
the different effects of enhancement in the productions of quark-antiquark pairs and
of the quarkonium suppression, which will be introduced in the following paragraphs,
should be disentangled by the study of the correlations between quarkonium and open

heavy-quarks momentum spectra.

Open charm and beauty observation

The measurement of open charm and open beauty production allows one to investi-
gate the mechanisms of heavy-quarks production, propagation and, at low momenta,
hadronization in the hot and dense medium formed in high-energy nucleus-nucleus colli-
sions. The open charm and open beauty cross sections are also needed as a reference to
measure the effect of the transition to a deconfined phase on the production of quarkonia:
a direct measurement of the D and B mesons yields would provide the normalization for
charmonia and bottomonia production. Finally, the measurement of B meson produc-
tion is necessary within the search for the quarkonia suppression, which will be further
discussed, in order to estimate the contribution of secondary J/¢ (from B — J/¢ + X)
to the total J/1 yield: B mesons decay into J/1 mesons with a branching ratio of about
1%. Since B mesons are produced by a factor of 5 more abundantly than .J/¢ mesons,
and since direct JJ/1) production might be further suppressed by QGP effects, secondary
J/1 mesons are conceivably contributing a large fraction to the observable .J/v signal.
The measurement of charm and beauty production in proton-proton and proton-nucleus
collisions, besides providing the necessary baseline for the study of medium effects in
nucleus-nucleus collisions, is intrinsically interesting as a test of both perturbative and

non-perturbative sectors of QCD in a new energy domain.

Quarkonia observation

At the high temperature of the QGP phase, the quark-antiquark pairs can be produced
and form quarkonium states: these states are bound by energies comparable with the
mean energies of the plasma (~ few hundred MeV) and therefore have large probability
to break up. The dissociation of heavy-quarks bound states can be explained taking
into account, for example, the J/1 case, which is the 1S5 bound state of ¢¢ pair. In
this picture the colour screening present in the hot medium of deconfined quarks and
gluons, will dissolve the binding and separate the ¢ and the ¢. When the medium
cools down to the confinement transition point, the separated quarks will be too far
to see each other and to interact: the charm quark (antiquark) will thus combine with

a light antiquark (quark) and form a D (D). Therefore the .J/1¢ production will be
suppressed by the presence of the QGP. Lattice-based potential models indicate that
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the dissociation temperature for J/1 is T, ~ 2.1 x T, while the excited states x.
and ¢ are dissolved close to the critical temperature T, ~ 1.2xT¢, Ty ~ 1.1xT,[53].
Moreover, the detection of J/¢ and ¢’ mesons through their leptonic decay to a pair of
muons is particularly interesting since muons are not affected by the strong interactions
in the later stages of the collision evolution. The NA38 and NA50 experiments at SPS
have extensively studied the production of the charmonia (J/v¢ and ¢'). The data refer
to different systems, from O-U and S-U (NA38), with a projectile energy of 200 GeV per
nucleon, to Pb-Pb (NA50) with a projectile energy of 158 GeV per nucleon[54]. Also p-p
and p-nucleus interactions (with proton energy as high as 450 GeV) have been studied in
detail as a benchmark to understand the nuclei-nuclei interactions. The data collected
with protons, Oxygen and Sulphur beams on several targets show that the J/1 yield is
suppressed with respect to the Drell-Yan process (qq — [717) yield. Namely, the J/1 to
Drell-Yan ratio shows a suppression that increases with the mean length of nuclear matter
crossed by the cc pair. This suppression is interpreted in terms of nuclear absorption of
the c¢ pair prior to J/v formation. The extrapolation to the Pb-Pb system of the normal
suppression pattern observed with lighter systems represents the baseline to which the
Pb-Pb data can be compared and is indicated by the solid curve in Figure [[.23] as a
function of the transverse energy F7 and in Figure Conversely, the measured yield
in Pb-Pb collision show a stronger suppression, growing more rapidly than expected with
the Ep. This larger suppression is explained as an effect of the deconfined matter and

the consequent colour screening.
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Figure 1.23: The J/1 suppression observed in A-A collision (points), compared with the sup-
pression extrapolated from p-p collisions data (black curve)[54].

The NAG6O experiment has observed similar behavior in In-In collisions at the same
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Figure 1.24: Measured J/v production yields at SPS, normalized to the yields expected assum-
ing that the only source of suppression is the ordinary absorption by the nuclear medium. The

data is shown as a function of the energy density reached in the several collision systems.[55].
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Figure 1.25: Ratio between the J/¢ data points and the absorption curve as a function of

several centrality estimators: (a) length of nuclear matter crossed (L), (b) Npare, (c) energy
density[56].

In addition, other effects have to be taken into account where higher center-of-mass
energies are available (RHIC and LHC): the study of charmonia show significant differ-
ences with respect to the SPS energies. Here, in addition to prompt charmonia produced
directly via hard scattering, secondary charmonia can be produced according to different

mechanisms which might result in an enhancement instead of a suppression of charmo-
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nium states. Since, at RHIC, QGP has a longer lifetime and reaches a higher energy
density, straightforward extrapolations of the naive J/1 melting scenarios predicted
near-total suppression. The RHIC data apparently indicate a survival probability sim-
ilar to that observed at the SPS. In Figure the ratio between the measured J/v
suppression and the expected suppression from normal nuclear absorption is shown as a
function of the energy density, as observed at the SPS and RHIC[57].
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Figure 1.26: Ratio of measured J/1) suppression over the expected suppression from nuclear
absorption as a function of the energy density, as observed at the SPS and RHIC[57].

Recent data taken by the PHENIX experiment at RHIC exhibit a factor three sup-
pression for most central Au-Au collisions at /s = 200 GeV[58]. In Figure the
J /1 nuclear modification factor as a function of the number of participant compared to
various models of final state interaction in the medium is shown.

The comparison with theoretical models suggests that it is necessary to consider
the existence of recombination models in order not to overestimate the suppression in
the extrapolation from the SPS experiments. The statistics of the present Au-Au data
sample is too low to confirm those models. This problem is expected to be solved by
the LHC statistics. Moreover, at LHC, the much higher energy offers the possibility of
measuring with significant statistics the bottomonium yields providing another probe for
QGP studies. In fact, the spectroscopy of the T, whose dissolution energy can not be
reached at RHIC, should reveal at LHC energies new information on the characteristics
of the QGP.

1.5.7 High p, and Jet Quenching

In 1982 Bjorken stated that an “high-pt quark or gluon might lose tens of GeV of its
initial transverse momentum while plowing through quark-gluon plasma produced in

its local environment” [59]. Hard partons traversing the hot and dense medium created
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Figure 1.27: J/v nuclear modification factor as a function of the number of participant com-
pared to various models of final state interaction in the medium. All the models involve additional
final state interactions and reproduce both the CERN SPS results and the PHENIX low statistics
results. The predictions plotted on the left panel overestimate the J/¢ suppression. The predic-

tions plotted on the right panel show better agreement with the data or even underestimate the

suppression[5g].

in heavy-ion collisions lose energy by gluon radiation and/or colliding elastically with
surrounding partons[60}, [61]. This would have many observable consequences, of which
the most directly measurable would be a depletion in the yield of high-p; hadrons[62,
63, 64]. One of the most exciting results to date at RHIC is that the yield of 7° at
high transverse momentum in central \/syn = 200 GeV Au-Au collisions is suppressed

compared to the yield in pp collisions scaled by the number of underlying nucleon-nucleon

collisions[65] (Figure [1.28)).

Direct photons are not expected to undergo partonic energy loss, because they do

not interact strongly and, thus, see the gluonic medium as “transparent”. Conversely, 7°
and n mesons do interact strongly. The magnitude of the suppression and its dependence
from p; of the particles and centrality of the collision are the same for p and 7%, suggesting
that the production of light neutral mesons at large p; in nuclear collisions at RHIC is
affected by the medium in the same way. This is expected if the suppression takes place
at the parton level.
The observation that single-particle inclusive spectra in d-Au collisions at the same
energy are not suppressed demonstrate that the strong suppression of the inclusive yield
observed in central Au-Au collisions is due to final-state interactions with the dense
medium generated in such collisions[66] (Figure [1.29)).

The phenomenon is interpreted as a consequence of the so called jet quenching
effect. Nuclear effects on hadron production in d-Au and Au-Au collisions are measured

through comparison to the pp spectrum using the ratio
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Figure 1.28: Nuclear modification factor R4 from Eq. of mesons 7 (triangles), n (circles)
and direct photons (squares), as measured by PHENIX[65].
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Figure 1.29: Rap(p:) from Eq. for minimum-bias and central d-Au collisions, and central
Au-Au collisions, as measured by STAR. The minimum-bias data d-Au are displaced 100 MeV /c
to the right for clarity[66].
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where d?N/dpdn is the differential yield per event in the nuclear collision A-B,
Tap = (Nyn) /ot describes the nuclear geometry, and d*cP?/dp,dn for pp inelastic
collisions is determined from the measured pp differential cross section.

A hard hadronic collision at high energy may be pictured in the following way: par-
tons distributed in the projectiles are involved in a hard scattering, with a large transfer
of energy-momentum, whereas the non-colliding remnants of the incoming hadrons ini-
tiate what is called the “underlying event”. The energetic coloured partons produced
by the hard subprocess undergo a cascade of branchings which degrade their energies
and momenta. Finally the end points of this branching process and the remnants of the
incoming projectile, fragment into colourless hadrons during the hadronization stage.
In hadronic collisions, hard parton scatterings occurring in the initial interaction pro-
duce cascades of consecutive emissions of partons, called jets. At the end of the event
evolution described in the previous sections, the jets fragment in hadrons during the
hadronization phase. The final state is characterized by clusters of particles close in
the phase space: their transverse momenta relative to the jet axis is small compared to
the jet momentum and this collimation increases with increasing the jet energy. The
jets lose their energy while propagating in the hot and dense medium due to the gluons
radiation, resulting in the suppression of hard jets (the so-called jet quenching effect);
the parton energy loss grows quadratically with the in-medium path length.

High-energy nucleus-nucleus collisions allow to study the properties of this medium

through modifications of the jet-structure:

e Suppressed particle yield: the in-medium energy loss results in a suppression

of the hard jets and in a reduction of the high-p, particles yield.

e Back-to-back azimuthal suppression: the interaction of the hard jets with
the deconfined medium leads also to a suppression in the production of jet pairs.
Studies of the angular correlation of high-p, particles shows a peak ad opposite
azimuthal angles. Instead in a deconfined matter, one of the two fast partons,
covering a shorter distance to escape the medium, can emerge and be detected;
the other one goes through a longer path with respect to its partner, loses its energy
interacting with the medium and is not detected (Figure . In Figure this
effect as observed by the STAR experiment at RHIC is shown.

Clear correlation peaks are observed near A® ~ 0 and A® ~ 7 in pp and d-Au
data, while the disappearance of back-to-back A® ~ 7 high-p; hadron correlation
in central Au-Au collisions seems to be consistent with large energy loss in a
system that is opaque to the propagation of high-momentum partons or their

fragmentation products[67, [68].

e Impact parameter dependence: since the characteristics and the size of the
dense medium should depend on the centrality of the initial collision, a correlation

of the jet quenching effect with the impact parameter is expected to be observed.

Study of the strange resonance 3(1385) as a tool for the analysis of the Pag. 43
dynamics of the Quark Gluon Plasma in the ALICE experiment at LHC



1.5. The QGP Signatures

Chapter 1. The Physics Of Relativistic Heavy-Ion Collisions

Figure 1.30: Drawing illustrating jet emission from the fireball surface and quenching of its

inward-moving partner.
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Figure 1.31: Two-particles azimuthal distribution for pp collisions (black line), central d-Au
(filled points) and central Au-Au collisions (stars) observed at RHIC. The away-side jet disap-

pears for central AA collisions[G6].

Jets reconstruction is particularly challenging in heavy-ion collisions due to the large

background induced by the high-multiplicity environment in these collisions. STAR, has
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recently shown the first results for the full reconstruction of jets in Au-Au collisions at
VNN = 200 GeV[69, [70, [71]. At the LHC a much copious jets production is expected
allowing a better separation from the background[72]. The comparison of full jet mea-
surements at RHIC and the LHC will provide a crucial insight into the understanding
of jet quenching and hot QCD matter. With the first Pb-Pb collisions data at /syny =
2.76 TeV, collected in 2010 all the three LHC major experiments (ALICE, ATLAS and
CMS) spotted the first evidences of jet quenching in this new energy regime[73, [74) [75].

1.5.8 Identical Particle Interferometry

Two (or more) particle momentum correlations reveal information about the space-time
dynamics of the collision. This procedure is analogous to Hanbury-Brown and Twiss
(HBT) interferometry that has been successfully used in astrophysics to determine the
angular diameter of stars[76]. In high-energy physics these correlations allow to measure

the size, the lifetime, and the flow patterns of the fireball when the hadronization occurs.

1.5.9 Chiral-Symmetry Restoration

1.5.10

The Lagrangian of QCD implies approximate chiral symmetry. As a consequence the
baryon number should be conserved for right-handed and left-handed quarks separately.
In nature only the total baryon number is conserved thus chiral symmetry is broken.
The symmetry breaking is twofold: to start with the symmetry is only approximate due
to the finite, however small, bare quark masses that cause a so-called explicit symmetry
breaking. Furthermore, the quarks acquire their constituent masses in the interaction
with the QCD vacuum at low T which is a spontaneous breaking of the symmetry|[77].
It is predicted that the spontaneous breaking of chiral-symmetry is restored at temper-
atures prevailing in the QGP phase. As a consequence the position and width of the
masses of the light vector mesons (p, w, and ¢) may change[78]. Indications have been
seen at the SPS in the NA60 experiment[79, [80].

Fluctuations

Any physical quantity measured in an experiment is subject to fluctuations which, in
general, depend on the properties of the system under study. Fluctuations may reveal
important insight into the system itself. The most efficient way to address fluctuations
of a system created in heavy-ion collisions is via the study of event-by-event fluctuations:
a given observable is measured on a event-by-event basis and the fluctuations of that
observable are studied over an ensemble of events. Large-acceptance detectors allow
a detailed analysis of individual collisions. Due to the hundreds or even thousands of
particles produced in these collisions statistical methods can be applied. In the frame-
work of statistical physics, fluctuations measure the so-called susceptibility of a system
which determines the response of the system to external forces. Fluctuations allow to

gain access to fundamental properties of the system just like in the experiments which
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deal with macroscopic quantities. In general fluctuations may reveal information well
beyond the thermodynamic properties of a system: as the system expands, fluctuations
may have been frozen earlier, thus providing information about how the system was
looking like before its thermal freeze-out set in. A beautiful example comes from astro-
physics: fluctuations in the cosmic wave background radiation, first observed by COBEﬂ
In heavy-ion collisions fluctuations of transverse momentum and charge have been stud-
ied so far. The former should be sensitive to temperature-energy fluctuations[82, 83, [84]
which in turn provide a measure of the heat capacity of the system

(7)) = () — () = =

The QCD phase transition is associated with a maximum of the specific heat therefore

(1.16)

temperature fluctuations should exhibit a minimum. Charge fluctuations[85, 86] are
sensitive to fractional charges carried by the quarks. If an equilibrated partonic phase
forms after heavy-ion collisions the charge fluctuation per entropy would be about a
factor 2 or 3 smaller than in a hadronic scenario. Fluctuation of the ratio of positively
to negatively charged particles has been proposed as one observable

<5N+> ~ 48097 (CQF) (1.17)

~

(Nen) S

Accounting for the fractional charge of the quarks, the variance of the ratio of pos-
itive and negative particles scaled by the total charged-particles multiplicity should be
approximatively four times smaller than for a hadron gas. This prediction relies on
the notion that quark-quark correlations can be neglected. However, they may be not

negligible.

1.6 The Quark Gluon Plasma at the LHC

Starting from the estimates of the charged multiplicity, many parameters of the medium
produced in the collision can be inferred. Table presents a comparison of the most
relevant parameters for SPS, RHIC and LHC energies[87].

At the LHC, the high energy in the center of mass is expected to determine a large
energy density and an initial temperature at least a factor 2 larger than at RHIC. This
high initial temperature extends also the lifetime and the volume of the deconfined
medium. In addition, the expected large number of gluons favours energy and momen-
tum exchange, considerably reducing the time needed for the thermal equilibration of
the medium. To summarize, the LHC will produce hotter, larger and longer — living
“drops” of QGP than the present heavy-ion facilities. The key advantage in this new sce-

nario is that the quark-gluon plasma studied by the LHC experiments will be much more

®NASA’s COBE (Cosmic Background Explorer)[81] satellite was developed to measure infrared and
cosmic microwave background radiation from the early Universe. COBE was launched on November 18,
1989.
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Parameter SPS RHIC LHC
JSNN [GeV] 17 200 5500
dNgiuons/dy ~ 450 =~ 1200 =~ 5000
dNep /dy 400 650 ~ 3000
Initial temperature [MeV] 200 350 > 600
Energy density [GeV/fm?] 3 25 120
Freeze-out volume [fm3]  few 10% few 10* few 10°
Life-time [fm/c] <2 2-4 > 10

Table 1.4: Comparison of the parameters characterizing central nucleus-nucleus collisions at

different energy regimes|87].

similar to the quark-gluon plasma that can be investigated from a theoretical point of
view by means of lattice QCD. As mentioned, lattice calculations are mostly performed
for a baryon-free system (up = 0). In general, up = 0 is not valid for heavy-ion col-
lisions, since the two colliding nuclei carry a total baryon number equal to twice their
mass number. However, the baryon content of the system after the collision is expected
to be concentrated rather near the rapidity of the two colliding nuclei. Therefore, the
larger the rapidity of the beams, with respect to their center of mass, the lower the
baryo-chemical potential in the central rapidity region. The rapidities of the beams at
SPS, RHIC and LHC are 2.9, 5.3 and 8.6, respectively. Clearly, the LHC is expected to
be much more baryon-free than RHIC and SPS and, thus, closer to the conditions sim-
ulated in lattice QCD. In addition to this effect, also the higher temperature predicted
for the LHC favours the comparison with theory. This point can be better understood
by going back to the lattice results for ¢/T* (Fig . If we now concentrate on the
result obtained with 241 flavours, 2 light quarks plus a heavier one, we notice that e/T*
continues to rise for T' > T, indicating that significant non-perturbative effects, not
fully accounted for in the lattice formalism, are expected at least up to temperatures T'

~ (2-3) T,. In Ref. [88] the strong coupling constant in this range is estimated as

47

@s (T) - 18[71(5T/AQCD)

=043 for T =1, ; 0.3 for T =2T.; 0.23 for T = 4T,

(1.18)

using the fact that the QCD scaling constant Agcp is of the same order of magnitude

as T, ~ 200 MeV. These values confirm that non-perturbative effects are larger in the
range T' < 2 T,. The conditions produced in heavy-ion collisions at SPS and RHIC are
contained in this range (Tsps ~ 1.2 x T, and Tryrc =~ 2 x T.), meaning that, in these
cases, the comparison of experimentally determined quantities, such as temperature

or energy density, to lattice QCD calculations is not fully reliable. With an initial
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temperature of ~ (4-5) T, predicted for central Pb-Pb collisions at \/syn = 5.5 TeV, the
LHC will provide closer-to-ideal conditions (i.e. with smaller non-perturbative effects),
allowing a direct comparison to the theoretical calculations. In this sense, the regime

that will be realized at the LHC may be defined as “deep deconfinement”.

1.6.1 Hard partons at the LHC

The higher energy accessible at the LHC will imply not only a new regime concerning
the properties of the produced QGP but will also allow to test them with new probes,
in particular with hard-probes. At the LHC, hard processes contribute significantly to

the total Pb-Pb cross-section. Hard partons are ideal probes of the medium because:

1. They are produced in the early stage of the collision in primary partonic scatterings,
g9 — gg or gg — qq, with large virtuality ) and, thus, on temporal and spatial
scales, AT ~ 1/Q and Ar ~ 1/Q, which are sufficiently small for the production
to be unaffected by the properties of the medium.

2. Given the large virtuality, the production cross-sections can be reliably calculated

with the perturbative approach of pQCD. In fact, since

1

[0 2 X —F— 75 <
S(Q ) ln(QQ/AZQCD)

(1.19)

in an expansion of the cross-sections in powers of g, for large values of Q?, the
higher order terms (in general higher than next-to-leading order, O(a?)) are small
and can be neglected. In this way, as already mentioned, one can safely use pQCD
for the energy interpolations needed to compare p-p ,p-A and A-A and disentangle

initial and final state effects.

3. While propagating through the medium they lose energy via QCD energy loss
mechanisms which depend on the medium density, opacity and extension. Thus,
from their attenuation, it is possible to gain information on the early stage of the

medium evolution, before hadronization.

The estimated yields for charm and beauty production are expected to be 10 and
100 times larger, respectively, at the LHC than at RHIC. At the LHC also weakly
interacting hard probes become accessible[I]. Direct photons (but in principle also Z°
and W+ bosons) produced in hard processes will provide information about nuclear
parton distributions at very large virtuality (Q?). Z° and W bosons that do not
interact strongly could be an ideal unbiased reference to better clarify and understand

the energy loss mechanisms.
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1.6.2 Parton Distribution Functions at low Bjorken—z: nuclear shadowing
effect

Parton distribution functions (PDF) naively express the probability to find a parton with
a given fraction (called Bjorken—z) of the proton (or nucleus) momentum. The PDF
calculation is not possible from first principles starting from the QCD Lagrangian defined
in Eq. They are extracted from global fits to experimental data, mainly from deep
inelastic scattering (DIS) experiments. By means of the DGLAP (Dokshitzer-Gribov-
Lipatov, Altarelli-Parisi) evolution equations[89] describing the PDF Q? dependence,
PDF values can be predicted at different Q. In Figure (left panel) an example
of proton PDF at Q? = 5 GeV? obtained with CTEQ 4L parametrization is reported,
highlighting the different x regions accessible at RHIC and LHC.

2 CTEQ4L, Q®=5GeV®:

I I I I I I T

gluons

=

sea quarks s

10°E
_."valence quarks
2F. 1
10"
10°
; LHC RHIC ._
-4 f

Figure 1.32: On the left: example of proton Parton Distributions Functions, obtained with
CTEQ 4L parametrization at Q?> = 5 GeV2. On the right: the range of Bjorken-z and M?
relevant for particle production in nucleus-nucleus collisions at the top SPS, RHIC, and LHC

energies. Lines of constant rapidity are shown for LHC, RHIC and SPS.

Reference PDFs for LHC, obtained from global fits from HERA data and using differ-
ent schemes can be found in [90]. The large cross-sections for hard-scattering processes
with large virtuality will allow to access the lowest Bjorken—x values ever access, as
shown in Fig for nucleus-nucleus collisions. The extension of the z range to val-
ues below 10~ implies that, in a very simplified picture, a large—x parton in one of
the two colliding nuclei “sees” the other incoming nucleus as a superposition of ~ A
x 1/107* =~ 10° gluons. These gluons are so many that the probability that the lower
momentum ones merge together is not negligible: two gluons, with momentum fractions
x1 and zo, merge in a gluon with momentum fraction =1 + z2 (i.e. guy 92y — Gaq+aos
where g stands for the gluon parton distribution function). As a consequence of this
“migration” towards larger values of x, the nuclear parton densities are depleted in the

small—z region (and slightly enhanced in the large-x region) with respect to the proton
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parton densities. This phenomenon is known as nuclear shadowing effect and it has been
experimentally studied in electron-nucleus DIS experiments in the range 5 - 1073 < x
< 1 [91]. Experimental data in the x range covered by the LHC are not available yet:
the existing data provide only weak constraints for the gluon PDF. ALICE will probe
a continuous range of = as low as about 107°, accessing a novel 2 regime where strong

nuclear gluon shadowing is expected.

All the physics topics here presented will be extensively studied by ALICE with a

very composite detector that will be described in the next chapter.
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Chapter 2

The ALICE Experiment at LHC

ALICE (A Large Ion Collider Experiment) is a general-purpose experiment aimed at
the study of the physics of strongly interacting matter at extreme energy densities at
the CERN LHC. Through its composite detector, ALICE is designed to observe Pb-Pb
collisions at the ultra-relativistic energy /syy = 5.5 TeV, measuring and identifying
hadrons, electrons, muons and photons produced in the heavy-nuclei collisions and it
has been optimized for the very high multiplicity environment that is determined in this
kind of collisions. The design was developed for dN,;,/dn = 4000, but Montecarlo tested
up to dN/dn = 8000[1]. A special request for the ALICE detector is the capability
to track and identify particles in a wide transverse momentum range, from more than
100 GeV/c (e.g. for jets physics) down to ~100 MeV /c (e.g. for the study of collective
phenomena). Precise tracking is required to reconstruct and separate the primary vertex
of interaction from secondary vertices from hyperons and heavy flavoured mesons decays.
Both low momentum track reconstruction and precise tracking lead the request of a low
material budget detector.

ALICE is built and operated by a collaboration of more than 1000 members from about
30 countries (Figure [2.1)).

Figure 2.1: The ALICE Collaboration (yellow): 31 Countries, 111 Institutes, 1000 Members[92].

o1
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The ALICE physics program includes dedicated runs at the maximum LHC energy in
order to collect reference data and to develop a specific p-p program. In addition it will
take data on protons and lighter ions beams, also at lower energy. In this section the ex-
perimental conditions at LHC and the ALICE data taking program are briefly described.
Then an overview of the ALICE detector is given: the design and technology features
of the various components are considered in relation to their tasks and performances. A
particular attention is devoted to the Inner Tracking System and to its role within the
experiment. Moreover, all the LHC experiments will produce an unprecedented amount
of data: they will be distributed and analyzed worldwide using the GRID framework.
The ALICE software framework, developed for analysis on the GRID, is introduced in

a dedicated section.

2.1 The Large Hadron Collider

The Large Hadron Collider (LHC)[93] at CERN is the biggest particle accelerator world-
wide. First discussions on the project started in 1984. The LHC project was approved
in 1994 and the construction work in the underground tunnel started in 2001 after
dismantling of the LEP collidelﬁ LEP was previously built into the tunnel which is
located under the Swiss-French border area close to Geneva at a depth of 50 to 175 m.
The LHC has a circumference of 27 km. Its largest achievable acceleration energies are
7 TeV for protons and 2.76 TeV per nucleon for lead ions, therefore providing collisions
at /s = 14 TeV and /syny = 5.5 TeV, respectively. These are the largest energies that

have ever been accessible in particles collisions experiments.

2.1.1 The LHC Design Features

The LHC is a synchrotron that accelerates two counter-rotating beams in separate beam
pipes. One of its goals is to reach an high luminosity for protons beams (namely 1034
em~2 s7!) and it is now on track to achieve it. The layout of the LHC is shown in
Figure It is segmented into octants, each having a straight section in its center,
referred to as points. The arcs are called Sector xy where x and y are the numbers
of the corresponding octants in clock-wise order, e.g. Sector 34. Four of the straight
sections contain the experiments (points 1, 2, 5, and 8) which are the only locations where
the beams cross. Particles are injected before point 2 and 8. The radio-frequency (RF)
system that accelerates the particles is located at point 4; the beam dumping system
is located at point 6. At point 3 and 7, collimation systems that “clean” the beam by
removing particles that have either a too large spatial distance to their bunch (particles
in the so-called beam-halo) or are too fast or too slow, thus separated in momentum-
space, are placed. The cleaning prevents particles from being lost in an uncontrolled

fashion within the accelerator.

5The Large Electron-Positron (LEP) Collider operated in the years 1989 to 2000 with a maximum

center-of-mass energy of 209 GeV.
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Figure 2.2: Schematic view of the LHC.

The main components of the machine are 1232 dipoles that bend the beam trajec-
tories. An LHC dipole has a length of 14.3 m and contains superconducting magnets
which operate at a temperature of 1.9 K, notably 0.8 K lower than the background
temperature of the Universe. Powered by a maximum current of 11.7 kA the dipoles
provide a magnetic field from 0.535 T during injection (beam energy of 450 GeV) to
8.33 T during nominal collisions (beam energy of 7 TeV). A pictorial view of a LHC
dipole is shown in Figure Eight RF cavities per beam deliver radio-frequency power
to accelerate the beams, keep the bunches of particles well-localized and compensate for

energy loss due to synchrotron radiation. The cavities produce a field of 5.5 MV /m.

The
15-m long
' LHC cryodipole

Figure 2.3: Schematic view of a LHC Dipole Magnet.

Injection of bunches into the LHC is preceded by acceleration in the LINAC2, PS
booster, PS, and SPS accelerators. The acceleration sequence is slightly different for
heavy ions, since bunches pass the LINAC3, LEIR, PS, and SPS accelerators. In Fig-
ure [2.4] all the different components composing the actual CERN accelerating chain are
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shown.
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Figure 2.4: CERN Accelerators Scheme.

Several injections to the LHC are needed until all bunches of both beams are filled.
The design parameters foresee nominal operation, where each beam is filled with 2808
bunches each consisting of 1.15x10" protons. Bunches have a r.m.s. length between
11.24 cm at injection and 7.55 cm at collision. They are separated by 25 ns. LHC’s

2 2 571 for Pb ions. However,

design luminosity is 103* ecm™2 s~! for protons and 107 cm™
the LHC will deliver a significantly lower luminosity to the ALICE experiment during
proton collisions (about 3x10%° cm=2 s71) by means of defocusing or displacing the
beams. At nominal luminosity about 2.4x10° pp collisions are estimated to occur per

second in the LHC.
Six experiments take place at the LHC:

e ALICE (A Large Ion Collider Experiment) which will be discussed in the
following paragraphs.

e ATLAS (A Toroidal LHC ApparatuS)[94] and CMS (Compact Muon
Solenoid)[95] are general-purpose proton-proton detectors that are built to cover
the widest possible range of physics at the LHC. Specific topics are the search for
the Higgs boson and physics beyond the Standard Model, e.g. new heavy parti-
cles postulated by supersymmetric extensions (SUSY) of the Standard Model and

evidence of extra dimensions.
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e LHCb (The Large Hadron Collider beauty experiment)[96] studies CP-

symmetry violation processes in heavy b quark systems.

e LHCf (Large Hadron Collider forward experiment)[97] measures forward
particles created during LHC collisions to provide further understanding of high-

energy cosmic rays. The detector is placed close to the ATLAS experiment.

e TOTEM (TOTal Elastic and diffractive cross-section Measurement)[9§]
measures the total cross-section, elastic scattering, and diffractive processes. The

detector is located close to the CMS experiment.

In Figure the location along the accelerator ring of the four major experiments

is shown.

Figure 2.5: LHC accelerator and location of the four major experiments: ATLAS, CMS, ALICE,
LHCb.

2.1.2 StartUp and Status

LHC started on the 10th September 2008 with great success. In less than an hour after
the first injection the first beam had been sent successfully around the entire ring. During
the same day the second beam in the opposite direction successfully passed through the
ring. In a few days commissioning made important progress. The RF captured the
beam successfully soon after and a stable circulating beam was achieved on the 12th of
September. Unfortunately, a transformer failure in point 8 stalled the commissioning for
about a week. On the 19th September when LHC was basically ready for collisions at
Vs = 900 GeV, an accident occurred during the 10 TeV magnet commissioning without

beam in Sector 34, the last sector that was commissioned to this energy[99]. To repair
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the damage that occurred in the machine the sector had to be warmed up, which delayed
the LHC operations until late Autumn 2009. On 23 November 2009 LHC was able to
start again its activity and collected the first 900 GeV pp collisions. After that, the
beams energy was increased to 1.18 TeV per beam. During the 2010 spring the beam
energy was increased to 3.5 TeV, and the machine has run with this conditions until the
2010 Autumn when the first PbPb collisions at /s = 2.76 TeV were provided.

2.2 The ALICE Physics Program

A comprehensive heavy-ion program at the LHC is aimed at two main objectives: col-
liding the largest available nuclei at the highest possible energy and a systematic study
of different collision systems (p-p, p-A, A-A) at different beam energies. The LHC is
expected to start with several months of pp running followed at the end of each year
by several weeks of heavy-ion collisions. For rate estimates, all LHC experiments use an
effective time per year of 107 s for pp and 10% s for heavy-ion operation. The ALICE

program is summarized below:

e pp collisions at /s = 900 GeV and 7 TeV during 2010

e PbPb collisions at /s = 2.76 TeV in November 2010

e pp collisions at /s = 7 TeV during 2011

e PbPb collisions at /s = 2.76 TeV in Autumn 2011

e LHC technical stop in 2012

e pp collisions at /s = 14 TeV starting from 2013 and then regular runs

e Subsequent heavy-ion program

— 1-2 years PbPb
— 1 year pPb-like collisions (pPb, dPb or aPb)
— 1-2 years Ar-Ar.

The operation characteristics for a ten year period are summarized in Table

2.3 Luminosity in Pb-Pb collisions

One of the most important experimental issues in the design of the experiment and of
its physics program is the luminosity for Pb-Pb collisions. It depends on the limitations
imposed by both the detector and the accelerator. Among the sub-detectors, the most
constraining limits come from the main tracking device, the Time-Projection Chamber
(TPC), and the forward muon spectrometer. The TPC limits the maximum usable

luminosity because of event pile-up during the 88 us drift time. The TPC is expected to
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PP Ar-Ar Ar-Ar Pb-Pb d-Pb
(L) (em™2s71) 3x10%°  3x10%7 1029 1027 8x10%
Tinel (mb) 70 3000 3000 8000 2600
Rate (s71) 2x10° 9x103 3x103 8x10%  2x10°
Runtime (s) 108 10° 2x10° 5x10°  2x10°
Events 2x10%  9x10°  6x10M  4x100  4x10M

Particles per event 100 2400 2400 14200 500
Nyot 2.1x10%  2.2x10%  1.4x10% 5.7x10'* 2x10M

Table 2.1: Experimental conditions for a ten-year period in different collision type periods.

be operated even at luminosities above 102”cm™2s™!, given that the multiplicity in the
Pb-Pb collisions remains under 4000 per unit of pseudo-rapidity. On the other hand,
the maximum acceptable illumination of the muon spectrometer trigger chambers limit
the luminosity to (2 - 4) x 10%®cm~2s~!. However, the limitations of the LHC are
stronger than those imposed by the sub-detectors technologies: the machine will provide
the nominal luminosity of Ly = 10*”cm™2s™!. During the first ALICE PbPb run the

luminosity was ~ 10?3 = 10%cm™2s71.

2.4 Dose rates and neutron fluences

Another important issue taken into account while designing the ALICE detector is the
radiation level. Considering all the collision types, i.e. protons, light-ions and heavy-ion
beams for different time periods and luminosities, the radiation load on the various parts
of the detectors must therefore be calculated for a combination of beam conditions. The
main sources of radiation in ALICE are: the particles produced in the collisions, the
beam losses from the injection point of LHC and the beam-gas interactions in p-p runs.
The dominant contribution comes anyway from particles produced at the interaction
point. The ten-year integrated values for the doses and the neutron fluences in the
various sub-detectors (Figure and in the electronic racks are listed in Table
The radiation load reaches its maximum (2 kGy dose, 1x10'? neutrons cm~?2) close to
the beam pipe, in the Silicon Pixel Detector region, and scales with ~1/r? that means
that doses for the other subsystems can also be estimated from this table. In particular,
the regions of the forward detectors, VO and TO0, close the beam pipe will receive doses

and neutron fluences similar to those of the pixel detector[100].

Study of the strange resonance 3(1385) as a tool for the analysis of the Pag. 57
dynamics of the Quark Gluon Plasma in the ALICE experiment at LHC



2.5. The ALICE Detector Layout Chapter 2. The ALICE Experiment at LHC

System  Radius (cm) Dose (Gy) Neutron Fluence (cm™2)

SPD1 3.9 2.2x103 8.0x101
SPD2 7.6 5.1x102 5.6x 1011
SDD1 14 1.9%x102 4.5%x10M
SDD?2 24 1.0x 102 4.2x101
SSD1 40 4.0x10* 4.1x101
SSD2 45 2.6x10% 4.1x101
TPC (in) 78 1.3x10! 3.6x10M!
TPC (out) 278 2.0x10° 2.4x10M
TRD 320 1.6x10° 1.5x 10!
PID 350 1.1x109 1.0x 1011
HMPID 490 5.0x1071 8.0x1010
RackLocl 5.6x1071 8.4x107
RackLoc2 3.8x1071 1.5x 10
RackLoc3 2.2%x10°6 3.5x103
RackLoc4 7.8x1076 9.2x103

Table 2.2: Experimental conditions for a ten-year period in different collision type periods.

2.5 The ALICE Detector Layout

As mentioned in the Introduction, goal of this thesis is the study of the strange reso-
nance »(1385) in the strong decay channel Axw. In order to be able to reconstruct the
¥(1385) and A signal it is mandatory to reconstruct and identify their daughter particle,
i.e protons and pions, even at low momenta values. To achieve this goal the central bar-
rel detector plays a fundamental role and among them, in particular the Inner Tracking
System (ITS), the Time Projection Chamber (TPC) and Time Of Flight (TOF) are
necessary because of their particle identification capability. Especially in Pb-Pb colli-
sions, where the particle multiplicity is very high and so the combinatorial background
to the X(1385) signal is huge, their features in terms of spatial, momentum and dFE/dz
resolution will be crucial. These sub-detectors together with all the others composing
the ALICE detector will be described hereafter.

The ALICE detector, shown in Figure and consists of a central detector
system, covering mid-rapidity (|n| < 0.9) over the full azimuth, and several forward sub-
detectors. The ALICE global reference frame is defined with the z axis parallel to the

beam direction pointing in the opposite direction to the muon arm and the x and y axes
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in the plane transverse to the beam direction, the x pointing towards the center of the
LHC ring, the y axis pointing upward.
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Figure 2.6: ALICE detector layout lateral view. Lengths in cm.

15510

Figure 2.7: The ALICE detector layout frontal view. Lengths in cm.

The central detectors are placed inside the large solenoid magnet originally con-
structed for the L3 experiment at LEP, with an internal length of 12 m and a radius of
5m and a 0.5 T nominal field. The field homogeneity in the volume of the detectors has
been improved with respect to the L3 situation, reducing the variations below 2% of the
nominal field value. The beam pipe is built in beryllium with an outer radius of 3 ¢cm
and a thickness of 0.8 mm, corresponding to 0.3% of radiation length Xy. The central

system includes, from the interaction vertex to the outside, six layers of high-resolution
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silicon detectors (Inner Tracking System), the main tracking system of the experiment
(Time-Projection Chamber), a transition radiation detector for electron identification
(Transition-Radiation Detector), and a particle identification array (Time-Of-Flight).
The central system is complemented by a small-area array of ring-imaging Cherenkov
detectors for the identification of high-momentum particles (High-Momentum Particle
Identification Detector), and two electromagnetic calorimeters, one consisting of a small
arm of high-density crystals (PHOton Spectrometer) for the photon and neutral mesons
detection, and the other made of Pb-scintillators, for measuring jets properties, and
called EmCal. The central barrel detectors are devoted to charged hadrons, electrons
and photons reconstruction and identification in a very high-multiplicity environment
like what will be produced in PbPb collisions.

Close to the L3 magnet doors and outside the L3 magnet, some detectors are placed
for triggering (T0 and VO0) or to measure global event characteristics (Photon Multiplic-
ity Detector and Zero-Degree Calorimeter). The detection and identification of muons
are performed with a dedicated Muon Spectrometer, placed outside the magnet, that

exploits the beam-perpendicular field of a large warm dipole magnet.

Figure[2.8[shows the pseudorapidity acceptance of the subdetectors with an overlayed
dN,yp,/dn prediction for p-p collisions by the event generator PYTHIA. The subdetectors
have full coverage in azimuth except for the ones marked with an asterisk. SPD, SDD,
and SSD are the subsystems of the ITS. Two ranges are given for the TPC, depending
on the conditions imposed on the track length (full and reduced). ZN, ZP, and ZEM are
the different parts of the ZDC.

In the following section an overview of the sub-detectors is given together with some

considerations about their task and performances.
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Figure 2.8: ALICE pseudorapidity acceptance.
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Figure 2.9: Schematic view of the ALICE detector.
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2.5.1 The Central Barrel

2.5.1.1 The Inner Tracking System

The Inner Tracking System (ITS) is placed close to the interaction point and it was

designed to accomplish some tasks which are crucial for the ALICE physics program. The

number, position and segmentation of the ITS layers, as well as the detector technologies,

have been optimized according to the following requirements:

Efficient track finding in the high multiplicity environment predicted for central
PbPb collisions at LHC, which was estimated up to 8000 particles per unit of
rapidity at the time of the ALICE design. This calls for high granularity in order

to keep the system occupancy at the level of a few per cent on all the ITS layers.

High resolution on track impact parameter and momentum. The momentum and
impact parameter resolution for low-momentum particles are dominated by mul-
tiple scattering effects in the material of the detector; therefore the amount of
material in the active volume has been kept to a minimum. Moreover, for track
impact parameter and vertexing performance, it is important to have the innermost

layer as close as possible to the beam axis.

Possibility to use the ITS also as a standalone spectrometer. For this reason,
the four layers equipped with SDD and SSD provide also particle identification

capability via dE/dx measurement.

In more details the ITS tasks are:

to reconstruct the primary vertex with a resolution better than 100 pm:;

to reconstruct the secondary vertices and to measure the impact parameter for the

decays of hyperons and D and B mesons;

to track and identify the low-p; (< 100 MeV ) particles, which are not seen from

the outer detectors;
to improve the TPC momentum resolution for the high-p; particles;

to track and identify the particles traversing the dead zones of the TPC.

Moreover, in cooperation with the other detectors, the I'TS characteristics allow to
improve the performances in the study of many ALICE physics topics: the global
observables of the heavy-ion collisions, like the charged particle multiplicity and
the particle spectra and correlations; the resonance production and possible varia-
tions in their parameters; a precise mass measurement of the heavy-quarks states
to improve the signal-to-background ratio for the observation of the quarkonia sup-
pression; the jet observation, covering also the TPC dead zones. These tasks will
be accomplished by the I'TS thanks to its design and construction characteristics,

which are described hereafter.
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ITS characteristics

The ITS is placed very close to the interaction point. It consists of six concentric
cylindrical layers of silicon detectors, the innermost of them located at a radius r =
3.9 c¢m, the outermost at r = 43.9 cm (Figure [2.10)), and it is placed inside the Time

Projection Chamber.

87.8 cm

Figure 2.10: Schematic view of the ITS.

The number, position and segmentation of the layers are optimized for efficient track
reconstruction and high impact-parameter resolution. In particular, the overall ITS
dimensions are constrained by the geometry of the neighbouring parts of the ALICE
apparatus: the inner radius is the minimum allowed by the beryllium beam pipe coaxial
with the ITS detector layers; the outer radius is instead determined by the request to
match the reconstructed tracks with those from the TPC. The layers dimensions along
the beam axis allow to cover a rapidity range of |n| < 0.9 for all vertices located within
the length of the interaction diamond, i.e. £10 = £10.6 cm along the beam direction.
The first layer covers a more extended range (|| < 1.98) in order to provide, together
with the Forward Multiplicity Detectors, a continuous coverage in rapidity for the mea-
surement of the charged-particles multiplicity.

Besides the rapidity coverage, the I'TS has been designed to meet the experimental re-
quirements in terms of granularity, spatial resolution and particles discrimination. In the
two innermost layers, where the particles density is expected to reach ~50 particles/cm?,
highly segmented pixel detectors have been chosen: their granularity allows to detect
and resolve the particles keeping the occupancy low and to reconstruct the space points
with high spatial precision. The other four layers provide also the dE/dz information
on a large dynamic range for the particle identification, allowing the ITS to operate as a
stand-alone low-p; spectrometer: the central layers are equipped with silicon drift detec-
tors, with true two-dimensional read-out like the pixels, providing high spatial precision

in both directions; finally on the outermost layers, where the particle density is expected
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to be lower and the granularity requirements are less stringent, double-sided microstrip
detectors have been placed, assuring high precision in the bending direction (~20 pm)
and minimizing the fake track probability. Hereafter the detailed description of the three
different types of silicon detectors is given, followed by a discussion of their tasks and

performances.

Silicon Pixel Detector

The ALICE SPD is made of hybrid silicon pixel detectors, consisting of a two-dimensional
matrix of reverse-biased silicon detector diodes bump-bonded to readout chips. The
readout is binary: when the signal, pre-amplified and shaped by the read-out chip,
surpasses the applied threshold, the corresponding cell outputs a logical 1. Two SPD
modules are mounted together along the z direction to form a 141.6 mm long half-
stave. Two half-staves are attached head-to-head along the z direction to a carbon-fibre
support sector, which provides also the cooling. Each sector supports six staves: two
on the inner layer and four on the outer layer. The assembly of half-staves on sectors
provides an overlap of about 2% of the sensitive area along r¢, while there is no sensor
overlap along z, where, instead, there is a small gap between the two half-staves. Five
sectors are then mounted together to form an half-barrel and finally the two (top and
bottom) half-barrels are mounted around the beam pipe to close the full barrel, which
is actually composed of 10 sectors. In Figure the layout of the SPD is shown. The
characteristics in terms of geometry, active area and other operating parameters are
summarized in Table 2.3

Figure 2.11: The Silicon Pixel Detector layout: an half stave (left) and the pixel barrel

(right) [L01].

Besides the high performances requested in terms of granularity and spatial preci-
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sion, the SPD is radiation hardened in order to operate in a relatively high radiation
environment: for the 10 years running period foreseen for the experiment, in the case of
the inner layer, the integrated levels of total dose and fluence are estimated to be 220
krad (2.2 kGy) and 10'2 n-cm™2 (1 MeV neutron equivalent), respectively. In addition,
its design minimizes the material budget (down to ~1% of the radiation length X, per
layer, for a straight track perpendicular to the surface) in order to reduce the Coulombian
scattering of the traversing particles. The sensor is 200 pum thick; its high segmentation
allows to keep the diode capacitance low, resulting in an excellent signal-to-noise ratio at
high speed. The SPD is cooled with an evaporative system based on C4F1g that allows
the detector to operate at an average temperature range 25°C to 30°C: cooling capil-
laries are embedded in the supports, while a high thermal conductivity grease transfers
the heat from the front-end electronics. Finally, exploiting the speed of the detector
response, each pixel chip provides a Fast — OR digital pulse when at least one pixels
in the matrix is hit. The pre-processed Fast — OR data can contribute to the Level 0
trigger decision in the ALICE acquisition[101]. This feature is very useful in particular
in the case of events with very low multiplicities in pp runs and significantly improves

the background rejection in these interactions and the event selection in heavy-ion runs.

Silicon Drift Detector

The two central layers of the ITS, where the charged particle density is expected to
reach up to 7 cm~2, are equipped with Silicon Drift Detectors (SDD). The Silicon Drift
Detectors provide the localization of the impact point of a particle in two dimensions,
exploiting the silicon segmentation on one coordinate and the measurement of the trans-
port time of the deposited charge to measure the second coordinate. The high resolution
and multi-track capability are provided at the expense of speed. They are therefore well
suited to the ALICE experiment in which very high particle multiplicities are coupled
with relatively low event rates. A SDD module has a series of parallel, implanted p*
field strips, connected to a voltage divider on both surfaces of the high-resistivity n-type
silicon wafer. The voltage divider is integrated on the detector substrate itself. The
field strips provide the bias voltage to fully deplete the volume of the detector and they
generate an electrostatic field parallel to the wafer surface, thus creating a drift region.
Electron-hole pairs are created by the charged particles crossing the detector. The holes
are collected by the nearest p™ electrode, while the electrons are focused into the middle
plane of the detector and driven by the drift field towards the edge of the detector where
they are collected by an array of anodes composed of n™ pads. The small size of the
anodes, and hence their small capacitance, imply low noise and good energy resolution.
The owing mechanism is shown in the scheme in Figure 2.12]

An ALICE SDD sensor is produced from homogeneous high-resistivity (3 k€2-cm)
300 pm thick Neutron Transmutation Doped (NTD) silicon. The layout is shown in
Figure the sensitive area is split into two drift regions by the central cathode strip,
HV-biased with 2.4 kV. In each drift region the drift field parallel to the wafer surface
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x

Figure 2.12: Schematic view of the charges drifting inside the SDD sensor.

is generated by the p™ cathode strips that fully deplete the detector volume, a row of
anodes collects the charges and three rows of MOS charge injectors monitor the drift

velocity which depends on temperature[102].
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Figure 2.13: Schematic view of the ALICE SDD. The sensitive area is split into two drift
regions by the central, highest voltage, cathode. On each drift region 256 anodes provide to
collect the charges and three rows of 33 point-like MOS charge injectors are used to monitor the

drift velocity[3].

This dependence (vgpife o T24) causes a velocity variation of 0.8%/K at room tem-
perature. Owing to the diffusion during the drift, the electrons reach the anode region
with a Gaussian distribution. The coordinate perpendicular to the drift direction is
given by the centroid of the collected charge. The coordinate along the drift direction
is measured by the centroid of the signal in the time domain, taking into account the
amplifier response. The SDD modules are mounted on linear structures called ladders.

There are 14 ladders with six modules each on the inner SDD layer (layer 3), and 22
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ladders with eight modules each on the outer SDD layer (layer 4). The modules are
attached to the ladder space frame, which is a lightweight truss made of Carbon-Fibre
Reinforced Plastic (CFRP) with a protective coating against humidity absorption, using
ryton pins and have their anode rows parallel to the ladder axis (z). The ladders are
mounted on a CFRP structure made of a cylinder, two cones and four support rings.
The cones provide the links to the outer SSD barrel and have windows for the passage
of the SDD services. The support rings are mechanically fixed to the cones and bear
reference ruby spheres for the ladder positioning.

The SDD achieves a space precision as good as 35 pm and 25 pm along the drift direction
(r¢) and along the anode (z) respectively. Moreover, the detector provides two out of
the four dE/dx samples needed for the ITS particle identification.

Silicon Strip Detector

The outer layers of the ITS are composed of Silicon Strip Detector (SSD) modules: they
use 300 pm thick double sided silicon sensors with 768 strips on each side; the strips,
with a pitch of 95 um, form a stereo angle of 35 mrad between the two opposite module
sides, which assures a stereo view and the reduction of ambiguities, even at high particle
densities. The picture of an SSD module is visible in Figure

Figure 2.14: An SSD module during the construction, after the assembling of the sensor with
the electronics.

The modules are assembled on ladders of the same design as those supporting the
SDD (Figure [2.15)). The innermost SSD layer (layer 5) is composed of 34 ladders, each
of them being a linear array of 22 modules along the beam direction. Layer 6 (the
outermost ITS layer) consists of 38 ladders, each of them made of 25 modules.

The 72 ladders, carrying a total of 1698 modules, are mounted on Carbon Fibre
Composite support cones in two cylinders (Figure .

The spatial resolution of the SSD system is determined by the 95 um pitch of the

sensor readout strips and by the charge-sharing between those strips. Without making
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Figure 2.16: Scheme of the SSD cone. The ladders are progressively installed on the carbon
fibre cones with the corresponding readout electronics modules, forming the two SSD cylindrical
layers.

use of the analogue information the r.m.s spatial resolution is 27 ym. Beam tests have

shown that a spatial resolution of better than 20 ym in the r¢ direction can be obtained
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by analyzing the charge distribution within each cluster. In the direction along the beam
the spatial resolution is about 830 um. The SSD layers are crucial for the matching of
tracks from the TPC to the ITS. They provide a two dimensional measurement of the
track position and dF/dz information to assist particle identification, in particular for

low-momentum particles [103].

The ITS performances

In this section the basic performances of the I'TS, as expected from Monte Carlo sim-
ulations, are discussed in relation to the main observables that will be studied by the
experiment.

The geometrical parameters of the layers are summarized in Tables and As
far as the material budget is concerned, it should be noted that the values reported
in Table account for sensor, electronics, cabling, support structure and cooling for
particles crossing the ITS perpendicularly to the detector surfaces. Another 1.30% of
radiation length comes from the thermal shields and supports installed between SPD
and SDD barrels and between SDD and SSD barrels, thus making the total material
budget for perpendicular tracks equal to 7.66% of Xj.

Number Active Area Resolution Material

Layer Type r [cm] =z [cm)] of per module r¢ xz [um?]  budget
modules  7¢ xz [mm?] X/X0 [%)]

1 pixel 3.9 14.1 80 12.8x70.7 12x100 1.14
2 pixel 7.6 14.1 160 12.8x70.7 12x100 1.14
3 drift 15.0 22.2 84 70.17x75.26 35%25 1.13
4 drift ~ 23.9 29.7 176 70.17x75.26 35%25 1.26

strip  38.0 43.1 748 73x40 20x830 0.83
6 strip  43.0 48.9 950 73x40 20x 830 0.86

Table 2.3: Characteristics of the six ITS layers.

e Acceptance. The rapidity acceptance of the ITS (|n| < 0.9) allows to study
the global observables of the heavy-ion collisions, like the particles ratios, the p;
spectra and the particles correlations on an event-by-event basis. Within the cov-
ered rapidity range, the I'TS is able to detect and track the thousands of particles
emitted in each heavy-ion collision, resulting necessary in particular to detect the
decay of large mass, low p; particles. With its full azimuthal coverage, the ITS can
provide also an efficient rejection of low-mass Dalitz decays. Moreover, the inner
SPD layer, covering the range || < 1.98 for interactions taking place at z = 0,

can provide a continuous coverage in rapidity for the measure of charged particles
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Parameter Pixel Drift Strip
Spatial precision r¢ (pm) 12 35 20
Spatial precision z (pm) 100 25 830
Two track resolution r¢ (pm) 100 200 300
Two track resolution z (um) 850 600 2400
Cell size (mm?) 50x425  202x294  95x40000
Active area per module (mm?) 12.8x69.6 72.5x75.3  73x40
Readout channels per module 40960 2x256 2X 768
Total number of modules 240 260 1698
Total number of readout channels (k) 9835 133 2608
Total number of cells (M) 9.84 23 2.6
Max. occupancy in Pb-Pb (layer 5) (%) 2.1 2.5 4
Max. occupancy in Pb-Pb (layer 6) (%) 0.6 1.0 3.3
Power dissipation in barrel (W) 1350 1060 850
Power dissipation EndCap (W) 30 1750 1150

Table 2.4: The parameters of the various ITS sub-detectors. The mentioned module represents

a single sensor element.

multiplicity over about 8 n-units if combined with the Forward Multiplicity Detec-
tor (FMD). From simulation-based studies, it turns out that the measurement of
the multiplicity and of the pseudorapidity distribution can be efficiently performed
with the two SPD layers in their full acceptance regions (|n| < 2 for layer 1, |n| <
1.4 for layer 2).

e Spatial precision and granularity. The granularity of the ITS detectors is
capable to cope with the expected thousands of particles per Pb-Pb event, since
it was designed for a maximum track density of 8000 tracks per unit of rapidity,
while more recent extrapolations from RHIC data set to ~ 4000 tracks the ex-
pected value for ALICE. The millions of effective cells that compose each layer of
the ITS can keep the system occupancy low, at a few percent, even in events where
it will detect about 10000 tracks simultaneously. The resolution of the vertices and
the impact-parameter measurement is determined by the spatial resolution of the
ITS detectors, that reaches the value of 12 um for the first pixel layer: the sim-
ulations show a 10 pum resolution in the determination of the vertex z-position
in case of heavy-ion collisions, and 110 pgm (70 pm in the transverse coordinate)

for the average pp event (dN.,/dn = 6-7) after the track reconstruction. With
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these performances, the I'TS allows to carry out for example the study of the open
charm, through the observation of the Dy weak decays, which have a proper decay
length of few hundred microns (c7 = (123.0+£0.4) pm). For p, ~ 1 GeV/c, the
SPD layers allow a resolution of about 60 pym for the impact parameter projection
in the bending plane: with this resolution it is possible to reduce the combinatorial
background by selecting a few displaced tracks out of the large number of primary
vertex tracks. This high resolution is fundamental also in the study of the suppres-
sion of the J/v production, in particular to discriminate prompt from secondary
J /1 originating from B decay. From the impact parameter measurement, indeed,
it is possible to identify the eTe™ pairs produced by a displaced vertex and to select
them as secondary .J/v¢ decays. Moreover, the spatial precision is also crucial for

the study of the strange baryon production.

e Particle identification dF/dx measurement. The ITS contributes to the par-
ticle identification through the measurement of specific energy loss. Four layers
of the ITS (two silicon-drift and two silicon-strip detector layers) provide signal
amplitude information, which can be used for PID in the low-momentum range by
measuring ionization energy loss dE/dx. This is estimated as a truncated mean
(using the two or three lowest amplitude signals out of four) in order to minimize
the influence of Landau fluctuations. The dynamic range of the analogue readout
must be large enough to provide dF/dx measurement for low-momentum, highly
ionizing particles, down to the lowest momentum at which tracks can still be recon-
structed with a reasonable (> 20%) probability. Figure shows the truncated
mean dE/dx for a sample of ITS stand-alone tracks together with the PHOBOS

parametrization of the expected most probable value[104].

The resolution of the ITS dE/dx measurements allows a good 7/K separation
up to 450 MeV/c and a good K/p separation up to about 1 GeV/c. A typical
ITS response function, for momenta in the range 400-425 MeV/c, is shown in
Figure The tails at lower dFE/dx values for kaons and protons are due to the
incorrect assignment of a cluster during track reconstruction. Such a cluster is
with the largest probability due to a pion, therefore lowering the truncated mean
amplitude. The size of this effect will depend on the track-quality selection criteria
which will have to be optimized on the real data sample and on the experimental

particle-species ratios.

e Material budget. While traversing the detector material, the multiple scatter-
ing worsens the resolution of the momentum and impact parameter measurement
of particles with small transverse momenta. The silicon detectors have been de-
signed and produced minimizing the total amount of material: as mentioned in
the description of the various I'TS sub-detectors, the pixel sensors were produced

with the minimum achievable thickness of 200 pm, while the drifts and the strips,
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Figure 2.17: Specific energy loss dE/dx vs. momentum for tracks measured with the ITS in pp
collisions at /s = 900 GeV. The solid lines are a parametrization of the detector response based
on the Bethe-Bloch formula[T04].
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Figure 2.18: Distributions of the truncated mean SDD and SSD signals (MIP units) obtained
with the HIJING generator for pions, kaons and protons for a reconstructed momentum of 400-
425 MeV/c. The curves are the result of Gaussian approximations[3].

which measure the ionization density dF /dx, have the minimum thickness capable
to provide a good signal-to-noise ratio, namely ~300 pm. Taking into account the
overlaps needed for a full coverage of the entire solid angle and the incidence angles
of tracks, the detectors effective thickness amounts to 0.4% of the radiation length
Xo. A comparable effective thickness is added by the electronics, cables, supports,
cooling systems and other not sensible material. The resulting momentum resolu-

tion that can be achieved with ITS is better than 2% for pions with momentum
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between 100 MeV/c and 3 GeV/c.

e Readout rate. The ALICE detector will acquire data in two different read-out
configurations, triggered by different trigger classes that operate simultaneously. A
first trigger activates the readout of the whole of ALICE, for the central collisions
generating large events; the trigger of the muon arm activates instead the readout
of a subset of fast readout detectors, including the two pixel layers of the I'TS, and
it is kept active even when the centrality trigger is disabled because of bandwidth
saturation. This trigger system requires the readout time for the pixel detectors
to be set at less than 400 us.

2.5.1.2 The Time Projection Chamber (TPC)

The TPC is the main tracking device of the ALICE detector. It provides track finding,
momentum measurement and particle identification through dFE/dz measurement. It
has a cylindrical shape with an internal radius of 80 cm determined by the maximum
acceptable hit density (0.1 cm~2) and an outer radius of 250 cm chosen in order to have
an average particle path length in the chamber sufficient to get a dE/dx resolution better
than 10%. The total active length of ~ 500 cm in the z direction allows the acceptance
in the pseudorapidity range -0.9 < 1 < 0.9. The material budget of the TPC is kept as
low as possible both for the field cage and for the adopted drift gas to ensure minimal
multiple scattering and secondary particle production. The drift gas mixture Ne/CO2
(90%/10%) is optimized for drift velocity, low electron diffusion and low radiation length.
The radial thickness of the detector is of 3.5% of X at central rapidity and grows to ~
40% towards the acceptance edges. The TPC layout is shown in Figure 2.19

HV electrode (100 kV)

Inner and Outer
Containment Vessels
(150 mm, CO,)

field cage

readout chamber

Endplates housing
2x2x 18 MWPC ..o :

» 845 < r < 2466 mm
= drift length 2 x 2500 mm
- drift gas Ne, CO,, N, (90/10/5)
« gas volume 95 m?*

« 557568 readout pads

Figure 2.19: The Time Projection Chamber layout and main characteristics.

The TPC readout chambers are multi-wire proportional chambers with cathode-pad

readout. The readout planes at the two ends of the large drift volume (88 m?) are
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azimuthally segmented in 18 sectors, each covering an angle of 20°. The non-active
region between two adjacent sectors is 2.7 cm wide, implying an azimuthal acceptance
of ~ 90% for straight tracks originating from the interaction point. A drift voltage of
100 kV stretches between the central electrode (at z = 0) and the two readout planes
at z = £2.5 m. A maximum of 160 clusters can be measured for a typical track which
allows up to 20 000 tracks in one event to be reconstructed and identified. The TPC
is, due to its drift time of about 90 us, the slowest detector in ALICE. This has to be
taken into account for the trigger: once an event is accepted, usually no other event is
measured with the TPC within the next 90 us. The large number of measured clusters
allows the specific energy loss (dF/dx) of traversing particles to be calculated without
being affected by the tails of the energy loss (Landau) distribution.

An high momentum resolution is required to the TPC both for the study of soft hadronic
observables and for the hard probes in the high-p; region. For low-p; particles, between
100 MeV /c and 1 GeV /¢, reconstructed in the TPC, the momentum resolution is between
1% and 2%, while it is larger than 10% at 20 GeV/c, quickly increasing with p;. Thus
it is necessary to use the TPC in combination with the other tracking detectors (ITS
and TRD) to measure higher momenta: using these detectors we can achieve about 10%
momentum resolution for tracks with p; of 100 GeV/c at 0.5 T magnetic field. The TPC
dE /dz measurement has an estimated resolution that slightly depends on the charged-
particle density: for particles with momentum around 0.5 GeV/c, it changes from 5.5%
for p-p events to 6.5% for central Pb-Pb collisions. The TPC provides a 30 7/K and
K/p separation in the region of p; < 1 GeV/c, as well as good electron-pion separation
up to a few GeV/c [3] 105].

The Transition Radiation Detector

The Transition Radiation Detector (TRD) has to provide electron identification in the
central barrel for momenta above 1 GeV/c [3, [106]. Above 1 GeV/c, the transition
radiation from electrons traversing a radiator can be exploited together with the specific
energy loss in a suitable gas mixture measured by multi-wire proportional read-out
chambers. This working principle is schematically presented in Figure |2.20

The TRD is located at radii from 2.9 m to 3.7 m. It is segmented into 18 sectors where
each consists of six layers. It is composed of 540 individual readout detector modules:
each module consists of a radiator of 4.8 cm thickness, a multi-wire proportional read-
out chamber and the front-end electronics for this chamber. The signal induced on the
cathode pad is read-out. In the Xe/CO2 (85%/15%) gas-mixture of the chambers, a

minimum ionizing particle liberates 275 electrons cm™1.

The gas gain will be of the
order of 5000. The readout electronics features 1.18 million channels. Average drift
spectra for electrons and pions are shown in Figure [2.21

The TRD was designed to derive a fast trigger for charged particles with high mo-
mentum. It can significantly enhance the recorded Y-yields, high-p; J/1 , the high-mass

part of the dilepton continuum as well as jets. The TRD achieves a pion rejection es-
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Figure 2.20: Schematic view of a detector module in r¢ direction, illustrating the TRD working
principle. The left panel shows a projection in the plane perpendicular to the wires. Electrons
produced by ionization energy loss (dE/dx) and by transition radiation absorption drift along
the field lines towards the anode wires. The right panel shows a projection in the bending plane
of the ALICE magnetic field; the inset shows the charge deposit from an inclined track, used for
the momentum reconstruction.
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Figure 2.21: Average pulse height as a function of drift time for pions (triangles), electrons
without a radiator (squares) and electrons with a radiator (circles) for 2 GeV/c particles.

timated in 1% of pions erroneously identified as electrons at an electron efficiency of
90%; matching the TPC, it allows an overall mass resolution of about 100 MeV/c? at
the T-mass (for B = 0.4 T).

The Time Of Flight Detector

The Time-Of-Flight (TOF) detector is a large area array of Multi-Gap Resistive-Plate
Chamber (MRPC) strips covering the central pseudo-rapidity region (|n| < 0.9). Its
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main task is the particle identification in the intermediate momentum range, below ~2.5
GeV /c for pions and kaons, up to 4 GeV/c for protons, with a 7/K and K/p separation
better than 30. The kaons identified by the TOF detector allow invariant mass studies,
in particular the detection of open heavy flavoured states and vector-meson resonances
such as the ¢ meson. The detector has a modular structure corresponding to 18 sectors in
r¢ and to 5 segments in z direction and is located at a radius of 3.8 m. The whole device
thickness corresponds to 30% of a radiation length. The MRPC strips are placed inside
modules that define and seal the gas volume, acting also as Faraday cages, and support
the external front-end electronics and services. These are stacks of very thin structures
(250 pm) featuring a high and uniform electric field and a CoHoF4/i-C4H19/SFs gas
mixture so that any traversing particle immediately triggers an avalanche. The setup
achieves a very good time resolution of about 40 ps. Combined with other uncertainties,
e.g. the uncertainty to determine the exact time of the interaction, the time of flight
measurement for single particles has an overall resolution of better than 100 ps[I07, [3].
The TOF detector has about 160,000 channels while the total active area of ~ 140 m?
A schematic layout of one supermodule inside the ALICE spaceframe and a photo of an

assembled supermodule are shown in Figure [2.22]

Custom crates———"

Figure 2.22: Schematic drawing of one TOF supermodule, consisting of 5 modules, in the
ALICE spaceframe (left panel). A supermodule after assembly (right panel).

The Figure[2.23] presents a scatter plot of the measured momenta versus the estimated
masses for particles produced in central Pb-Pb collisions generated with HIJING. The
points corresponding to pions, kaons and protons are coloured in red, blue and green,

respectively.

High-Momentum Particle Identification Detector

The High-Momentum Particle Identification Detector (HMPID) is dedicated to the iden-
tification of hadrons with p; > 1 GeV/c. It extends ALICE’s capability of 7/K and K/p
separation to 3 and 5 GeV /¢, respectively, and therefore it plays an important role in the

identification of particles beyond the momentum interval studied through energy loss by
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Figure 2.23: Momentum versus mass calculated (left) and reconstructed mass (right) from TOF
for a sample of HIJING Pb-Pb events. Overall TOF system resolution: 120 ps; momentum range
0.5<p<2.5 GeV/c, for 200 HIJING events at B = 0.4 T. The two plots on the right are the same
graph in logarithmic (high) and linear (low) scale. Figure from[I08].

the ITS and the TPC and through the time-of-flight measurements by the TOF detector.
The HMPID is based on proximity-focusing Ring Imaging Cherenkov (RICH) counters:
its working principle is schematically presented in Figure The momentum range
covered is defined by the radiator used in the detector, i.e. a 15 mm thick layer of liquid
CgF10: the index of refraction of this material (n=1.2989 at A=175 nm) corresponds to
a minimum speed [3,,;,=0.77, thus to the threshold momentum p;,=1.21-m, with p in
GeV/c and the mass m in GeV /c?[3] [109)].
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Figure 2.24: The HMPID working principle. The Cherenkov photons, emitted when a fast
charged particle traverses the radiator, are detected by a photon counter, consisting of a thin

layer of Csl deposited onto the pad cathode of a multi-wire proportional chamber (MWPC)[3].

The HMPID consists of seven identical modules, located on an independent support
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cradle and mounted at the two o’clock position of the ALICE space frame. The seven
modules (1.5 m x 1.5 m each) cover -0.6 < 1 <0.6 in pseudo-rapidity and 57.6° in

azimuth.

2.5.1.6 The Electromagnetic Calorimeters

2.5.1.6.1 The PHOton Spectrometer (PHOS) The PHOton Spectrometer (PHOS) is a
high-resolution electromagnetic spectrometer covering a limited acceptance domain at
central rapidity. The PHOS is capable to measure low-p; photons emitted in the initial
phase of the collision, in order to study its thermal and dynamical properties; moreover,
it is designed to measure the high-p; 7% and v-jet correlation in order to study the
jet quenching effect. The PHOS is made of almost 18000 cells, i.e. dense scintillating
crystals of lead-tungstate (PbWO,), like the one shown in Figure arranged in five
different modules and operated at a temperature of -25°C to increase their light yield;
the modules, installed on the bottom of the ALICE apparatus, 4.6 m from the interaction

point, covers about 3.7% of phase space in the central region.

Figure 2.25: The PHOton Spectrometer: the left picture shows one of the almost 18000 lead-
tungstate scintillating crystal composing the PHOS; on the right, the layout of the sub-detector,
with its five modules installed on the bottom of the ALICE apparatus.

A set of multi-wire proportional chambers in front of PHOS act as a veto in order to
reject charged particles. The PbWO, has been chosen because of its characteristic small
Moliére radius and for the sufficient light output which allows to measure the lowest
energies of interest with good resolution. Its high segmentation allows to keep the cell

occupancy at a manageable level of about 10-20%][3], 110].

2.5.1.6.2 The ElectroMagnetic Calorimeter (EMCal) The ElectroMagnetic Calorimeter
is a Pb-scintillator sampling calorimeter with longitudinal wavelength-shifting fibres,
read out via avalanche photo diodes. It measures the neutral energy component of jets,
enabling full jet reconstruction in all collision systems, from p-p to Pb-Pb, photons, 7,
and 7 via their decay photons like the PHOS detector and provides a fast and efficient
trigger for hard jets, photons and electrons. With its cylindrical geometry, it is located

adjacent to the ALICE magnet coil at 4.5 m from the beam line, approximately opposite

Pag. 78 Study of the strange resonance 3(1385) as a tool for the analysis of the
dynamics of the Quark Gluon Plasma in the ALICE experiment at LHC



2.5.1.7

2.5. The ALICE Detector Layout Chapter 2. The ALICE Experiment at LHC

in azimuth to the high-precision PHOS calorimeter, covering |n| < 0.7 and A¢ = 107°.
It is larger than PHOS, but with lower granularity and energy resolution[3], IT1]. The

detector layout can be seen in Figure [2.26

Figure 2.26: The array of EMCal Super Modules shown in their installed positions on the
support structure[I11].

The ALICE Cosmic Ray Detector (ACORDE)

The ALICE detector is also instrumented with a cosmic-ray detector, ACORDE, an
array of plastic-scintillator counters placed on the upper surface of the L3 magnet. To-
gether with some other ALICE detectors it will detect both single-muon and multi-muon
events (called muon bundles) thus providing precise information on cosmic rays with pri-

mary energy around 101517

eV, in the region of the knee of the cosmic-ray spectrum.
Another major task of ACORDE is to provide Level 0 trigger signals for commission-
ing, calibration and alignment procedures of some of the ALICE central detectors. A
single ACORDE module consists of two 190x20 cm? scintillator counters 10 mm thick
placed on top of each other and readout in coincidence by two PMTs at the end of each

scintillator. A total of 60 modules are placed on top of the ALICE L3 magnet[3], 112].

2.5.2 The Muon Spectrometer

The forward muon arm is designed to detect muons in the pseudo-rapidity region -4.0 <
1 < -2.5, corresponding to the the polar angular range 171°-178° and it has full azimuthal
coverage for muons with p > 4 GeV/c. It gives the possibility to study the u*u~ decay
channel of the heavy-quark vector-mesons resonances like J/1, ¢/, T, Y’ Y” in the same
experimental condition and with a mass resolution sufficient to separate all states. The

detector consists of a composite absorber to absorb hadrons and photons coming from
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the interaction vertex, a high-granularity tracking system of 10 detection planes, a large
dipole magnet with a 3 Tm integral field placed outside the L3 magnet, a passive muon-
filter wall, followed by four planes of trigger chambers for the identification of the muons
and the triggering; both the absorbers and the detectors are designed to achieve the
required invariant-mass resolution of 100 MeV/c? in the 10 GeV/c? dimuon invariant-
mass region, needed to resolve the Y, T/, Y” resonances. Finally, a dense conical absorber
tube provides to shield the spectrometer from secondary particles created in the beam
pipe[I13}, B]. The layout of the muon spectrometer is shown in Figure

FRONT VIEW
A—A

1
_—

7405

Figure 2.27: Layout of the Muon Spectrometer. The conical front absorber on the left is
followed by 10 tracking stations: 4 placed between the absorber itself and the dipole magnet,
two inside the magnet and four between the magnet and the muon-filter wall. Four planes of
trigger chambers follow the muon filter[3].

2.5.3 Forward, Trigger and Multiplicity Detectors

2.5.3.1

2.5.3.2

The Photon Multiplicity Detector (PMD)

The PMD measures the multiplicity distribution of photons (e.g. decay products from
70 and 7) in the forward region (2.3 < n < 3.7, full azimuth) to provide estimation
of the collision reaction plane on an event-by-event basis. The method used for the
PMD detector makes use of the preshower technique: it consists of two planes of gas
proportional counters, preceded by two lead converter plates of 3 radiation lengths each.
The plane in front of the converter is used as a veto for charged particles while the
information from the second plane is used to identify photons. The detector is positioned
at a 3.64 m distance from the nominal interaction point (Figure [2.9)[3] 114].

The Forward Multiplicity Detector (FMD)

The Forward Multiplicity Detector (FMD), consisting in rings of silicon strip detectors

located at three different positions along the beam pipe, provides charged particle mul-
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tiplicity information over a large fraction of the solid angle (-3.4 < n < -1.7and 1.7 < 7
< 5) both in full azimuth. The five rings are located at z = 3.2 m, 0.83 m, 0.75 m, -0.63
m and -0.75 m. Due to its slow readout (> 1.2 us) it cannot be used as a trigger[3, 115].
The FMD layout is shown in Figure 2.2
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Figure 2.28: Layout of the FMD rings in the ALICE experiment. FMD3 and FMD2 are located

on each side of the ITS detector while FMD1 is much further away from the interaction point

(1P) .

Partially overlapping the SPD sensors, it provides a continuous coverage for the

particle multiplicity measurement, as shown in Figure [2.29

The VO detector

The VO detector is a small-angle detector consisting of two arrays of scintillator counters
installed on either side of the ALICE interaction region, located at z = 3.4 m (2.8 < 7
< 5.1) and -0.9 m (-3.7 < n < -1.7). It will provide minimum bias triggers for central-
barrel detectors in both pp and nucleus-nucleus collisions and will help rejecting false
events induced by interactions of protons with the residual gas of the vacuum chamber.
The time resolution is about 1 ns which allows beam-gas events that occurred outside

of the nominal interaction region to be identified[3, [116]. The VO layout is shown in
Figure [2.30]
The TO detector

The TO detector was designed to generate a start-time (T0) signal for the Time-Of-
Flight (TOF) detector. It measures the event time with very good precision (< 25
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Figure 2.29: The continuous pseudorapidity coverage provided by the Forward Multiplicity De-
tector together with the SPD, superimposed on simulated multiplicity distributions to illustrate
which regions are measured by each detector. The distributions refer to p-p events at /syn
= 14 TeV in the left panel (simulated with the PYTHIA event generator) and to Pb-Pb events
VSN~ = 5.5 TeV in the right panel (HIJING generator)[3].

Figure 2.30: VOA 3D drawing (left) and VOC picture (right)[3].

ps). This signal is independent of the vertex position and corresponds to the real time
of the collision. The TO detector can also measure the vertex position (with 1.5 cm
precision) and provide Level 0 triggers when the position is within the preset value. A
vertex position outside the region where collisions should appear is used as a beam-gas
rejection signal. Furthermore, the T0 detector can also send a pre-trigger to the TRD.
The detector consists of two arrays of Cherenkov counters, each with 12 counters. Each
Cherenkov counter is based on a fine-mesh photomultiplier tube coupled to a quartz
radiator 20 mm in diameter and 20 mm thick. The two arrays are placed at 72.7 cm
(T0-C) and 375 cm (T0-A) from the interaction point, respectively (Figure [2.31))[3} 116].

The Zero-Degree Calorimeter (ZDC)

The ZDC is composed of two sets of hadron calorimeters located at 116 m on either side of

the Interaction Point (IP) to measure event centrality in nucleus-nucleus collisions[117].
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Figure 2.31: The layout of TO detector arrays inside ALICE.[3].

In addition two small electromagnetic calorimeters (ZEM, 7 x 7 x 20.4 cm?, 4.8 < 1 <
5.7) are placed at about 7 m from the IP on both sides of the beam pipe, opposite to
the muon spectrometer (Figure 2.32). Each ZDC set is made of two calorimeters: one
for spectator neutrons (ZN, 7.04 x 7.04 x 100 cm?, || < 8.8) and one for spectator
protons (ZP, 12 x 22.4 x 150 cm?, 6.5 < || < 7.5). Since spectator protons are spatially
separated from neutrons by the beam magnetic elements, the ZP is placed externally
to the ongoing beam line (on the side where positive particles are deflected) while the
ZN is placed between the beam pipes at 0° with respect to the beam axis. When they
are not in use, the calorimeters are moved out of the beam line by a lifting platform to

reduce their exposure to ionizing radiation.
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Figure 2.32: Schematic top view of the side of the ALICE beam line opposite to the muon arm.
The locations of the neutron (ZN), proton (ZP) and forward electromagnetic (ZEM) calorime-
ters are shown. The position of the beam line dipoles (Dx) and quadrupoles (Qx) are also
indicated.[3].

The hadronic ZDCs are quartz-fibre sampling calorimeters: the shower generated by
incident particles in the absorber (tungsten for ZN and brass for ZC) produces Cherenkov
radiation in the quartz fibres. The optical readout is divided into four independent tow-
ers. One out of two fibres is sent to a single photomultiplier (PMT), while the remaining

ones are sent to the four PMTs which define the four towers. The ZEM complements
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the hadronic ZDCs helping in discriminating between central and peripheral collisions.
Since in very peripheral A-A collisions spectator nucleons can bound into fragments
which stay in the beam pipes, they cannot be detected by the ZDCs. Therefore in very
peripheral events only a small amount of energy is detected in the hadronic ZDCs, just
like in central events, where the number of spectator nucleons is small. On the contrary
the energy detected by the ZEM calorimeter increases monotonically with the collision

centrality. Finally the ZDC can provide also a L1 trigger.

2.5.4 The Data Acquisition and The Trigger System

2.5.4.1

ALICE has a two-layer trigger architecture[I18]. The low-level trigger is a hardware
trigger called Central Trigger Processor (CTP). The High-Level Trigger (HLT) is im-
plemented as a pure software trigger. The ALICE Central Trigger Processor (CTP) is
designed to select events having a variety of different features at rates which can be
scaled down to suit physics requirements and restrictions imposed by the bandwidth of
the Data Acquisition (DAQ) system and by the High-Level Trigger (HLT). The challenge
of the ALICE trigger is to make optimum use of the detectors and to perform trigger

selections in an optimized way for several different running modes.

The Central Trigger Processor (CTP)

The hardware trigger combines the trigger signals of the various subdetectors to decide
if an event is accepted which means that it is read out and written to disk. Several
trigger levels reduce the event rate depending on the input signals. The first level, called
L0, is delivered after 1.2 us, the second, called L1, after 6.5 us. The final trigger, L2,
is delivered after 100 us, upon completion of the drift time in the TPC. Only after an
L2 trigger the event is finally stored. Another task of the hardware trigger is to issue a
pretrigger to wake up the TRD electronics which is needed in less than 900 ns after the
interaction. A past-future protection ensures that events are not superimposed by too
many pile-up collisions. The readout times of the different detectors vary significantly,
therefore the window in which pile-up is recognized depends on the detectors that are
part of the current partition as well as on the collision system. Different conditions
are applied for p-p collision (with respect to Pb-Pb collision) where pile-up is always
present due to the higher luminosity. However, in this case more pile-up is acceptable
due to the much lower particle densities. The trigger logic acts upon numerous inputs:
up to 24 LO, 24 L1, and 12 L2 input signals. Out of these inputs up to 50 trigger
classes can be defined[I18]. The rates of different trigger classes are very different. By
definition minimum-bias triggers have the highest rate, other triggers that look for rare
signals have much lower rates. Therefore, downscaling factors can be applied to the
trigger classes individually, i.e. only every n‘" event fulfilling the trigger condition is
read out. The total recording rate is limited by the maximum bandwidth of data that

can be recorded to disk and tape. To prevent losing precious events due to the fact that

Pag. 84 Study of the strange resonance 3(1385) as a tool for the analysis of the
dynamics of the Quark Gluon Plasma in the ALICE experiment at LHC



2.5.4.2

2.5. The ALICE Detector Layout Chapter 2. The ALICE Experiment at LHC

no space is available on the temporary memory and disk buffers in a moment where
a trigger that looks for a rare signal occurs, the trigger system implements an event
prioritization scheme. Therefore, trigger classes are grouped into common triggers and
rare triggers. In the case that the utilization of the temporary storage is above a certain
value (high-water mark) only rare triggers are accepted; as soon as the utilization drops
below a given low-water mark all triggers are accepted again. This scheme significantly
increases the acceptance of rare events.

The CTP consists of seven different types of 6U VME boards housed in a single VME
crate. The signal transmission to each detector is mediated by Local Trigger Units (LTU)
which can be decoupled from the CTP for testing purposes.

The High-Level Trigger (HLT)

ALICE’s software trigger, called High Level Trigger (HLT), is a farm of multiprocessor
computers. The aim is about 1.000 PCs processing the data in parallel allowing an
online analysis of the events. A trigger decision is derived from much more complete
information than is available for the hardware trigger. Therefore, it allows for more
sophisticated triggers. Examples include triggers on high-energy jets or on muon pairs.
Furthermore, the HLT can significantly reduce the event size by selecting regions of in-
terest (partial readout of subdetectors) and by further compression of the data[L18§].

The amount of data produced in the TPC alone in a single nucleus-nucleus collision has
been estimated to be about 75 MB (assuming high charged-particle density dN.,/dn =
8000 at mid-rapidity). The data rate can easily reach 25 GB/s while the DAQ archiv-
ing rate is about 1 GB/s. Therefore online processing is advisable to select relevant
events and to compress data without loosing their physics content. The overall physics

requirements of the HLT are the following:

e accept or reject events on a detailed online analysis;
e select a physics Region-Of-Interest (ROI) within the event;

e reduce the event size without loss of physics information of the accepted and se-
lected data.

The HLT receives a copy of the raw data and performs the detector reconstruction,
partly aided by hardware coprocessors. Subsequently, the trigger decision is based on
the global reconstructed event. In the same step a region of interest can be selected. In
the last optional step, if the trigger decision is positive, the data is compressed. The
trigger decision, partial readout information, compressed data, and the reconstruction
output is subsequently processed by the DAQ. In terms of the overall DAQ architecture,

data sent by HLT is treated like stemming from a subdetector.
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The Data Acquisition (DAQ)

The tasks of the ALICE DAQ system is the assembly of event fragments from individual
subdetectors into complete events (event building) as well as buffering and export of
assembled events to permanent storage. The DAQ is designed to process a data rate
of up to 1.25 GB/s in heavy-ion runs. Event building is done in two steps. Data from
the subdetectors is received by Detector Data Links (DDLs) in which the D-RORCs
(DAQ Readout Receiver Card) PCI-X based cards receive and assemble the event frag-
ments into sub-events in the LDCs (Local Data Concentrators). The LDCs assemble
the data into sub-events that are then shipped to Global Data Collectors (GDCs). A
GDC receives all sub-events from a given event and assembles them into a complete
event. Subsequently, these events are stored on a system called Transient Data Storage
(TDS). At the same time the GDCs feed the recording system which eventually records
the events in the Permanent Data Storage (PDS). The fully equipped DAQ setup will
comprise 200 LDCs and 60 GDCs. The architecture of the data acquisition is shown in

Figure 2.33]
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Figure 2.33: The overall architecture of the ALICE DAQ system and the interface to the HLT
system[IT§].

ALICE can simultaneously take data in several partitions, where each partition con-
sists of a set of subdetectors. Obviously a given subdetector can only be active in one
partition at a time. The active subdetectors in a given partition are grouped into clus-
ters for which triggers can be defined. Therefore, upon a trigger only a subset of the
whole partition may be read out. Furthermore, a triggering detector does not have to

be necessarily part of the partition.
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2.5.5 The ALICE Offline Software Framework

2.5.5.1

The data production of the LHC experiments (about 10 - 15 PB per year) is at a new
scale compared to any previous experiment. In ALICE, an average Pb-Pb event will
have a size of about 13.75 MB; on average a p-p event is about 1.1 MB. For a standard
running year, of the order of 10° p-p events and 10® Pb-Pb events are expected yield-
ing a total raw data volume of 2.5 PB. The data taken with cosmics in 2008 amounts
to about 300 TB. Two thirds were taken in so-called global runs with several partic-
ipating subdetectors, a condition similar to real data-taking. The average size of the
reconstruction output is 3 MB for a Pb-Pb event and 40 kB for a p-p event. This only
includes high-level information needed for user analysis. Examples are the event-vertex
position, reconstructed track parameters, and PID information. The required computing
resources for the reconstruction and analysis of the raw data as well as the production of
simulated events needed for the understanding of the data exceed the computing power
of single institutes and even of centers like CERN. Therefore, institutes that are part of
the collaboration also provide storage and computing resources. At present 80 centers
contribute to ALICE’s computing resources. Distribution of the data for reconstruction
and analysis cannot be performed manually and this led to the need for an automated
system. The concept of GRID was identified as a solution. ALICE uses the ALICE
Environment (AliEn) system as a user interface to connect to a GRID composed of
ALICE-specific services that are part of the AliEn framework and basic services of the
Grid middleware installed at the different sites. A dedicated framework called AliRoot
enables simulation and reconstruction of ALICE events to be performed. It is also the

basis for any analysis performed on the data.

Dataflow

The raw data taken by the subdetectors has to be processed before be available in the
form of reconstructed events for further analysis. This happens in several stages as
illustrated in Figure Data originating from the subdetectors (denoted by 1 in Fig-
ure are processed by LDCs, global events are built by GDCs (2). The so-called
publish agent registers the assembled events into the AliEn system (3) and ships them
to the CERN computing center where they are stored first on disks (4) and then per-
manently on tapes (5) by the CASTOR system. During data-taking the subdetectors
also produce conditions data that are relevant for the calibration of individual detector
signals. Conditions data provides information about the detectors status and environ-
mental variables during data-taking: inactive and noisy channel maps, distributions
describing the response of a channel, temperatures and pressure in a detector, and de-
tector configuration. Many of the conditions data could in principle be calculated from
the raw data and extracted offline after data-taking. However, such an approach would
require an additional step over the raw data before the reconstruction requiring not

available online computing resources. Therefore, conditions data are already extracted
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during data-taking. Conditions data are produced by special programs that process the
raw data stream and extract the needed values. These programs work in the realm of
DAQ, DCS (Detector Control System), and HLT and store their output on so-called File
eXchange Servers (FXS) (6-8 in Figure [2.34).

Online +— : — Offline

ALICE File
Catalog

Publish in
AliEN (3, 11)

Condition
files (12)

Figure 2.34: Global view of ALICE’s data flow (Figure adapted from[3]).

A dedicated program called Shuttle collects these outputs and makes them available
to the reconstruction. Furthermore, it retrieves information about the run from the
ECS logbook (9) and collects continuously monitored values that are written by DCS
into the DCS Archive (10). After processing the data, the Shuttle registers the produced
condition files in AliEn (11) and stores the data in CASTOR (12). With the registration
of the raw and conditions data the transition from the online to the offline environment
has taken place. Online denotes all actions and programs that have to run in real time.
Offline processing is the subsequent step, like for example event reconstruction, which is
executed on Worker Nodes (WN) of GRID sites located around the Globe.

The ALICE Analysis Framework on the GRID: Alice Environment (AliEn)

The GRID paradigm implies the unification of resources of distributed computing cen-
ters, in particular computing power and storage, to provide them to users all over the
world. It allows computing centers to offer their resources to a wider community. This
allows resources in large collaborations to be shared. The huge amount of data produce
by the ALICE detector (~ 2 PB per year) makes almost unavoidable the necessity of

automatized procedures for the (software) reconstruction of the events and for the first
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steps of the analysis, with the consequent employ of a large mass of computing resources.
The worldwide distributed GRID facilities were designed to provide both the computing
power and the disk space needed to face the LHC software challenge. Hence the need of
a GRID-oriented analysis code. One of the main advantages in using the GRID is the
possibility to analyze a large set of data by splitting a job analysis into many “clone”
subjobs running in parallel on different computing nodes. The ALICE VO (Virtual
Organization) is made of more than 80 sites distributed worldwide (Figure is a

snapshot of the sites in Europe).
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Figure 2.35: A snapshot of the ALICE VO sites in Europe. A green circle indicates that jobs

are running on the sites while red and yellow circles indicate sites with problems|[I19].

Each site is composed of many WN, which are the physical machines where the
software programs can be run. The Storage Element (SE) is responsible for managing
physical files in the site and for providing an interface to mass storage. The Computing
Element (CE) service is an interface to the local (WN) batch system and manages the
computing resources in the site. The ALICE Collaboration has developed AliEn[120),
[121] as an implementation of distributed computing infrastructure needed to simulate,
reconstruct and analyze data from the experiment. AliEn provides the two key elements
needed for large-scale distributed data processing: a global file system (catalogue) for
data storage and the possibility to execute the jobs in a distributed environment. The
analysis software, the user code and the AliRoot libraries (or par files in the case a
development of the code is not deployed on the GRID), needed by each subjob to run
must be specified in a JDL (Job Description Language), together with the data sample
and the way to split it. The data sample is specified through a XML (eXecutable
Machine Language) collection file which contains a list of the Logical File Names (LFN,
the entries in the catalogue) of the files to be executed.

The AliRoot Framework

AliRoot[122 [123] is the offline framework for simulation, alignment, calibration, recon-
struction, visualization, quality assurance, and analysis of experimental and simulated
data. It is based on the ROOT framework. Most of the code is written in C++ with
some parts in Fortran that are wrapped inside C++ code. The AliRoot development

started in 1998 and it has been extensively used for the optimization of the experiment’s
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design. It has been used for large-scale productions, so-called Physics Data Challenges
(PDCs), where millions of events are produced. These have been used to estimate the
physics performance of ALICE. Such events are also used to develop analysis procedures
and to estimate the associated systematic errors, as is performed in this thesis. Finally,
AliRoot is used to reconstruct events that occurred in the detector. For event simulation

the framework provides the following functionality:

e Event generation. A collision is simulated by an event generator that is in-
terfaced with AliRoot (e.g. Pythia[124], Phojet[125], or HIJING[126]); this step
produces the kinematics tree containing the full information about the generated
particles (type, momentum, charge, production process, originating particle, and

decay products).

e Transport. The particles are propagated through the detector material which
is modeled as realistically as possible. In this process, particles can interact with
matter, decay, and create additional particles. Naturally, these particles have
to be propagated through the detector as well. The total number of particles
after the transport is significantly larger than the number of particles created in
the initial generation step. During this process all interactions of particles with
sensitive detector parts are recorded as hits that contain the position, time, and
energy deposit of the respective interaction. Furthermore, track references that
can be used to follow a track’s trajectory, mainly needed for the debugging of the
reconstruction algorithms, are stored. Programs that perform the transport and
are interfaced with AliRoot are Geant3[127], Geant4[128], and Fluka[129].

e Digitization. If a particle produced a signal in a sensitive part (hit), the cor-
responding digital output of the detector is stored as a summable digit taking
into account the detector’s response function. Possible noise is then added to the
summable digit and it is stored as a digit. Summable digits allow events to be
merged without duplication of noise. In the last step, the data is stored in the

specific hardware format of the detector (raw data).

At this stage the raw data corresponds to the signals that would be produced by
an interaction of the same kind within the detector. The subsequent reconstruction is

identical, both for simulated as well as real events. It consists of the following steps:

e Cluster finding. Particles that interact with the detector usually leave a signal in
several adjacent detecting elements or in several time bins of the detector. In this
step these signals are combined to form clusters. This allows the exact position or
time of the traversing particle to be determined and reduces the effect of random
noise. Overlapping signals from several particles in a single cluster are unfolded.
This step is performed for each subdetector where due to the different nature of

the subdetectors the implementations vary significantly.
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e Track reconstruction. The clusters are combined to form tracks that allow the
track curvature and energy loss to be calculated with the aim of determining the
associated momentum and particle identity. The tracking is a global task as well
as an individual procedure per detector. The global central barrel tracking starts
from track seeds in the TPC which are found by combining information from a
few outermost pad rows under the assumption that the track originated from the
primary vertex. Tracks are then followed inwards using a procedure called the
Kalman filter: in each step the track, i.e. the track parameters and the covariance
matrix, is propagated to the next pad row. The covariance matrix is updated
adding a noise term that represents the information loss by stochastic processes
such as multiple scattering and energy-loss fluctuations. If a cluster is found that
fits to the track, it is added to the track, updating its parameters and the covariance
matrix. Afterwards the same procedure is repeated by starting the seeding closer
to the collision point. In a final step all clusters already associated to tracks are
removed and the procedure is repeated without requiring that the seeds point to
the primary vertex. The result, the so-called TPC-only tracks to which only TPC
information contributed, is saved in the reconstruction output. Subsequently, these
tracks are complemented with information from the ITS, TRD, and TOF as well as
HMPID and the veto of PHOS if the track is in their acceptance, which produces
so-called global tracks. Tracks can also be formed out of information from the ITS

only. Tracks are represented by the parameters y, z, sing, tanf and 1/p;.

e Primary-vertex reconstruction. Various information are used to find the
primary-vertex position of the interaction. Examples of information, each of which
is sufficient to produce a vertex position, are clusters in the SPD, tracks in the TPC,
and global tracks. When a vertex position is found the tracks are constrained to
it: the vertex position is used as an additional point to estimate the track param-
eters. The TPC-only tracks are constrained with the vertex position found with
TPC-only tracks while the global tracks are constrained with the vertex position
found with global tracks. Of course this constraint is only used for tracks that

actually pass near the vertex.

e Secondary-vertex reconstruction. Tracks are combined to find secondary ver-
tices in order to reconstruct decayed particles like A — pm— and photon conversions.
For this purpose, opposite-sign tracks that originate sufficiently far away from the
primary vertex are combined. If the closest approach and the topology of the two
tracks are consistent with a decay, the pair is accepted as a potential secondary

vertex.

The output of the reconstruction is called Event-Summary Data (ESD) which con-
tains only high-level information such as the position of the event vertex, parameters
of reconstructed charged particles together with their PID information, positions of sec-

ondary vertex candidates, parameters of particles reconstructed in the calorimeters, and
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integrated signals of some subdetectors. These data are further reduced to the Analysis-
Object Data (AOD) format. These smaller-sized objects contain only information needed
for the analysis. Therefore, the transformation procedure may already contain a part of
the analysis algorithm, for example track selection. Several AODs, focusing on different

physics studies, can be created for a given event.
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Chapter 3

Strange Resonances As Heavy

Ions Physics Probe

In Chapter 1 we shown how the major goal of various heavy-ion programs is the search
for a transient state of deconfined matter, the Quark-Gluon Plasma: a phase transition
to this new state of matter is predicted by lattice QCD when a sufficiently high energy
density (e > 1 GeV/fm?3) is reached. Strange particles yields and spectra are proposed
as key probes to study excited nuclear matter and to detect the transition of (confined)
hadronic matter to quark gluon matter. The relative enhancement of strange and multi-
strange hadrons, as well as hadrons ratios in central heavy-ion collisions with respect to
peripheral or proton induced interactions, have been suggested as possible signatures for
the QGP-phase[41]. In this chapter we will see how the strange baryon resonances can
be used to study some dynamical properties, in particular the freeze-out conditions, of
the produced QGP fireball.

3.1 Strangeness and QGP Freeze-Out Dynamics

In the nucleus - nucleus collision, the emerging final state particles remember relatively
little of their primordial source, since they had been subject to many rescattering pro-
cesses during the hadronic gas stage.

Moreover for what concerns nucleus-nucleus collisions at relativistic energies, the
major fraction of finally observed particles comes from decays of resonances (mesonic or
baryonic) which have undergone many collisions from their point of production to the
detection. The final hadron yields seem to be compatible with a hadronic gas described
by the baryo-chemical potential up and a temperature parameter T in a statistical

model. Models take into account two sequential different kinds of freeze-out:

1. A chemical freeze-out, were the inelastic flavor changing collisions processes cease,

roughly at an energy of 1 GeV per particle.
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2. A later kinetic/thermal freeze-out, were also elastic processes have come to an end

and the system decouples.

At the SPS energies chemical and thermal freeze-out happen sequentially at different
temperatures (T, ~ 160 — 170 MeV, Ty, =~ 120 MeV) and the system becomes colder
with time.

To investigate the sequential freeze-out in heavy-ion reactions at SPS the Ultra-
relativistic Quantum Molecular Dynamics model (UrQMD) is applied [130, 131]. This
microscopic transport approach is based on the covariant propagation of constituent
quarks and di-quarks accompanied by mesonic and baryonic degrees of freedom. The
leading hadrons of the fragmenting strings contain the valence-quarks of the original
excited hadron and represent a simplified picture of the leading (di)quarks of the frag-
menting string.

In Figure the time evolution of the elastic and inelastic collision rates in Pb+Pb
at 160 AGeV of the SPS beams are depicted. The inelastic collision rate (full line) is
defined as the number of collisions with flavor changing processes. The elastic collision
rate consists of two components, true elastic processes and pseudo-elastic processes.
While elastic collision do not change flavor, in the pseudo-elastic collisions the ingoing
hadrons are destroyed and a resonance is formed. If this resonance decays later into the

same flavors as its parent hadrons, this scattering is called pseudo-elastic.

10°F T : G
— inelastic
= = glastic

5
’é‘ 2
=
[8)
~o2h -
= 10
T
=
i 5

\
2 \.
\
v 5 10° 2 5 10' 2 5 1[]7

Tems (FM/C)

Figure 3.1: Inelastic and (pseudo-)elastic collision rates in Pb + Pb at 160 AGeV[I32]. 7.
and 7, denote the chemical and thermal/kinetic freeze-out as given by the microscopic reaction
dynamics of UrQMD.

Even if the main features revealed by this microscopic study do not contradict the
idea of a chemical and thermal break-up of the source as shown in Figure however
the detailed freeze-out dynamics is much richer and by far more complicated as expected

in simplified models[I33]. Below a simplified schematic sequence is sketched:
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1. t < 2 fm/c: in the initial stage of the nucleus-nucleus reaction, non-equilibrium
dynamics leads to strong baryon stopping in multiple inelastic interactions, shown
by huge and strongly time dependent collision rates. This stage deposits a large

amount of (non-thermalized) energy and creates the first generation particles.

2. 2 fm/c < t < 6 fm/c: due to the high particle densities and energies, inelastic
scattering processes dominate this stage of the reaction. Chemical equilibrium
might be achieved due to a large number of flavour and hadro-chemistry changing

processes until chemical freeze-out.

3. 6 fm/c <t < 11 fm/c: after the system has expanded and cooled down, elastic
and pseudo-elastic collisions take over. Here, only the momenta of the hadrons
change, but the chemistry of the system is mainly unaltered, leading to the kinetic

freeze-out of the system.

4. t > 11 fm/c: finally, the reactions cease and the scattering rates drop drastically.

The system breaks up.

The spectra and abundances of the resonances (such as A(1520), KY(892), ¥(1385)...)
can be used to study the break-up dynamics of the source between chemical and thermal
freeze-out. If chemical and thermal freeze-out are not separated - e.g. due to an explo-
sive break-up of the source - all initially produced resonances are reconstructable by
invariant mass analysis of the final state hadrons. However, if there is a separation be-
tween the different freeze-outs, a part of the resonance daughters rescatter, making this
resonance unobservable in the final state. Thus, the relative suppression of resonances
in the final state compared to the behaviour expected from thermal estimates provides
a chronometer for the time interval between the different reaction stages. This kind of
study requires the acknowledge of different factors and parameters that will not all be
treated in this thesis work. In particular the rescattering probability of the resonance
decay products depends on the cross section of the decay products with the surrounding
matter, on the lifetime of the surrounding hot and dense matter, on the lifetime of the
resonance and on the specific properties of the daughter hadrons in the resonance decay
channels. This leads to different “observabilities” of the different resonances. Using
the estimates performed using a statistical model[134] and relating the result of the mi-
croscopic transport calculation (UrQMD) to thermal freeze-out parameters, a lifetime
below 1 fm/c and a freeze-out temperature below 100 MeV are found for the microscopic
source. These values obtained seem to favor a scenario of a sudden break-up of the initial
hadron source, in contrast to the time evolution of the chemical and thermal decoupling
as shown in Figure It is important to note that these statistical calculations don’t
take into account the possible regeneration of the resonances during the elastic scattering

phase.

Studies concerning the presence of a two-stages freeze-out were performed analyzing
the WA97 experiment data[39] [135]. The key point in these analyses is that when sudden
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QGP breakup occurs, the spectra of hadrons arise rather suddenly. Moreover, particles
of different kind are produced by the same mechanism and thus are expected to have
similar transverse massﬂ my spectra. Because a spectrum of strange hadrons includes
both directly produced, and heavy resonances decay products, it is possible to determine
the freeze-out temperature and dynamical velocities of the fireball evolution solely from
the study of precisely known shape of the particle spectra. In this analysis the tacit
assumption done is that practically all decay products of resonances are thermally not re-
equilibrated, which is equivalent to the assumption of sudden freeze out. If thermal and
chemical freeze-outs are identical, these results must be consistent with earlier chemical
analysis of hadron yields. The analysis were performed using the absolute yield and
shape of six m; spectra of A, A, =, 2, Q + Q, K, = (Ko + Kj)/2, in four centrality
bins. The theoretical primary particle spectra (both directly produced and parents of
decay products) are derived from the Boltzmann distribution in which two velocities were
introduced: a local flow velocity v of the fireball matter from where particles emerge,
and an hadronization surface (breakup) velocity vj?l = dty/dxy. As expected, it was
found that all hadron m; spectra are strongly influenced by resonance decays (for what
it is assumed that they are not reequilibrated in rescattering). Some of the resulting m;
spectra obtained with the cited study are shown in Figures|3.2] A and B and [3.3| A and B.
The description of the shape in the four centrality cases considered is very satisfactory .

The similarity of the spectra implies that the production mechanism of A, A, and
=, Z would be the same. This symmetry is an important cornerstone of the claim
that the strange antibaryon data can only be interpreted in terms of direct particle
emission from a deconfined phase. In presence of conventional hadron collision based
physics, the production mechanism of antibaryons is quite different from that of baryons
and a similarity of the m; spectra is not expected. Moreover, even if QGP is formed,
but an equal phase of confined particles is present, the annihilation of antibaryons in
the baryon rich medium created at CERN-SPS energy would deplete more strongly
antibaryon yields, in particular at small particle momenta, with the more abundant
baryons remaining less influenced. This effect is not observed[136].

In Figure [3:4] the freeze-out temperature T of the m; spectra as function of the
centrality bin is shown. The horizontal lines delineate the range of results of the most
recent chemical freeze-out analyses[137].

There is no indication of a significant or systematic change of T" with centrality. This
is consistent with the believe that the formation of the new state of matter is occurring
in all centrality bins explored by the experiment WA97. The (unweighted) average of all
results shown in Figure [3.4] produces a freeze-out temperature at the upper boundary of
the pure chemical freezeout analysis result, T ~ 145 MeV.

The magnitudes of the collective expansion velocity v and the break-up (hadronization)
speed parameter vy are shown in Figure

In the upper part of the figure the consistency of v with earlier chemical freeze-out

"The transverse mass is defined as m; = /m?2 + p? where m is the rest mass of the considered particle.
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analysis is evident. Even though it is flat within the experimental error, it reveals a
slight but systematic increase with centrality, and thus with size of the system. This is
expected, since the more central events involve a greater volume of matter, which allows
more time for the development of the flow. The value of the break-up (hadronization)
speed parameter v;l = dty/dxy shown in the top portion of Figure is close to the
speed of light and this is consistent with the picture of a sudden breakup of the fireball.

3.2 Dynamical Freeze-Out Constraint with Resonances

In recent years some studies were performed in order to explore if it is possible to ex-
perimentally determine the period of time between the fireball chemical and thermal
freeze-out using the strange hadron resonances behaviour[I38]. The short-lived reso-

nances, detectable through invariant mass reconstruction|[I39] are natural candidates for
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freeze-out diagnostic since their lifetime is comparable to the hadronization timescale
and to the lifetime of the interacting HG. Resonances usually have the same quark num-
bers as light particles, making their yield compared to the light particle independent
of chemical potential. The rich variety of detected resonances includes particles with
very different masses and widths, allowing us to probe both production temperatures
and interaction lifetimes in detail. Figure shows what percentage of observed light
particles comes from the decays of heavier resonances (quite a few of them experimen-
tally observable). As can be seen this resonance contribution is significant, and varies
appreciably with both particle type and temperature of the production reaction.

The resonance A(1520) (I'A(1520) = 15.6 MeV) has been observed in heavy-ion

reactions at SPS energies. Both SPS and RHIC experiments report measurement of
the K*9(892) signal, which has a much greater width, T~ = 50 MeV. The A(1520)
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Figure 3.4: Thermal freeze-out temperature T for different centrality bins compared to chemical
freeze-out analysis shown by horizontal solid lines. The bin centrality goes from the bin number
4 (the most central) to the number 1. See[39].

abundance yield is found about 2 times smaller than expectations based on the yield
extrapolated from nucleon-nucleon reactions, scaled with hadron yield. This has to be
compared with an increased A production by factor 2.5. A possible explanation for this
relative suppression by a factor 5 is that the decay products (m,A) have re-scattered
and thus their momenta did not allow to reconstruct this state in an invariant mass
analysis. However, the observation of a strong K*? yield signal contradicts this point of
view. Another explanation is that in the nuclear matter A(1520) decays faster and there
is much more opportunity for the rescattering of decay products, and fewer observable
resonances.

The observable yield of the resonances is thus controlled by several physical properties,
such as the freeze-out temperature T', the decay width in nuclear matter I', and the
time spent in the hadron phase after freeze-out 7. The suppressed yield can mean ei-
ther a low temperature chemical freeze-out, or a long interacting phase with substantial
re-scattering.

A model based on the width of the resonances K°(892), A(1520), and also the (more
difficult) ¥(1385) and the decay products reaction cross-sections within an expanding
fireball of nuclear matter, in order to explore their production and suppression observ-
ability, could be a further way of distinguishing between different reaction scenarios.
The ¥(1385) is expected to be produced more abundantly than A(1520) in a hadronic
fireball due to its high degeneracy factor and smaller mass. Because of its shorter life-
time (I's+ = 36-39 MeV > I'p» = 15.6), the ¥* signal is more strongly influenced by
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Figure 3.5: Thermal freeze-out flow velocity v (top) and break up (hadronization) velocity vy
for different centrality bins. Upper limit vy = 1 (dashed line) and chemical freeze-out analysis
limits for v (solid lines) are also shown. The bin centrality goes from the bin number 4 (the most
central) to the number 1[39].
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Figure 3.6: Relative resonances contribution to individual stable hadrons for three particle

freeze-out temperatures[140].

final state interactions than that of A(1520). Like for K°(892), one would naively expect
that the observable yield of ¥* should be suppressed by a factor 10[134].

Pag. 100 Study of the strange resonance 3(1385) as a tool for the analysis of the
dynamics of the Quark Gluon Plasma in the ALICE experiment at LHC



Chapter 3. Strange Resonances As Heavy

3.2. Dynamical Freeze-Out Constraint with Resonances Ions Physics Probe

In this model hadrons produced directly from a medium at temperature 7" fill the avail-
able statistical phase space which has the relativistic Boltzmann distribution shape:

d®N - BT

—5 o< g | | Ai vi my cosh(y) e” (3.1)
i=1

dm;

where ¢ is the statistical degeneracy, A\; and ; are the fugacityﬂ and equilibrium
parameters of each valence quarks, and E is the energy. When the fireball is expanding
at a relativistic speed, equation describes the energy distribution of an element of
the fireball in a reference frame at rest with respect to the expansion (flow). However in
this model were evaluated ratios of particles with similar masses, and interaction modes,
often considered in full phase space. For this reasons to a good approximation, the flow
effects largely cancel out. Similarly, for ratios of particles with the same valence quark
composition, such as ¥*/A, A(1520)/A and, in the limit of A\, = \g, K*°(892)/K~ (=
K*0/K%) the chemical factors (\’s and ’s) cancel out between the two states compared.

In Figure we show the relative thermal production ratios at chemical freeze-
out over the entire spectrum of rapidity and m; (solid lines) as well a central rapidity
range defined by the y — m; region covered by the WA97 experiment (|y| < 0.5 in the
center of mass frame)(dashed lines). Looking at the graph it is possible to observe the
possibility to measure the chemical freeze-out temperature by a measurement of the

relative resonance yields.

2
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Figure 3.7: Temperature dependence of ratios of ¥*, K** and A(1520) to the total number of
observed KT’s, A’s, Z’s and Q’s. Branching ratios are included. Dashed lines show the result

for a measurement at central rapidity Ay = + 0.5[134].

A simple test of hadronization model consists in measurement of the ratio ¥*/E. If

8The fugacity is defined as A = e*/T where w is the chemical potential and T' the temperature[38].
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it is significantly smaller than unity, we should expect a re-equilibration mechanism to
be present. Otherwise sudden hadronization applies.

The ratios of observed particles, however, can be considerably different from production
ratios, since if the decay products rescatter before detection their identification by re-
constructing their invariant mass will generally not be possible. While the lifetime of
the = and (2 are large enough to ensure that only a negligible portion of particles decay
near enough to the fireball for rescattering to be a possibility, the lifetime of K*°,3* and
even A(1520) is instead within the same order of magnitude of the fireballs dimensions
i.e. 2R/c ~ 1/T. For this reason, a considerable number of decay products will undergo
rescattering, and the estimation of this percentage is required before any meaningful
parameters are extracted from the data.

Figures [3.8| and [3.9 show the dependence of the A(1520)/A, ¥*/A and K*°(892)/K™* on

the temperature and lifetime of the interacting phase.
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It is clear that, given a determination of the respective signals to a reasonable preci-

sion, a qualitative distinction between the high temperature chemical freeze-out scenario

followed by a rescattering phase and the low temperature sudden hadronization scenario
can be performed. Figures [3.8] and demonstrate the sensitivity of strange hadron

resonance production to the interaction period in the hadron phase, i.e. the phase be-

tween the thermal and chemical freeze-out.

What we learn from them is that while

the suppression of one of these ratios considered has generally two interpretations, as it

can mean either a low temperature chemical freeze-out or a long interacting phase with

substantial rescattering, the comparison of two resonances with considerably different

lifetimes can be used to constrain both the temperature of chemical freeze-out and the

lifetime of the interacting phase.

We can reexpress the results presented in Figures |3.8 and representing one ratio
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against the other as is seen in Figures [3.10] 3.11] and [3.12}
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In all these figures we can see that from top to bottom in the grid, the lifespan in
fireball increases, while from left to right the temperature of chemical particle freeze-
out increases. The medium is effectively opaque, all resonances that decay in medium
become unobservable. A remarkable prediction is found for the resonances ¥*: when
both the ¥* /A and ¥*/E ratios become available both the temperature and the lifetime
can be inferred from the >* alone.

Moreover, further studies were performed in order to analyze the m; and p; depen-
dence of these ratios for different freeze out temperatures[143].

Figure shows the prediction obtained for the ratio 3(1385)/A, at two freeze-out
temperatures and flows: T = 140 MeV, v;4,:/¢ = 0.55 on left and T = 170 MeV, vyq. /¢
= 0.3 on the right. Significant deviations from simple constant values are observed,

showing the sensitivity of the ratio to the different model applied. The graphs takes
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into account the feed down from resonances (i.e. the decay products from reconstructed
Y(1385)).

To further study the sensitivity of resonance-particle ratio to freeze-out dynamics,
the (feed down corrected) ratios as a function of p; were also considered. Comparing
them with those in the Figure it is possible to see grossly different behaviors, with
many of the results coalescing. This is an expression of the fact that ¥(1385) and A
have dramatically different p; at the same m; and vice versa.

From the Figures and is evident that the m; and p; dependence of the
ratios depends on the freeze-out model and, in particular, changes in temperature and
flow velocity alter the ratios shape. Moreover, as previously mentioned, the presence of
a long living hadronic gas rescattering phase can distort this freeze-out probe. Infact
the ¥(1385)/A ratio will be altered due to the depletion of the detectable resonances
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Figure 3.12: Dependence of the combined ¥*/(all A) and ¥*/(all E) signals on the chemical
freeze-out temperature and interacting phase lifetime[I34].
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Figure 3.13: Dependence of the 3(1385)/A ratio on the Freeze-out model including feed down

from resonances. For more details see [143].

through the rescattering of their decay products. Its dependence on m; will be affected
in a non-trivial way, since the faster resonances will have a greater chance to escape
the fireball without decaying, thus avoiding the rescattering phase. Regeneration of the
resonances in hadron scattering may add another m; dependence.

A long rescattering phase would affect the ¥* distribution and the effect would be
easy to detect experimentally: 95% of X* decay through the p-wave ¥* — Ax channel.
However, regenerating ¥* in a gas of A and w is considerably more difficult, since A 7

scattering will be dominated by the s-wave A m — X*. This situation will not occur
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Figure 3.14: p, dependence of 3(1385)/(all A) ratios, including feed down from resonances. For
more details see [143].

for K* < K, since both decay and regeneration happen through the same process,
leading to a very fast reequilibration time. Since both ¥*/A and K*/K have been
calculated within the thermal model (neglecting rescattering), a strongly depleted ¥* /A
(compared with K*/K ) suggests that a statistical freeze-out description is incomplete

and an interacting hadron gas phase is also necessary[143].

3.3 Sigma(1385) Features

The ¥(1385) is a strange resonance that exist in three charge states: ¥*F, $*0 $*~
with the respective antiparticles. Discovered in the 1960 by Margaret Alston and her
group[144], it was founded to be characterized by the following quantum numbers: S =
—1, I (JP)=1(3/2)*. The quark composition of the three states is £** — (uus), £*°
— (uds), ¥*7 — (dds). Mass and widths are summarized in Table while its possible
four decay channels are listed in Table

3 (1385)Tmass m = 1382.8 + 0.4 MeV
3(1385)° mass m = 1383.7 & 1.0 MeV
2 (1385) mass m = 1387.2 + 0.5 MeV
3 (1385) " full width ' = 35.8 + 0.8 MeV
3(1385)° full width ' = 36 + 5 MeV

5 (1385) full width I = 39.4 + 2.1 MeV

Table 3.1: Mass and widths of ¥*+, $*0 3%~ [g].

It is important to note that both the two most important decay channels are strong.
This has two consequences: first of all the resonance peak will be quite broad, and in

the data reconstruction phase will not be possible to separate the X* decay vertex from
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P
X(1385) DECAY MODES Fraction (I';/T) Confidence level (MeV/c)
Am (87.0+1.5) % 208
rw (11.7+£1.5) % 129
A ( 1.3£0.4) % 241
S A £ L x 104 90% 173

Table 3.2: Decay channels and respective branching ratios for 3(1385) [6].

the interaction primary one. That means that no topological selection will be possible
and the »* signal can be extracted only through an invariant mass analysis.

In order to study the properties and the evolution in time of the yields of the ¥(1385)
in the nuclear medium after QGP hadronization, some theoretical studies were performed
[145], 146]. In these calculations the influence of the medium on resonance lifespan and
the effect of the motion of the decaying particle with respect to the thermal rest frame
were taken into account. For instance in Figure the decrease in the ¥(1385) lifespan

as a function of temperature T in the reaction ¥(1385) <+ A is shown.

1.1

vac
¥(1385)
©

(1385’

e
(]

%

0.7

| — T =140 MeV, Y =16
f— TG=1BD Me\a’.i'q=1.2?
(| ==t Tg=180 MeV, ¥, =1

0680 100 120 140 160 180

T [MeV]
Figure 3.15: The ratio of the in medium lifespan 73 with the vacuum lifespan 7y as a function
of temperature T for the reaction ¥(1385) <+ Aw. The dashed (red) line is for hadronization at
Ty = 180 MeV, 4 = 1.0; the dot-dashed line (green) for hadronization at 160 MeV, v, = 1.27;
solid line (blue) is for hadronization at 140 MeV and v, = 1.6[145].

Much more details concerning these studies can be found in [145] [146].

3.4 Sigma(1385) studies in the STAR Experiment

In the recent years, the resonance ¥(1385) was studied at the Relativistic Heavy Ion
Collider in STAR experiment[I39] in pp, pA and AA collisions at /s = 200 GeV.
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The direct measurement of this resonance is not possible due to their short lifetimes (e.g.

T+ (1385) = 5 fm/c)[6].

3.4.1 Invariant Mass Analysis

The X(1385) resonances are identified through the invariant mass analysis of A and
7w decay particle candidates. In particular, two methods were used to identify ¥*’s.
In the first method, the three particles mixing technique (TPM), every = is combined
with every p to produce a A candidate. Then the A candidate is combined with all
remaining 7 to get %(1385). In the second method, the hybrid mixing technique (HM),
3(1385)’s are identified by combining topologically reconstructed A’s with 7’s. In both
techniques the background is described by combining 7’s from one event with the A’s
from another event. The X(1385) signal is obtained by subtracting this normalized
mixed-event background from the invariant mass distribution. In Figure the signal
before and after the background subtraction for p+p, d+Au, and Au+Au collisions at
VSNN = 200 GeV is presented. Since =~ — A 7~ shares the same decay channel as
¥(1385)~ both signals were observed in the invariant mass spectrum. The background
subtracted signal is fitted with a Gaussian for = and a Breit-Wigner for ¥(1385).

3 STARp+pat s = 200GeV | % 4 STAR d+Au at ‘sw= 200 GeV]
g 2000 - 3 Particle Mixing Technique £10000 - Hybrid Mixing Technique
Z 7 Million p+p events < 12 Million d+Au events
1000 3000 -
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¥ 05 13 1% 14 165 15 15 16, 9 125 13 135 L4 145 15 155 L6
(A+m ) [GeV!
Ml A3 ] [GeVle') m,_( A+n ) [GeVic’]
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Figure 3.16: Invariant mass spectra of Z and ¥(1385) after mixed-event background subtraction:
(a) Invariant mass spectrum of ¥(1385) in p+p using the three particle mixing technique. The
= has the same decay channel as the 3(1385). (b) Invariant mass spectrum in p+p using the
hybrid mixing technique. With respect to the TPM technique the structure at the low M;,,
in the background disappears with cleanly identified A’s. (c) Invariant mass spectrum in d+Au
using the hybrid mixing technique. (d) Invariant mass spectrum in Au+Au using the hybrid
mixing technique[I39)
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With the TPM technique, in the lower kinematic limit of the invariant mass spec-
trum a background structure appears (Figure a). This initial structure increases in
the d+Au collisions and totally dominates the spectrum in Au+Au collisions, due to an
increase in background combinatorial statistics. Monte Carlo studies show that a par-
tial contribution of the background structure comes from the misidentification of the A’s
with the Tpgenelor and misidentification of K’s as n’s. The HM technique can be used to
identify ¥(1385) with less efficiency but with a cleaner background (Figure [3.16}b,c,d).
Since A’s can be identified more cleanly with the decay topology technique, the initial

structure disappears.

3.4.2 Spectra

The transverse mass (m;) spectra of $(1385)* and their antiparticles in p+p (circles)
and Au+Au (stars) collisions are shown in Figure while in Figure for d+Au

collisions.
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Figure 3.17: The transverse mass spectrum for ¥(1385) drawn as stars for the 0-5% most central
Au+Au and circles for p+p collisions at /syny = 200 GeV and |y| < 0.75 [147].

The systematic errors include the uncertainty due to bin size fluctuations, the nor-
malization of the mixed event background and the uncertainty of the straight line fit
range due to correlations in misidentified decay particles. Event and track selections were
also varied. The acceptance and efficiency correction for the spectra is accomplished by
embedding Monte Carlo simulated resonances into real p+p and Au+Au events. The
solid lines in Figure represent exponential fits to the data with the function directly
proportional to the yield (dN/dy) and inversely proportional to the slope parameter
T? + moT within the framework of a thermal model (Eq. .

1 &N dN 1 —(my —myg)
= 3.2
onmy dydmg  dy 2nT(mo +T) 7 (—F—) (3.2)
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Figure 3.18: The X* invariant yields as a function of p; at |y| < 0.75 for minimum bias d+Au

collisions and three different centralities. The lines are fits to an exponential function[T48].

3.4.3 Average Transverse Momentum

The averaged transverse momentum (p;) provides information on the shape of the parti-
cle spectra. At a given mass, the larger the (p;), the harder the spectra are. The (p;) is
derived from the full range integration of the corresponding exponential fit. In Table|3.3
the inverse slope parameters of the exponential fit functions, the (p;)’s and the yields
(dN/dy) of the summed signal of ¥(1385)% and their antiparticles are summarized, for
p+p and Au+Au collisions at \/syny = 200 GeV.

»(1385)* p+p Au+t-Au
T (MeV) 358 + 47 420 + 84
(ps) (GeV/c) 1.08 £+ 0.15 1.2 + 0.24

Yields (dN/dy) (4.66 + 0.98) x 1073  4.72 + 1.78

Table 3.3: Temperature T, (p;) and yield obtained from the exponential fits of the p; spectra
in Figure for elementary p+p and 5% most central collisions. The statistical uncertainties
are given and the systematic error, mostly due to the normalization and to the shape of the

background, ~15%, must be included in the given values[T49].

The (p;) of p°, K*, AT+, A*, and ¥* as a function of chh/d7ﬂ compared to that
of 77, K~, and p for minimum bias d+Au are depicted in Figure While the (p;)
of these hadrons are independent of centrality, as expected, they are strongly dependent
on the mass of the particle. We can compare the spectra shape among particles for
different systems by comparing their (p;). Figure shows the (p;) of various particles
for different systems, minimum bias p + p, d + Au, and central Au+Au collisions. Even

though there is a strong mass dependence, the collision system dependence of the (p;)

9In heavy-ion physics dN.p/dn is often used as estimation of the centrality of the collision.
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of these particles is not fully clarified because of the non negligible error bars. Only the
P shows a dependence when considering the Au-Au collisions with respect to the d-Au
and p-p collisions. The (p;) of particles measured in d+Au collisions lie between the (p;)
measured in p+p and Au+Au collisions, indicating a possible hardening of the spectra
from p+p through d+Au to Au+Au collisions[148].
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Figure 3.19: The A™*, ¥* and A* (p;) as a function of dN,p,/dn compared to that of 7,
K~, and p for minimum bias p + p, minimum bias d+Au, and 0-20%, 20-40%, and 40-100%
of the total d+Au cross-section. The errors shown are the quadratic sum of the statistical and
systematic uncertainties[I48].

The (p;) as a function of particle mass for p+p and Au+Au collisions at \/syny = 200
GeV is presented also in Figure In this case the behavior of (p;) vs. mass for the
various particles in p+p and Au+Au collisions is compared to two parameterizations.
The triangles represent the short-lived resonances and the circles indicate long-lived
stable particles. The black curve is an empirical fit to the ISR 7, K and p data in p+p
collisions and the band is a blast wave fit using 7, K and p in STAR Au+Au collisions.
The STAR collaboration, extrapolating the empirical parametrization for the ISR data
at /s = 25 GeV in p+p collisions to the RHIC energies, stated that this parametrization
can describe the behavior of the lower mass particles, such as 7, K and p, despite the
fact that RHIC collision energy is one order of magnitude higher. However, they noticed
that this empirical parametrization does not represent the behavior of the higher mass
particles in p+p collisions. Similarly, the blast wave parametrization, which can describe
the lower mass particles (~98% of all the particles observed) in Au+Au collisions, fails

to explain the behavior of higher mass particles.

The heavy particles in p+p and Au+Au collision show a similar behavior of (p;). It

is expected that resonances with higher transverse momentum are more likely to be re-
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Figure 3.20: The (p;) of various particles for different systems, minimum bias p+p, d+Au,
and central Au+Au collisions. The errors shown are the quadratic sum of the statistical and

systematic uncertainties|[14§].
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Figure 3.21: The (p;) vs particle mass measured in p+p and Au+Au collisions at /sy = 200
GeV. While the circles represent the stable particles, triangles represent the resonances. The
black curve represents the ISR parametrization from 7, K and p for \/syy = 25 GeV p+p
collisions. The shaded band is the blast wave fit using =, K and p for Au+Au collision[I47] [149].

constructed because they have longer relative lifetimes due to Lorentz contraction, which

means that they are more likely to decay outside of the medium. As a consequence, their
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daughter particles should interact less with the medium in Au+Au collisions. Any loss at
low p; would increase the T parameter of the p; spectra for the central Au+Au collisions
with respect to p+p collisions. However STAR collaboration didn’t see any significant
increase in the T parameter for 3(1385) from p+p to the most central Au+Au collisions
within the statistical and systematic errors. But this might be due to their own p+p
reference data. The higher mass particles might be produced in more violent (mini-jet)
p+p collisions than the lower mass particles, so that the (p;) for heavy particles in p+p
collisions would be higher. In Au+Au collisions there is evidence that heavier particles
flow radially at a lower velocity than the lighter mass particles (such as m mesons). These
two independent effects in p+p and Au+Au collisions might cause the apparent merging

of the (p¢) which is corroborated by the ¥(1385) measurement.

3.4.4 Particle Ratios

The resonances production also represents an important test of thermal production and
for hydrodynamics models. The ratio of resonances to their stable particles are insen-
sitive to fugacities and phase space occupancies due to their identical valence quark
composition. The thermal model accurately describes the stable particle ratios in both
p+p and Au+Au collisions. The deviations observed for the resonance particles are
large and must be investigated. Regeneration and rescattering are excluded in thermal
models, which might suggest one explanation for why the experimental values differ from
the calculations of the statistical model for most of the resonances.

The measurements of the ratios of resonances to stable particles as a function of charged
particle multiplicity, which gives an estimation of the centrality of the collision, for
3(1385) and other resonances are presented in Figure The observed suppression of
A(1520)/A and K*(892)/K from peripheral to most central Au+Au collisions compared
to p+p collisions is in agreement with a rescattering scenario of the decay particles in
the dense medium that causes a signal loss. The X(1385)/A ratio does not show this
suppression (within errors) for the 5% most central Au+Au collisions in comparison to
the p+p collision environment, even though ¢7s1385) < €Ta(1520), Which should cause
more rescattering for ¥(1385).

In Figure the ¥*/A ratio for different colliding systems is shown. The ratios in
measured d+Au collisions are in agreement with that measured in p+p collisions and
do not show any suppression from p+p to Au+Au collisions either, hence they are not
sensitive to the lifetime of the hadronic medium.

Resonance-to-stable-particle ratios can also be used to test microscopic (UrQMD)
models, which include rescattering and regeneration in their calculations. The UrQMD
model prediction in Figure shows the collision energy dependence of the =+ (1385)/A
ratios for Au+Au collisions. The measured X (1385)/A ratio is 0.295 + 0.086 for the 5%
most central Au+Au collisions, which is about a factor of 2 below the UrQMD prediction
at \/syn = 200 GeV (~ 0.65)[149]. The regeneration cross section assumed in UrQMD
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Figure 3.22: Resonance to stable particle ratios of ¢/K~, ATt /p, K*(892)/K, ¥(1385)/A and
A(1520)/A for p+p and Au+Au collisions at /syy = 200 GeV. The ratios are normalized to
the ratio of K*(892)/K in p+p collisions. Statistical and systematic errors are included. The

data points are scaled, using the number written in the graph, for visibility[149].
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Figure 3.23: The X*/A ratios in p + p, various centralities in d+Au, and in central Au+Au
collisions as a function of dN,,/dn. The errors shown are the quadratic sum of the statistical

and systematic uncertainties|148].

appears to be too high and has to be revised in light of these resonance measurements.
The ratios of the yields of resonances to stable particles (at |y| < 0.75) as a function of
the charged particle multiplicity are presented in Figure The ratios are normalized

to unity in p+p collisions in order to study variations in Au+Au relative to p—+p.
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Figure 3.24: Collision energy dependence of X% (1385)/A ratios for Au+Au collisions predicted
by the microscopic models (UrQMD). Plot from M. Bleicher[I32]. The point indicated by the
arrow indicates the STAR experimental value.
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Figure 3.25: Resonance to stable particle ratios for p + p and Au 4+ Au collisions. The ratios

are normalized to unity in p + p and compared to thermal and UrQMD model predictions for

central Au + Au. Statistical and systematic uncertainties are included in the error bars[I50].

The STAR experiment measured also a suppression for A*/A when comparing cen-

tral Au + Au with minimum bias p + p. K*/K~ seems to show a smaller suppression
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while the ¥*/A ratio are consistent with unity. In a thermal model, the measured ra-
tios of resonance to non-resonant particles with identical valence quarks are particularly
sensitive to the chemical freeze-out temperature, as all the quark content dependencies
cancel out. Thermal models require a chemical freeze-out temperature in the range T
= 160+180 MeV and a baryo-chemical potential up = 20+-50 MeV in 200 GeV Au+Au
collisions to describe the stable particle ratios. While these models predict the measured
¥* /A ratio correctly within the errors, they yield a higher ratio than the measured A*/A
in the most central Au + Au collisions. This suggests an extended hadronic phase of
elastic and pseudoelastic interactions after chemical freeze-out, where rescattering of
resonance decay particles and regeneration of resonances will occur. The measured res-
onance yields thus depend on the time-span between chemical and kinetic freeze-out,
their cross sections for re-scattering and regeneration, and their lifetimes. A thermal
model using an additional pure re-scattering phase, which depends on the respective
momenta of the resonance decay products, after chemical freeze-out at T = 160 MeV,
can be fit to the data. The fit yields a hadronic lifetime of the source of A, = 91%0
fm/c from the A*/A and A, = 2.571® fm/c from the K*/K ratio. The small difference
between the time spans can be explained by an enhanced regeneration cross section for
the K* in the medium. This idea is supported by the null suppression of the ¥*/A. The
smaller lifetime of the ¥X* compared to the A* should lead to a larger signal loss due to
re-scattering, thus the lack of suppression requires an enhanced regeneration probability
of the ¥*. A microscopic model calculation (UrQMD) with a typical lifespan of A, =
1343 fm/c for the re-scattering and regeneration phase, can describe K* /K~ and A*/A
ratios approximately, but fails for the ¥*/A. The measured resonance yields in heavy-ion
collisions provide a tool to determine the strength of in-medium hadronic cross sections
and current microscopic transport models such as UrQMD will have to be modified to

account for such cross sections[I50)].

3.4.5 Nuclear Modification Factor

The nuclear modification factor for the »(1385) in comparison to other mesons and
baryons in d + Au collisions (Rg44,) can be found in Figure The Rga, measure-
ments, for mesons on the left and for baryons on the right, mostly follow participant
scaling at low momenta. At higher momentum, baryons show a greater enhancement
over the binary scaling than the mesonﬂ The enhancement over binary scaling can be

described by the Cronin effect, a generic term for the experimentally observed broaden-

9T nucleus-nucleus collision the production of particle at high p; scales with the number of the
elementary nucleon-nucleon collision which take place in the nucleus-nucleus collision. So, the spectra
measured in the nucleus-nucleus collisions can be provided from those in pp collisions following the
“binary scaling law”: dNaa/dpt = Npin X dNpp/dp: where Np;p, is the number of the elementary nucleon-
nucleon collisions evaluated according to the Glauber model. If no nuclear effect is present, the nuclear
modification factor is = 1 in the high p; regime, <1 in the low p; regime where it scale with the number

of the collision participants.
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ing of transverse momentum spectra at intermediate p; in p+A collisions as compared to
p+p[I51] and generally attributed to the influence of multiple parton scattering through
matter prior to the hard scattering that produces the observed high-p; hadron. There-

fore, the nuclear modification factor can be used to study the effects of matter on particles

production.
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Figure 3.26: Nuclear modification factors (Rg44,,) for the £(1385) in comparison to other mesons
on the left and baryons on the right in d + Au collisions[T51].

Nuclear modification factors Rop (ratio between the yields in central and peripheral
collisions) for strange particles in Au+Au collisions are presented in Figure a. At
high p¢, the ratios exhibit a suppression from binary scaling, attributed to fast moving
partons losing energy as they traverse a dense medium. Hadron production at high p;
does not follow binary scaling and is roughly consistent with participant scaling. The
differences between baryons and mesons, is believed to be due to hadrons production
through quark coalescence at intermediate p;. For baryons and mesons, the suppression
sets in at a different p; . Motivated by the coalescence picture, Figure [3.27b shows
the Recp ratio vs py/n for V/sNN = 200 GeV, where n is the number of valence quarks.
The baryon and meson difference sets in at the same quark p¢, in agreement with the
coalescence picture. Separation of the mesons and baryons is observed when the p; of the
quarks of the meson or the baryon are in the range of 0.8-1.2 GeV which corresponds to a
baryon p; range of 2.4-3.6 GeV and a meson p; range of 1.6-2.4 GeV. If the statistical fit
parameters from the ratios of the particle yields in these momentum ranges are compared
to the ones from the integrated momentum range, it might be possible to determine the

ranges of T and ~, for which coalescence and recombination are applicable[152].

3.4.6 Time Scale for Au+Au collisions

In-medium effects such as elastic interactions of the decay particles with other particles
in the created medium (mostly pions) may result in a signal loss. Regeneration will have
the reverse effect. Microscopic model calculations (UrQMD) predict A(1520)/A = 0.03
and K(892)/K~ = 0.25. Using the measured values of K(892)/K~ and A(1520)/A a
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Figure 3.27: (a) Rop vs p: in Au + Au collisions at /syy = 200 GeV. (b) Rcp vs p:/n in
Au + Au collisions at \/syy = 200 GeV for n = 3 for baryons and n = 2 for mesons. Rep is
calculated from 0-5% and 40-60% central Au + Au collisions[I52].

thermal model, including rescattering, but no regeneration, predicts the lifetime interval
between chemical and kinetic freeze-out to be >5 fm/c. The decrease of the A(1520)/A
and K(892)/K~ ratio from p+p to Au+Au collisions occurs already for very peripheral
collisions (50-80%) and remains nearly constant up to the most central collisions (5%).
In terms of the lifetime of the system between chemical and thermal freeze-out, AT,

these result suggests the same A7 for peripheral and central Au+Au collisions[142].
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Chapter 4

>(1385): Proton - Proton Simulations
Analysis

The main goal of this thesis work is to study the strange resonance ¥(1385) in the
ALICE experiment in proton-proton collisions at /s = 7 TeV provided by the LHC.
As mentioned in the Chapter 3, according to some theoretical studies, it is possible
to estimate at the same time the temperature of the chemical freeze-out and the time
interval between chemical and thermal freeze-out using the ¥(1385) yields over A and =
yields ratios. In that sense it is very important to provide a very precise estimation of
these quantities in heavy-ion collisions, where the QGP is expected to be created. This
means that the corresponding results in proton-proton collisions play a very important
role as a benchmark in a condition in which the QGP is not expected to appear and so,
those values has to be very carefully provided.

In order to reach this goal a dedicated analysis procedure has to be realized. This
procedure must consider many different aspects: analysis sample selection, background
evaluation, signal extraction and fit, uncertainties evaluation, differential analysis in
transverse momentum and (if the amount of data collected is adequate) rapidity bins,
efficiencies evaluation, possible results (in terms of masses and widths) dependence from
traverse momentum /mass.

Such kind of procedure was built using the official ALICE simulation/reconstruction
framework AliRoot and the available proton-proton simulations provided at /s = 10
TeV. At that time simulations at /s = 7 TeV weren’t available since the LHC schedule
still foresaw a 10 TeV startup energy that was decreased to 7 TeV after the September
2008 incident and the consequent LHC machine safety evaluations. As soon as the
first 7 TeV simulations became available, during the 2010 summer, the reconstruction
procedure presented in this chapter has been checked and validated also using them. In
the rest of the chapter, the results obtained also on the 7 TeV simulations will be shown
as a comparison.

The event generator used to provide the particles simulation was PYTHIA while the
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transport through the ALICE detector was performed using the GEANT 3 code and
lastly the ROOT tools was used to built the detector geometry. Both PYTHIA and
GEANT 3 are embedded in the AliRoot framework.

4.1 Data Analysis Description

4.1.1

Event Selection

The first step of the procedure is the event selection. For the aim of this work minimum
bias events will be analyzed. In the ALICE context, “Minimum Bias” event means an
event with at least an hit revealed in the SPD or in the VO detector, i.e. a charged
particle in the 8 pseudo-rapidity units covered by these detectors. In order to have an
efficient and user-transparent event selection the AliRoot framework provides a class
(called AliPhysicsSelection) that automatically selects the requested events just before
the starting of the real physical analysis, avoiding the inclusion, for instance, of non
physical data taking runs (i.e. calibration runs) or events without the interaction trigger,
i.e. trigger on bunch crossings, or events flagged as beam-gas by either VOA or VOC
detectors. This class can be applied both to the real and to the simulated data (even
if the latter are by definition good physics events) in order to treat both of them with
homogeneity. This aspect is very important in particular when we will use the number of
events for the normalizations of the data. Moreover, another event selection looking at
the reconstructed primary vertex is performed. Only events with a good primary vertex
(i.e. a vertex reconstructed with the information from the complete tracks reconstructed
with “ITS + TPC” or at least a vertex identified with the data from the SPD detector)

will be analyzed.

4.1.2 >(1385) Candidates Selection

As already written in section 3.3 the 2(1385)E has two main decay channels and they
are strong channels. This has two consequences: first of all it will not be possible to
separate the ¥* decay vertex from the primary interaction vertex, and secondly it will
be difficult to separate the resonance peak from the background because it will be quite
broad (I' > 35 MeV). That means that no strong topological selection will be possible
and the >* signal can be extracted only through an invariant mass analysis.

In this study, the ¥* resonances are identified through the invariant mass analysis
of A and 7w decay particles, i.e. using only one of the possible >* decay channels since
it has the highest branching ratio and since, in ALICE, we are not able to identify with
an acceptable efficiency the ¥’s (needed for the second ¥* decay channel).

The first step is therefore to identify the A’s and n’s candidates. The A’s, identified

by the ALICE reconstruction program are combined with all the remaining pions to get

112(1385) is also often called ¥* and from now on, for brevity reasons, only the latter will be used.
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the ¥*. During this phase some selection criteria were applied to select them. This

criteria are described in the next paragraph.

AN’s and 7’s selection criteria

The ALICE automatic general reconstruction analysis provides the identification of all
the A (with a p;-dependent efficiency that reach values of ~ 30-40%[153]) but for the
purpose of this analysis, it is mandatory to select, among them, those which pass a
specific set of quality selection criteria. These criteria are choosen as a compromize
between the requirement to have both a sample as clean as possible and a good Signal
over Background ratio. The same philosophy is applied to the pions selection criteria.
In order to be able to study the results coming from the application of these criteria
and the tuning of the applied cuts, the procedure implemented allows us to save many
different quantities and to manage them in a two-steps analysis. In this way it is possible
to analyze separately the effect of the application of each single cut and its consequence
on the signal significance and on efficiencies.

Since the ¥* decay vertex is not separable from the primary vertex, the A’s coming
from the ¥*’s decay can be considered as primaries, and I try to select (and so reject most
of the secondaries) them applying a standard ALICE p; dependent cut in the Distance
of Closest Approach (DCA) between the A’s and the primary vertex. This cut takes
into account the resolution in the impact parameter estimation for different particle
types[154]. Actually these cuts were introduced for the charged particle selection (pions,
kaons and protons) while the A’s are not. However, the simulations tell us that the A’s
and protons (the charged particle closer in mass) transverse momentum distributions
are quite similar (Figure left and right) and so it is reasonable to apply the proton
oriented cut to the A’s. In Figure (left and right) the equivalent distribution extracted
from the simulations at /s = 7 TeV, from which an almost identical behavior is evident

both for protons and A’s, are shown.
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Figure 4.1: Transverse momentum distribution of A’s from ¥*’s (left) and of primary protons

(right) at /s = 10 TeV

Then a check is performed in order to exclude the so called “Like-Sign” A’s, i.e. mis-

reconstructed A’s whose daughter assigned particles have the same charge sign. Finally
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Figure 4.2: Transverse momentum distribution of A’s from ¥*’s (left) and of primary protons
(right) at /s = 7 TeV

a last check is performed on the A’s mass in order to exclude those whose reconstructed
mass is too far from the PDG values. In this case, in the beginning, a very loose cut
is used: the A’s are rejected only if their mass is 100 MeV/c? far from the PDG value.
This cut will be tuned in a next analysis step.

A similar selection is then performed also for all the other event’s tracks. Even for
them a set of standard and dedicated selection criteria are applied. In particular, the

tracks selected:

e passed a p; dependent DCA with respect to the primary vertex cut similar to the

A’s one, but in this case, a pion oriented cut;
e are not kink daughter”]

e have a x? per TPC cluster < 4;

These cuts, quite standard in all the ALICE analyses, are applied in the first step
of the analysis procedure which performs a very preliminary filter running on the data
stored on the GRID. The procedure foresee a second step in which an additional set of
cuts is applied. The quantities monitored in the second analysis are described in the
next paragraph.

Moreover, during the first analysis step, the track that are not already used for the
A reconstruction are also identified, using the Particle IDentification (PID) information
from the ITS, TPC and TOF detector, as possible 7 candidates. The PID information
is saved as an additional flag that could be introduced or not, depending on how pure
we want the X* signal.

This last point is performed with a standard procedure as follows.

1. if the track was reconstructed with the TPC, its dF/dx is compared with a the-

oretical value extracted from a TPC proper Bhete-Block parameterization, under

12The kinks are topological signatures of 1-prong decays, in particular from pions and kaons. A precise

description of the procedure for the kinks identification is described in [2].
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the hypothesis of a pion track. The track is selected if the track dE/dz value is

within 50 from the theoretical one.

2. if the track was reconstructed only with the ITS (ITS standalone), then a similar
comparison is performed but with an I'TS proper Bhete-Block parameterization,
under the hypothesis of a pion track. The track is selected if its dE/dz value is

within 40 from the theoretical one.

3. if also the TOF information are available and a cross check with this detector
is requested, the time of flight measured by TOF is compared with a theoretical
value, under the hypothesis of a pion track. The track is selected if its time of flight
value is between a minimum and a maximum time value. This further control is
not performed if the track has no matching between TPC and TOF.

After these selection passes, all the remaining A’s and 7’s are combined in order to
produce the ¥* candidates. At this point not all the possible quality and kinematical cuts
are applied. In order to be able to discriminate among the four ¥* states (plus, minus
and the relative antiparticles) and to be able to perform a more accurate candidates
selection in the second analysis step, as mentioned, many quantities are saved both
for A’s and #’s. In this way is it easier to apply one by one the cuts related to the
different quantities and evaluate separately the effect of each of them and the consequent
systematics uncertainties. Among the others, we keep quality track information (number
of ITS/TPC cluster, x? per ITS/TPC cluster, DCA with respect to the primary vertex...)
both for the 7’s and for the (anti)A’s and its daughters; kinematical information like
(transverse) momenta, strangeness content, electric charges, (pseudo)rapidity and so on
are also acquired.

If simulation data are analyzed even the Monte Carlo Truth information is saved in
order to be able to evaluate the procedure self consistence and the efficiencies corrections
factors that has to be applied to the data.

4.2 Data Reduction Description

4.2.1 Invariant Mass Distribution

In Figure the X** total invariant mass distribution at /s = 10 TeV is shown. No
cuts are applied at this level.
Starting from this distribution it is possible to evaluate the background and extract

the signal as described in the following paragraphs.

4.2.2 Background Definition Techniques

Different techniques were implemented to reproduce the background below the ¥* peak:

the “Side Bands” technique and the “Event Mixing” technique.
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Figure 4.3: ¥*T total invariant mass distribution at /s = 10 TeV.

Side-Bands Technique

The “Side-Bands” technique consists in a fit of the invariant mass distribution after
excluding the region where the signal is supposed to appear (“exclusion region”). The
“exclusion region” was chosen as centered at the >* mass published in the PDG booklet
(1385 MeV) and with a width equals to 3xX* width (35 MeV). The chosen fit function
is a polynomial function containing both Taylor and Laurent terms in order to be able
to follow the distribution profile both at low and high invariant masses. The fitting
function is then extrapolated also inside the “exclusion region”. In Figure the ¥*T
total invariant mass distribution at /s = 10 TeV with the “Side Bands” fit is shown. In
Figure the equivalent distribution extracted from the simulations at /s = 7 TeV is
shown. No cuts are applied at this level. As it appears from the figure, without applying
any further cut the signal is totally hidden by the combinatorial background. The blue
dots represent the background evaluated with the Side-Bands technique.

4.2.2.0.2 Events Mixing Technique

The “Event Mixing” technique consists in a mix of the A’s from one event and the 7’s
from another event in order to obtain a fully uncorrelated background. This technique
foresee to be applied with particular care in the events selection. Infact in order to
proper reproduce the required background it is mandatory to mix similar events in
terms at least of particle multiplicity and vertex positions. For this reason a proper
selection of the events to be mixed is needed before the applying of the procedure. The
“Event Mixing” technique was successfully applied in the STAR experiments for the >*
signal extraction [139].

Up to now we used the “Side-Bands” technique; the “Event Mixing” technique, even
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Figure 4.4: ¥*T total invariant mass distribution at /s = 10 TeV. The blue dots are the
background evaluated with the Side-Bands technique.
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Figure 4.5: X*T total invariant mass distribution at /s = 7 TeV. The blue dots are the
background evaluated with the Side-Bands technique. The apparent bump that appears in the
central region of the dynamical range considered is actually an artifact due to the Side-Bands

technique.

if it appear to be very promising in providing good results, could not yet be applied

in a reasonable statistic sample due to different kind of problems faced when trying to
use the complete “Event Mixing Framework” on the GRID. This is why only results
obtained with the “Side-Bands” technique will be shown in the following.
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4.2.3 Signal Extraction

In order to extract the * signal we subtracted the background obtained with the func-
tion previously defined with the “Side-Bands” fit. In Figure the signal after the
background subtraction for pp simulations at y/s = 10 TeV (52 million events analyzed)
for X*T is presented. No cuts are applied at this level and it is possible to see that in
this condition it is not possible to extract any signal and the application of other cuts
is mandatory. The green histogram represents the “Monte Carlo Truth” and it can be

used to check the consistency of the signal extraction procedure.
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Figure 4.6: A 7 signal background-subtracted for 10 TeV pp simulations. The green histogram

is the Monte Carlo signal.

4.2.4 Kinematical and quality Cuts

In order to try to improve the signal over noise ratio and the signal purity, a set of
kinematical and quality cuts were applied and studied. The quality cuts, applied to A’s

and 7’s involves the following quantities:
e for the A’s:

1. TPC refitting of both the positive and negative daughter track
2. number of TPC clusters per track for the positive and negative A’s daughter

3. TPC x? divided by the number of TPC clusters per track both for the positive

and negative A’s daughter
4. DCA between A and primary vertex
5. A daughter’s cosine of the pointing angler_g]

13The pointing angle is defined as the angle between the vector defined by the primary vertex and A

vertex and the vector defined by the sum of the A daughters vectors.
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6. A invariant mass (see Figure [4.7))
e for the 7’s:

1. TPC refitting
number of TPC cluster per track

TPC x? divided by the number of TPC cluster per track

Ll

DCA between 7 and primary vertex
e for the A - 7 pairs:

1. DCA between A and 7
2. fiducial region[]

A Invariant Mass Distribution
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Figure 4.7: Invariant mass distribution for the A’s provided by the ALICE reconstruction
program. The cut-off values are those putted during the first step of the analysis performed on
the GRID in order to provide a preliminary selection on the A’s sample. Tighter selection values
on the A’s mass are used in the second step of the analysis. See Table and

In order to find the best set of cuts which optimize the signal over noise ratio and
the final fit results, different combinations of them were tried.

In the Tables .1} and two different sets of cuts are summarized together with the
results obtained with a Breit-Wigner fit of the signal in terms of mass, width, signal fit

reduced x?, integrated yield, and signiﬁcanceE The yield was evaluated integrating the

“The fiducial region is defined as a circle centered in the primary vertex with a radius defined by the

primary vertex and the ©.* estimated vertex.

15The significance is here defined as \/% where S is the signal and B the background.
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fitting function in a region centered at the >* PDG mass value and wide 1x3>* width

per each side. These results here shown are obtained for the ¥*T.

Cut  Cut Type Mass r x2 /Naos Yield S/v/S+ B
(GeV/c?) (MeV)

0 No Cuts

1 A Daug TPC refit

2 1 + A Daug TPC cls > 70

3 2 + x2/(# TPC clusters) < 4

4 3 + 1.110< Mp <1.122 GeV 1.390 £ 041 353 5.3 17546 + 867 26.1 + 1.2
(20262 + 142)

5 4 + Fid Reg < 0.05 cm? 1.386 £ 0.001 28 £+ 2 2.1 16787 + 824 25.9 + 1.2
(19394 £ 139)

6 5 + A CosPointAng > 0.99 1.386 + 0.001 28 £+ 2 2.1 16777 £ 824 259 £ 1.2
(19394 + 139)

7 6 + A Daug DCA < 0.2 cm 1.386 £ 0.001 28 + 2 1.9 15390 + 781 25.1 + 1.2
(17868 + 134)

8 7+ A DCA < 0.4, 1.385 £ 0.001 27 £ 2 1.9 14700 + 777 24.4 £ 1.2

™ DCA < 0.1 cm (17593 £ 133)
9 8+ A-7mDCA <0.2cm 1.385 £ 0.001 27 £ 2 1.8 14486 + 775 24.6 + 1.2

(17549 + 132)

Table 4.1: First example of cuts set (“purity oriented”) tried to improve the signal extraction.
In brackets the Monte Carlo yield values. Lexical note: “Daug” means Daughter, “Fid Reg”
Fiducial Region, “CosPointAng” Cosine of Pointing Angle.

Cut  Cut Type Mass r x%/Naof Yield S/V/S+ B
(GeV/c?) (MeV)

8a 7+ No Fid Reg + A DCA < 0.3, 1.384 & 0.001 27 + 3 3.5 14326 + 740 20.4 + 1.2
7 DCA < 0.05 cm (17086 =+ 127)

Table 4.2: Second example of cuts set (“efficiency oriented”) tried to improve the signal extrac-
tion. In brackets the Monte Carlo yield values.

As it is possible to see from the values listed here both the sets of cuts allow to
extract a comparable fit results while the first one apparently allow to recover more
efficiency. However, this consideration is not true anymore when analyzing the 7 TeV
data (see next chapter) when the first set of cuts allows to provide better fits results but
losing signal extraction efficiency while the second one allows to recover some efficiency
even losing a little bit of purity. So for the future it was decided to keep both of them

and from now on we will call the first set of cuts “purity oriented” while the second one
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“efficiency oriented”.

Other set of cuts, not listed here, were tried introducing, for instance, the PID infor-
mation but it was decided not to use them since they didn’t introduced an appreciable

improvement in the final fit results causing instead a statistics loss.

In Figure the 3* invariant mass distribution after the application of the “purity
oriented” set of cuts previously described for the 10 TeV simulations is shown, together
with the signal background subtracted. In Figure the equivalent distributions ex-
tracted from the 7 TeV simulations is shown. The signal distribution obtained was fitted
with a Breit-Wigner function. In both cases a little discrepancy between the fit and the
Monte Carlo signal in evident on the tails of the distribution, that seems to appear
gaussian-like. This indicates that even if the Breit-Wigner is a good signal description,
it is probably not the best in this case. An improvement in the fit could be provided
taking into account, for instance, a convolution of a Breit-Wigner and a Gaussian distri-
bution. At this level, the errors associated to the fit results take into account only the

statistical component while the systematic one will be evaluated later.
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Figure 4.8: X*’s invariant mass distribution (left) and signal after background subtraction
(right) after applying the “purity oriented” set of quality cuts in pp simulations /s = 10 TeV.
The green histogram is the Monte Carlo signal.

The results obtained, in terms of mass and width, are in rather well agreement with
the PDG values.

Moreover a set of kinematical cuts were studied in order to try further improve the
signal /background ratio. In this case the cuts involve not only the A’s and n’s daughters
but also the ¥*’s mother candidates. The cuts were developed studying the 10 TeV

simulations from which I extracted the following distributions:
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Invariant mass of £(1385) candidates and extracted signal for Sigma1385PIus
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Figure 4.9: ¥*’s invariant mass distribution (left) and signal after background subtraction
(right) after applying the “purity oriented” set of quality cuts in pp simulations /s = 7 TeV.

The green histogram is the Monte Carlo signal.

e >* daughters cosine of the opening angle (OA)
e A’s momentum vs 7’s momentum

e >* daughters cosine of the opening angle vs ¥* momentum

These distributions were extracted both for the signal and the background; 1 can
separate the two contribution since I was working with simulation and so the original
Monte Carlo information, concerning the real nature of a particle and its decays, is
always brought out at all levels, i.e. even in the daughters information.

In Figures and it is possible to see the >* daughters cosine of the open-
ing angle distributions for the signal and the background respectively in the 10 TeV
simulations.

The background distribution has two peaks, instead of the signal one has only one
and so it is possible to cut a great part of the background selecting the A - 7 pair with
a proper cut on the cosine of the opening angle.

In Figures and it is possible to see the A’s momentum vs 7’s momentum
distributions for the signal and the background respectively in the 10 TeV simulations.

From the figures a quite good separation of the signal to the background is visible, so
it is possible to try to parametrize an exclusion area in which the signal is not present
and use this information to try to further clean the sample under analysis. This was

done fitting the signal border line with a straight line function.
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Figure 4.10: ¥* daughters cosine of the opening angle distribution for the signal in pp simula-
tions at /s = 10 TeV.
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Figure 4.11: ¥* daughters cosine of the opening angle distribution for the background in pp
simulations at /s = 10 TeV.

In Figures and the X* daughters cosine of the opening angle vs ¥* mo-
mentum distributions for the signal and respectively for the background in the 10 TeV
simulations are shown.

Also in this case, as can be inferred from the figures there is a quite good separa-
tion from the signal behaviour to the background behaviour, so it is possible to try to
parametrize an exclusion area in which the signal is not present and use this informa-
tion to clean the sample under analysis. This was done trying to find the best function
which follow the signal border line.

So starting from these results, I tried to be apply these cuts:

e A pr/pa < (0.52 4 0.49/py)

e B. Opening Angle < ArcCos (1- 25

PEe—1
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Figure 4.12: A’s momentum vs 7’s momentum distribution for the signal in pp simulations at

\/s = 10 TeV. The red line represents the parameterization of the exclusion area.
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Figure 4.13: A’s momentum vs 7’s momentum distribution for the background in pp simulations

at /s = 10 TeV. The red line represents the parameterization of the exclusion area.

for the proton-proton simulation at /s = 10 TeV.

In Figures[4.16] [4.17]and [4.18]it is possible to see the ¥* invariant mass distribution

after the application of the kinematical cuts previously described (in addiction to the
quality cuts) for the 10 TeV simulations, together with the “Side-Bands” background
fit, while in Table the numerical results obtained are summarized.

Only the second kinematical cut achieves a significative improvement of the fit results
with respect to those obtained without any kinematical cuts (taking into account all the 4
¥* particles involved in the analysis) applied. This one has then been chosen in addiction
to the “purity oriented” cut set. In Figure the distribution confirming the 10 TeV
results extracted from the 7 TeV simulations applying the quality cut in addiction with

the “A - m Cos(Opening Angle) vs ¥* P” kinetical cut is shown.
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Figure 4.14: ¥* daughters cosine of the opening angle vs ¥* momentum distribution for the

signal in pp simulations at /s = 10 TeV. The red line represents the parameterization of the
exclusion area.
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Figure 4.15: ¥* daughters cosine of the opening angle vs ¥* momentum distribution for the

background in pp simulations at y/s = 10 TeV. The red line represents the parameterization of
the exclusion area.
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Figure 4.16: ¥*’s invariant mass distribution and background subtracted signal after applying

the A’s momentum vs 7’s momentum cut in pp simulations at /s = 10 TeV.
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Figure 4.17: ¥*’s invariant mass distribution and background subtracted signal after applying
the 3* daughters cosine of the opening angle vs ¥* momentum cut in pp simulations /s = 10
TeV.
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Invariant mass of £(1385) candidates and extracted signal for Sigma1385PIus ]
Rackground subtracted
E % ’ | [
IEI5ODI]I! A<t inv. mass 52500 l_
:_ = Residual Background Subtracies Breit Fa
E | Side-bands Background 2000
40000 L —
F 1500 -
u P, :_
30000. M\\ 1Ill]l!5_
L ""‘-\. K
r ) ™ 500}
20000 — By E
. K‘-ﬁv : I
[ S
10000 | i, |

Cy i s leig " s lisaal i AR FEENE PR RN A
11 12 13 14 15 16 17 18 19 2
M(A-7) (GeVic?)

Do Lo RO R L R S
ll1 11 1.2 13 14 15 16 1.7 18 19 2
A-m inv. mass (GeV/c?)

Invariant mass and background ’ ‘ Background-subtracted signal

Figure 4.18: ¥*’s invariant mass distribution and background subtracted signal after applying
both the cuts previously described in pp simulations at /s = 10 TeV.
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Figure 4.19: ¥*’s invariant mass distribution and background subtracted signal after applying
the ¥* daughters cosine of the opening angle vs ¥* momentum cut in pp simulations /s = 7

TeV.
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Cut  Cut Type Mass r X2 /Naos Yield S/V/S+ B
(GeV/c?) (MeV)

8 Quality Cuts + A. 1.385 4+ 0.001 17 £ 3 3.7 9239 + 803  13.8 & 1.2
(17611 =+ 133)

9 Quality Cuts + B. 1.385 4+ 0.001 26 + 3 2.3 11841 + 698 21.5 & 1.2
(15356 + 124)

10 Quality Cuts + A. + B.  1.386 + 0.001 26 + 3 2.3 7453 £ 494 192+ 1.2
(11007 £105)

Table 4.3: Results obtained adding the kinematical cuts described in the text in order to improve
the signal extraction. In brackets the Monte Carlo yield values.

In Table the results, obtained with the “purity oriented” set of cuts, for all the

particles involved in the analysis, provided with 52 million events at /s = 10 TeV, are

summarized.
Particle Mass (GeV/c?) T (MeV) x?/Ngos Yield Significance
o 1.389 + 0.001 37+ 3 2.5 12440 + 701 (14345 + 120) 224 + 1.2
o+ 1.385 + 0.001 26 + 3 2.3 11841 + 698 (11007 + 105) 21.5 + 1.2
== 1.392 + 0.002 38 4+ 4 2.8 11067 + 639 (12191 + 110) 21.3 + 1.2
R 1.383 + 0.001 30 + 3 2.0 11398 + 654 (13187 + 115) 22.4 + 1.2

Table 4.4: All ¥* species results obtained with the “purity oriented” cut set. In brackets the
Monte Carlo yield values.

The results obtained are in good agreement with the PDG values. These set was
chosen as the most pure i.e. the best in optimizing the fit results for the four particles
at the same time. Moreover it is possible to reproduce, at least with the “efficiency
oriented” selection, an effect seen when looking at the generated particle (and so, before
the reconstruction procedure): the yield of particles production is greater than that of
antiparticles, and among particles the production yield of ¥** is greater than that of
3*7. This is due to the fact that the collision initial state is a pp system and not a pp
system.

Table summarizes all the results obtained with the “efficiency oriented” set of
cuts for all the particles involved in the analysis.

Again it is possible to see that both the sets of cuts allow to extract comparable
results and the first one apparently allows to recover more efficiency. However, this
consideration is not true anymore when analyzing the 7 TeV data. Moreover when I
provided a transverse momentum differential analysis, I found that the “purity oriented”
set will cause an efficiency loss at low transverse momentum values and therefore it will

not be applied for these purposes.
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Particle Mass (GeV/c?) T (MeV) x%/Ngos Yield Significance
»- 1.390 4 0.001 31+3 3.3 11985 + 749 (16049 + 127) 20.4 + 1.2
o+ 1.384 = 0.001 27 £ 3 3.5 14326 =+ 740 (17086 + 131) 24.6 + 1.2
- 1.391 + 0.002 30 + 4 2.8 9340 + 668 (13310 + 115) 17.7 £ 1.2
>+ 1.384 + 0.001 26 + 3 3.0 10181 4 695 (14448 + 120) 21.0 £ 1.2

Table 4.5: All ¥* species results obtained with the “efficiency oriented” cut set. In brackets the
Monte Carlo yield value.

4.2.5 Systematic uncertainties evaluation

The systematic component of the uncertainties associated to the fit results was evaluated
varying the values of the cuts applied within a reasonable range. In particular the
contribution of the systematics components can be summarized as follows:

For the “purity oriented” set:

e Degree of the polynomial fitting function: 0 GeV/c? for mass value, 3.3 MeV for
width value, 10.4% for yield value.

e Width of the “exclusion region”: 0 GeV/c? for mass value, 0.5 MeV for width

value, 1.9% for yield value.

e Quality cuts: 0 GeV/c? for mass value, 0.5 MeV for width value, 7.9% for yield

value.

e Kinematical cuts: 0.5 GeV/c? for mass value, 1.6 MeV for width value, 11% for

yield value.

e Total: 0.5 GeV/c? for mass value, 3.7 MeV for width value, 20.8% for yield value.
For the “efficiency oriented” set:

e Degree of the polynomial fitting function: 0.5 GeV/c? for mass value, 4 MeV for
width value, 11.1% for yield value.

e Width of the “exclusion region”: 0.5 GeV/c? for mass value, 3.5 MeV for width
value, 8.8% for yield value.

e Quality cuts: 0.5 GeV/c? for mass value, 0.6 MeV for width value, 8.0% for yield

value.

e Total: 0.9 GeV/c? for mass value, 5.4 MeV for width value, 16.7% for yield value.

In both cases the systematic component dominates on the statistic one, in particular
for what concern the extracted yield, and so, on the spectra. This effect is more evident

for the “purity oriented” cut set that, even if it is able to provide a more pure sample
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shows, at the same time, a greater sensibility to small changes in the analysis conditions.

For the following differential analysis the “efficiency oriented” set will be used.

4.2.6 Transverse momentum and mass spectrum

In order to measure the p; spectrum of the ¥* we need to extract the signal in different p;
bins. In Figures and (see the end of the chapter) it is possible to see the results
obtained dividing the dynamical range in seven p; bins and extracting the signal from
all of them following the previously described procedure and applying the “efficiency
oriented” set of cuts. In each graph the red histogram is the signal after the background
subtraction, fitted with a Breit-Wigner distribution (the blue curve) while the green
histogram is the Monte Carlo signal passed through the reconstruction procedure. As
we can see, a quite good signal is extracted from all the bins and it follows quite well
the Monte Carlo distribution denoting the self-consistence of the procedure.

The p; spectrum obtained in this way have to be corrected for the efficiencies before
the comparison with the theoretical predictions. In order to properly correct the p;
spectra, simulations are used to evaluate the correction factors that have to be applied
to the extracted yields. In Figures [4.20] and the uncorrected and corrected trans-
verse momentum spectra for the 10 TeV simulations are shown. In both cases the blue
histogram represents the reconstructed data, while the red one represents the Monte
Carlo tagged events after being passed through the reconstruction procedure. Since we
are using only simulated data, of course in this way it is possible only to evaluate the
self-consistence of the extraction procedure that is confirmed by the results shown. The

error bars take into account both the statistical and the systematic component.

\ Uncorrected Pt Spectrum for ™in pp simulations at\/s = 10 TeV |
10°

Uncorrected Pt Spectrum

L %%—ﬁ —’— MC Uncorrected Pt Spectrum

(N, )(1/2m)dN/dp dy (1/GeV)

10° | —

5
Pt (GeVic)

Figure 4.20: Uncorrected transverse momentum distribution for 10 TeV pp simulations. The
blue histogram represents the uncorrected reconstructed yields (integrated in the interval -2<

y <2) while the red one represents the uncorrected Monte Carlo yields.
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Figure 4.21: Corrected transverse momentum distribution for 10 TeV pp simulations. The blue
histogram represents the reconstructed yields corrected using the correction factors obtained
from the generated data while the red one represents the corrected Monte Carlo yields.

Introducing the transverse mass m; we redo the same plot for it and the results are

shown in the Figures and

‘ Uncorrected Mt Spectrum for =™ in pp simulations atys = 10 TeV |
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MC Uncorrected Mt Spectrum
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|
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Figure 4.22: Uncorrected transverse mass distribution for 10 TeV pp simulations. The blue
histogram represents the uncorrected reconstructed yields (integrated in the interval -2< y <2)
while the red one represents the uncorrected Monte Carlo yields.

As it is possible to see the reconstructed spectra is in reasonable agreement with
the MC one allowing in this way a further confirmation of the self-consistence of the
procedure for the extraction of the signal.

The corrected distributions were fitted with the following functions in the context

of thermal model particle production, as done also in other strange particle production
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Figure 4.23: Corrected transverse mass distribution for 10 TeV pp simulations. The blue
histogram represents the reconstructed yields corrected using the correction factors obtained
from the generated data while the red one represents the corrected Monte Carlo yields.

analyses in ALICE:

e for the p; spectrum:
1 d°N
1. dydp:

2m
2N -1 —2 N — * 0\ — . .
2. 3 ddydpt = n:(rim)z(:l(n_)g) X % X pp x (14 ==222)"" (Levi-Tsallis)

= Axp xe T (Exponential)

e for the m; spectrumof

1 _d®N _ dN 1 —(mi—mg=) :
3 dydm; = ‘dy X " T ) < exp( T ) (Exponential)

The p; exponential has two parameters: the normalization A and the inverse slope
parameter 7. The Levy function, already used at lower energies[I55], is shown to be
useful when the transverse momentum range is wide: it includes both an exponential
shape for low p; (which can be characterized by an inverse slope parameter T') and a
power law component (governed by the power parameter n) for the higher p; region.
The results of these fits to the spectra, where statistical and systematic uncertainties are
added in quadrature, are shown in Figures and where the spectra fitted with
the mentioned fits function are reported.

As it is possible to see, the p; spectrum is quite well fitted by the Levy-Tsallis in
all the dynamical range considered, and by the Exponential distributions, only until
intermediate p;. As already seen by STAR the m; spectra is quite well fitted by the
Exponential distribution until intermediate m;. From the corrected spectra it is possible
to extract the mean p; of the reconstructed particles and the temperature T of the source.

The obtained values are summarized in Table .6}

6Ty this case we followed the indication from a similar analysis performed by the STAR

experiment|[149].
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Figure 4.24: Corrected transverse momentum distribution for 10 TeV pp simulations with the

corresponding fits. See text for details.
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Figure 4.25: Corrected transverse mass distribution for 10 TeV pp simulations with the corre-
sponding fits. See text for details.

The corresponding distributions provided with the simulations at /s = 7 TeV will
be shown in the next chapter when they will be compared with the pp data collected at
the same energy. Finally in Figure the ratio between the PYTHIA MC data and

the PYTHIA reconstructed data as function of the transverse momentum is shown.

As it is possible to see for almost all the p; bins the ratio stands around 1 showing, as
previously seen, a good efficiency of the signal extraction procedure in all the dynamical

range considered.
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‘ Exponential H Levy-Tsallis

(pt) T n
GeV/c (MeV) (GeV/c) (MeV)

Dt 1.175 £ 0.178 131 £ 51 3.43 £ 0.63

- 525 £ 42 - 215 £ 73 42+12

1.120 £+ 0.81 560 £ 40

me

Table 4.6: Temperature T and (p;) obtained from the exponential and Levy-Tsallis fits of the

p¢ spectra and from the Exponential fit of the m;.
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Figure 4.26: Ratio between the PYTHIA MC yields and the PYTHIA reconstructed yields.

4.2.7 Signal Significance

In Tablethe significances (defined as S/+v/S + B) for the extracted signal obtained for
the differential (in p;) and integral analyses of 10 TeV simulations using the “efficiency
oriented” cut set, are summarized. As one can see from the values reported, it was
possible to extract a quite good signal in all the p; intervals analyzed. The uncertainties

here reported take into account both the statistical and the systematic component.

In Figure it is possible to see the significance p; dependence for the two sets of

cuts tried.

Almost all the p; bins shows, as expected, that the “efficiency oriented” cuts set
increase the significance. This is not true in the last two bins (wider than the others).
In this case, probably due to the wider range included and to the closeness to the
dynamical range limit, a cuts release implies the introduction of more background than
signal and so the net effect is a significance decrease. As shown in the next chapter this

significance increasing is much more evident analyzing the 7 TeV pp data.

Pag. 144 Study of the strange resonance 3(1385) as a tool for the analysis of the
dynamics of the Quark Gluon Plasma in the ALICE experiment at LHC



4.2. Data Reduction Description Chapter 4. X(1385): Proton - Proton Simulations Analysis

Table 4.7: Significances of the extracted signal for 10 TeV pp simulations both for integral and

differential transverse momentum distributions (52 -10° events).

p; range (GeV/c) 10 TeV Simulation Significances

Integral 24.6 £ 2.8
0.6-1.0 11.7 £ 1.7
1.0-1.4 9.1+ 1.5
1.4-1.6 9.7+ 1.6
1.6-1.8 9.2+ 1.5
1.8-2.0 3.6 £1.6
2.0-3.0 14.3 +£ 1.9
3.0-5.0 16.6 £ 2.1
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Figure 4.27: ¥* p, significance dependence in 10 TeV simulations.

4.2.8 Dependence of mass and width from p;

In Figures [4.28) and the transverse momentum dependence of ¥* mass and width
obtained with the two sets of cuts is shown.

As it can be seen from the figures even in this case the results confirms the accordance
with the PDG values and no dependence from the transverse momentum is evident.

The analysis procedure described in this chapter and the results that it allows to
provide are the first important step in the context of the resonance analysis in the
heavy-ion collisions physics explored by ALICE. Infact, as mentioned in the Chapter 3,
when both the ¥* yield will be extracted both in pp and in PbPb collisions, the proper
comparison between them and the possible resonance suppression production in PbPb
collisions will allow to reach the goal of this study i.e. the determination of the time

span between QGP chemical and kinetic freezeout and so a better understanding of the
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Invariant Mass vs Pt for Sigma1385Plus
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Figure 4.28: ©** p; mass dependence in 10 TeV simulations.
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Figure 4.29: ¥** p, width dependence in 10 TeV simulations.

QGP frezeeout dynamics.

In the next chapter, basing on the promising results provided by the reconstruction
procedure here described, I will apply it to the 900 GeV and 7 TeV data taken by the
ALICE experiment.

Pag. 146 Study of the strange resonance 3(1385) as a tool for the analysis of the
dynamics of the Quark Gluon Plasma in the ALICE experiment at LHC



4.2. Data Reduction Description Chapter 4. X(1385): Proton - Proton Simulations Analysis

| fHistMassSigma1385Plus_pt600_1000 600_1000
Entries &0
w Mean 1.536
2
= RMS  0.1916
\BOO

600

200

-200

-400 s b b b b b b b e iy

1 1112 13 14 15 16 1.7 18 19 2
A-m invariant mass (GeV/c?)

‘ fHistMassSigma1385Plus_pt1000_1400

1000_1400

Entges
g
T

600

200

et

=200

Entries 62
Mean 1.541
RMS  0.2086

1 1112 13 14 15 16 1.7 1.8 1.9 2
A-m invariant mass (GeV/c?)

|fHistMassSigma1385Plus_pt1400_1600 | |1400_1600
Entries 67
-300_ Mean 1.55
< [ RMS  0.2037
5 L
wor
4001
3001
2001
1001
* A
n: M ".I“ | III ||'“'|. | .I-
1001
-zuu_lll\lllll‘lllll\llI|II\I|III\|IIII‘IIII|I\II|II\I
1 1112 1.3 1.4 15 16 1.7 1.8 1.9 2

A-T invariant mass (GeV/c?)

fHistMassSigma1385Plus_pt1600_1800 | |1600_1800
Enfries 68
[’ F Mean 1.568
-300— RMS  0.2187
-aad
s I
300
2000 }
1001
i t
1] =
-100
:IIII‘Illll\Illll\II|III\|IIII‘IIII|\III|IIII|IIII

1 1112 1.3 14 15 16 1.7 1.8 1.9 2
A-T invariant mass (GeV/c?)

Figure 4.30: A-B-C-D. X*T signal extracted in the 0.6-1.0, 1.0-1.4, 1.4-1.6, 1.6-1.8 GeV/c
pt bins. The red histograms represent the signal after the background subtraction fitted with

a Breit-Wigner distribution (the blue curve) while the green histograms are the Monte Carlo

signal passed through the reconstruction procedure.
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Figure 4.31: A-B-C. ©** signal extracted in the 1.8-2.0, 2.0-3.0, 3.0-5.0 GeV/c p; bins. See
caption of Figures [1.30| A, B, C, D for details.
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Chapter 5

>(1385): Proton - Proton Data
Analysis

The analysis procedure described in the previous chapter was then applied to the 900
GeV and 7 TeV proton-proton data collected by the ALICE experiment.

5.1 900 GeV Data Analysis Description

The 900 GeV data analyzed here were collected by ALICE during April 2010. The 900
GeV statistics collected is not enough to perform a complete differential analysis (only
3 million events remained after the events selection performed on the data set available
on the GRID), in terms of p;/m; and y, and therefore it has been possible to produce

only integral analysis or data in rather wide p;/m; bins.

5.1.1 Invariant Mass Distribution

In Figurethe A—?TE invariant mass distribution before applying any cut is shown while
Figure shows the ¥* invariant mass distribution after the application of a dedicated
set of quality cuts previously defined (left graphs). Infact, due to low statistics available,
it was decided to release some of the quality cuts previously used in order to avoid to
suppress the signal too much. In more details, for the 900 GeV data a more loose version
of the “efficiency oriented” set of cuts will be used (Table[5.2)), i.e. the cut on the A mass

and on the DCA between A and 7 respectively and the primary vertex were released.

"n all the following figures, in order to improves the statistics, particles and respective antiparticles
were put together. From now on, only the result for the ¥** + ¥*+ are shown, since the result for the

¥*~ and its antiparticles are similar.
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5.1. 900 GeV Data Analysis Description Analysis
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Figure 5.1: X*’s invariant mass distribution and A - 7 signal background-subtracted before

applying the quality cuts in pp data at /s = 900 GeV.
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Figure 5.2: Y¥*’s invariant mass distribution and A - 7 signal background-subtracted after

applying the quality cuts in pp data at /s = 900 GeV.
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Cut # Cut Type Mass (GeV/c?) T (MeV) x2/Ngos Yield Significance
0 No Cuts 1.410 + 0.004 93 + 8 5 5122 + 338  20.5 + 1.7

1 A Daugh TPC refit 1.410 + 0.004 93 + 8 5 5122 +£ 338  20.5 £ 1.7

2 1 + A Daug TPC cls > 70 1.413 + 0.004 93 + 8 4.6 4226 + 310 184 + 1.2

3 2+ Xz/(# TPC clusters) < 4 1.413 4+ 0.004 92 + 8 4.5 4191 £ 309 18.2 + 1.3

4 3 4 1.100< My <1.130 GeV 1.378 £+ 0.004 39 + 11 1.3 1452 + 183 9.9 + 1.2

5 4 + A CosPointAng > 0.99 1.374 + 0.004 31+ 10 1.2 988 + 173 7.3+ 1.2

6 5 + A Daug DCA < 0.2 cm 1.373 + 0.004 29 + 10 0.97 879 £ 151 7.2+ 1.2

Table 5.1: ¥** results obtained with the modified “efficiency oriented” cut set.

Putting together ¥** and ¥**+, ¥*~ and ¥*~ respectively:

Particle Mass (GeV/c?) T (MeV) x?/Ngos Yield Significance
T 4 ot 1.377 £ 0.003 397 1.5 2137 £ 216 12.5 £ 1.2
SFT 4 X 1.393 £+ 0.003 39 £ 8 1.2 1921 £ 208 115 £ 1.2

Table 5.2: ¥*+ + ¥*+ and X*~ + *~ results obtained with the modified “efficiency oriented”

cut set.

5.1.2 Signal Extraction

In order to define the background and to extract the signal, the “Side-Bands” technique
was applied. The signal was fitted with a Breit-Wigner function and the results are shown
in Figure before applying the quality cuts and in Figure after their application
(right graphs). The results obtained, in terms of mass and width, even with the low
statistics available, are still in agreement, within the errors, with the PDG values. The
errors associated to the fit results take into account only the statistical component. The

systematic one will be evaluated later.

5.1.3 Kinematical Cuts

Some simulation as anchor runs for the 900 GeV data were provided and then studied
in order to try to extract a set of kinematical cuts. In Figures and it is possible
to see the X* daughters cosine of the opening angle distributions for the signal and the
background respectively in the 900 GeV simulations.

In Figures [5.5] and the A’s momentum vs 7’s momentum distributions for the
signal and the background respectively in the 900 GeV simulations is shown.

In Figures[5.7/and [5.8| the * daughters cosine of the opening angle vs ¥* momentum
distributions for the signal and the background respectively in the 900 GeV simulations

is shown.
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4+, . . SigSigma1385PlusOpeningAngleLambdaPi
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Figure 5.3: ¥* daughters cosine of the opening angle distribution for the signal in pp simulations

at /s = 900 GeV.
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Figure 5.4: ¥* daughters cosine of the opening angle distribution for the background in pp

simulations at /s = 900 GeV.
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Figure 5.5: A’s momentum vs 7’s momentum distribution for the signal in pp simulations at

v/s = 900 GeV. The red line represents the parameterization of the exclusion area.
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Figure 5.6: A’s momentum vs 7’s momentum distribution for the background in pp simulations

at v/s = 900 GeV. The red line represents the parameterization of the exclusion area.
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Figure 5.7: X* daughters cosine of the opening angle vs ¥* momentum distribution for the

signal in pp simulations at /s = 900 GeV. The red line represents the parameterization of the
exclusion area.
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Figure 5.8: ¥* daughters cosine of the opening angle vs ¥* momentum distribution for the

signal (Left) and the background (Right) in pp simulations at /s = 900 GeV. The red line
represents the parameterization of the exclusion area.
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However, since the background parametrization procedure doesn’t work anymore
after the application of these selections, it was not possible to apply any cut related to
these distributions. As a consequence, for the 900 GeV analysis it was decided to keep

a less pure sample but at least able to provide a signal with reasonable significance.

5.1.4 Systematic uncertainties evaluation at /s = 900 GeV

The systematic component of the errors associated to the fit results was evaluated varying
the values of the cuts applied within a reasonable range. In particular the contribution

of the systematics components can be summarized as follows:

e Degree of the polynomial fitting function: 0.5 GeV/c? for mass value, 1.5 MeV for
width value, 4.1% for yield value.

e Width of the “exclusion region”: 0 GeV/c? for mass value, 3 MeV for width value,
6.9% for yield value.

e Quality cuts: 2 GeV/c? for mass value, 2.5 MeV for width value, 16.1% for yield

value.

e Total: 2.1 GeV/c? for mass value, 4.2 MeV for width value, 18.5% for yield value.

5.1.5 Transverse momentum and mass spectrum

In Figure [5.9 it is possible to see the results obtained dividing the dynamical range in

three p; bins and extracting the signal from all of them following the previously described

procedure.
fHistMassSigma1385PIus_pt300_600 | | fHistMassSigma1385Pius_pt600_1000 | fHistMassSigma1385PIus_pt1000_2000 |
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Figure 5.9: ¥** 4 ¥+ + ¥*= + 3*— signal extracted in the 0.3-0.6, 0.6-1.0, 1.0-2.0 GeV/c
p¢ bins. The red histograms are the signal after the background subtraction fitted with a Breit-
Wigner distribution (the blue curve) in pp simulations at /s = 900 GeV.
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In each graph the red histogram is the signal after the background subtraction fitted
with a Breit-Wigner distribution (the blue curve). A quite good signal is extracted from
all the bins.

The uncorrected transverse momentum and mass spectra are shown in Figures [5.10
and As previously reported, the statistics wasn’t high enough to attempt a fine
differential analysis, and so the dynamical range was divided only in three p;/m; sub-
ranges. In order to further increase the statistics, all particles and respective antiparticles

were treated together.
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Figure 5.10: Uncorrected transverse momentum distribution for 900 GeV pp data. The black
points are the 900 GeV uncorrected spectrum while the red points are the PYTHIA uncorrected

spectrum and the blue points the Phojet uncorrected spectrum.
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Figure 5.11: Uncorrected transverse mass distribution for 900 GeV pp data. The black points
are the 900 GeV uncorrected spectrum while the red points are the PYTHIA uncorrected spec-
trum and the blue points the Phojet uncorrected spectrum.
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In order to obtain the corrected spectra dedicated simulations produced using PYTHIA
and Phojet as event generators were analyzed. The spectra corrected using the PYTHIA
anchor runs simulations are shown in Figures and while those corrected with
PHOJET are shown in the Figures and As a comparison, in each graph, also
the model generated distribution is shown.
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Figure 5.12: Corrected transverse momentum distribution for 900 GeV pp data obtained with
the PYTHIA anchor runs simulations. The orange points are the corrected spectrum while the
red points are the PYTHIA generated spectrum.
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Figure 5.13: Corrected transverse momentum distribution for 900 GeV pp data obtained with
the PHOJET anchor runs simulations. The blue points are the corrected spectrum while the

dark blue points the are Phojet generated spectrum.

Both the generators underestimate the data as expected[153] [156] and need to be

better tuned but proved to be useful for the efficiencies evaluations.
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Figure 5.14: Corrected transverse mass distribution for 900 GeV pp data obtained with the
PYTHIA anchor runs simulations. The orange points are the corrected spectrum while the red
points are the PYTHIA generated spectrum.
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Figure 5.15: Corrected transverse mass distribution for 900 GeV pp data obtained with the
PHOJET anchor runs simulations. The blue points are the corrected spectrum while the dark

blue points are the Phojet generated spectrum.

Since, at the moment, the are no strong reasons to prefer one of the two generator,
we decided, in a very preliminary way to take, as efficiency correction factor, the mean
value between the two generators. In Figures and the p; and the m; spectra
corrected as just mentioned. The half difference between the PYTHIA and Phojet

correction factors in taken as systematic errors associated to the models.
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Figure 5.16: Transverse momentum distribution for 900 GeV pp data corrected taken, as effi-
ciency correction factor, the mean value between the two generators. The black points are the
corrected spectrum, the red points are the PYTHIA generated spectrum while the blue points

are the Phojet generated spectrum.
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Figure 5.17: Transverse mass distribution for 900 GeV pp data corrected taken, as efficiency
correction factor, the mean value between the two generators. The black points are the corrected
spectrum, the red points are the PYTHIA generated spectrum while the blue points are the

Phojet generated spectrum.
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The corrected distribution was fitted both with and exponential and with a Levy-

Tsallis distribution as explained in the previous chapter. The results are shown in

Figures .18, [5.19, [.20, [5-21 [.22] [5.23] and summarized in Table for what

concern the spectrum corrected using the mean of the two generators.
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Figure 5.18: Corrected transverse momentum distribution for 900 GeV pp data obtained with
the PYTHIA anchor runs simulations fitted with an exponential and a Levy-Tsallis distribution.
The orange points are the corrected spectrum while the red points are the PYTHIA generated

spectrum.

Corrected Pt Spectrum for ¥ in pp collisions at\s = 900 GeV

=~
% — ——+—— Phojet Corrected Pt Spectrum
g ———— Phojet Generated Pt Spectrum
= L ! Exponential Fit
.§-_ =t Levy Tsallis Fit
s
Z 3
= 100 —
B -
o
N C
X |
Z [ -
X [
g |

10% —

N T TN AT S NN S N N PR I T T R I S T N T S NN T
0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2

Pt (GeVic)

Figure 5.19: Corrected transverse momentum distribution for 900 GeV pp data obtained with
the PHOJET anchor runs simulations fitted with an exponential and a Levy-Tsallis distribution.
The blue points are the corrected spectrum while the dark blue points are the Phojet generated

spectrum.
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Figure 5.20: Corrected transverse mass distribution for 900 GeV pp data obtained with the
PYTHIA anchor runs simulations fitted with an exponential distribution. The orange points are

the corrected spectrum while the red points are the PYTHIA generated spectrum.
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Figure 5.21: Corrected transverse mass distribution for 900 GeV pp data obtained with the
PHOJET anchor runs simulations fitted with an exponential distribution. The blue points are
the corrected spectrum while the dark blue points the Phojet generated spectrum.
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Figure 5.22: Transverse momentum distribution for 900 GeV pp data corrected taken, as effi-
ciency correction factor, the mean value between the two generators and fitted with an exponen-
tial and a Levy-Tsallis distribution. The black points are the corrected spectrum, the red points

are the PYTHIA generated spectrum while the blue points are the Phojet generated spectrum.
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Figure 5.23: Transverse mass distribution for 900 GeV pp data corrected taken, as efficiency
correction factor, the mean value between the two generators and fitted with an exponential
distribution. The black points are the corrected spectrum, the red points are the PYTHIA

generated spectrum while the blue points are the Phojet generated spectrum.
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Levy-Tsallis Fit

Spectrum H Exponential Fit

T n
(GeV/c) (MeV (GeV/c) (MGV)
0.793 £ 0.166 396 + 83 0.891 £+ 0.134 165 + 36 5.53 £ 3.74
mi - 348 £ 110 - - -

Table 5.3: Temperature T, (p;) and yield obtained from the exponential and Levy-Tsallis fits
of the p; spectrum and from the Exponential fit of the m; spectrum, both for the PYTHIA and
the Phojet corrected spectra.

As evident from the figures both the exponential and the Levy distribution are able
to fit the graphs and the results they provide are quite in agreement.

This results can be roughly compared with those obtained by the STAR collaboration
(see Table 3.3) in pp collisions at /s = 200 GeV. Within the errors they are compatible
both for the (p;) and temperature T values.

Finally in the Figures and the ratio between data and the simulations
provided with PYTHIA and Phojet and the reconstruction the efficiency as function of

the transverse momentum are shown respectively.
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Figure 5.24: Ratio between the PYTHIA (Phojet) generated yields and the yield reconstructed

from data.

As evident form the graphs, even if the error bars are quite big, both the generators
underestimate quite significatively the ¥* production.

The efficiency corrections also in this are obtained by analyzing Monte Carlo (MC)
events in exactly the same way as for the real events. A dependence is found on the
generators used (PYTHIA and Phojet). Therefore the corrections presented here are

obtained taking the mean value of the two generators corrections and taking into ac-
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Figure 5.25: Reconstruction efficiency as function of the transverse momentum. It is evaluated
using both PYTHIA and Phojet, taking, as efficiency correction factor, the mean value of the
two generators corrections. The associated uncertainty is evaluated taking the half-difference of

the values provided by the two generators.

count, as systematic uncertainties, the half-difference of the values provided by the two
generators. As evident from the figure, the efficiency is very limited, especially at low

p¢, because of the acceptance of the detector.

5.1.6 Signal Significance

In Table the significances for the extracted signal obtained for the differential and
integral analyses of 900 GeV data, are summarized. The errors take into account both

the statistical and the systematic component.

Table 5.4: Significances of the extracted X** + YX** (integral distribution) and 3** + ¥*+ +
¥*~ + ¥*— (differential transverse momentum distribution) signal for 900 GeV pp data, 3.3-10°

events).
pt range (GeV/c) 900 GeV Data Significances
Integral 12.5 £ 3.1
0.3-0.6 15.0 £ 3.0
0.6 - 1.0 9.6 £ 2.5
1.0-2.0 64+19
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5.1.7 Dependence of mass and width from p;

In Figures [5.26] and the transverse momentum dependence of ¥* mass and width is

shown.
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Figure 5.26: ©*t 4+ Y*+ p, mass dependence in 900 GeV pp data.
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Figure 5.27: ¥** + ¥*+ p, width dependence in 900 GeV pp data.

As it can be seen from the figures the values are compatible with the PDG values
although with sizable errors. Due to the very poor sample in terms of available p; bins
and to the not small error bars, it is not possible to determine a possible mass or width

p; dependence.
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5.2 7 TeV Data Analysis Description

The 7 TeV data analyzed here were collected by the ALICE experiment during May
2010. The 7 TeV statistics collected is adequate to perform a more complete differential

analysis, at least in terms of p;.

5.2.1 Invariant Mass Distribution

In Figure the A—ﬂ'@ invariant mass distribution without applying any cut is shown.
In Figure [5.29] instead the ¥* invariant mass distribution after the application of the
“efficiency oriented” cuts set previously described for the 10 TeV simulations is shown
(left graphs).
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Figure 5.28: ¥*’s invariant mass distribution and signal background subtracted before applying
the quality cuts in pp data at /s = 7 TeV.

5.2.2 Signal Extraction

In order to define the background and to extract the signal, the “Side-Bands” technique
was applied. The signal was fitted with a Breit-Wigner function and the results are shown
in Figure and before and after the application of the “efficiency oriented” cuts
set (right graphs).

The 7 TeV data analysis confirms that the “purity oriented” set of cuts allows to
obtain a signal sample quite pure but losing a non negligible efficiency (see Table

while the “efficiency oriented” allows to recover efficiency even losing a bit of purity in

181n all the following figures only the result for the ©** are shown, but the result for the ¥*~ and

their antiparticles are similar.
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Figure 5.29: ¥*’s invariant mass distribution and signal background subtracted after applying
the “efficiency oriented” quality cuts in pp data at /s = 7 TeV.

the fit results. This numbers are obtained using a subsample of the 7 TeV available

statistic (12 million of events).

Cut  Cut Type Mass (GeV/c?) I (MeV) x2/Ngos Yield Significance
0 No Cuts 1.402 + 0.001 71+ 2 47.6 110394 + 1716 86.5 + 1.3
1 A Daugh TPC refit 1.402 4+ 0.001 68 £ 2 47.6 110394 £+ 1716 86.5 £ 1.3
2 1 + A Daug TPC cls > 70 1.404 + 0.001 70 £ 2 40.6 89328 + 1580 76.8 £ 1.3
3 2 + x2/(# TPC clusters) < 4 1.404 £+ 0.001 70 £ 2 40 88847 £+ 1578 76.5 £ 1.3
4 3 4 1.110< My <1.122 GeV 1.383 + 0.001 37+ 4 8.5 15552 + 816 244+ 12
5 4 + Fid Reg < 0.05 cm? 1.385 £ 0.002 42+£5 2.1 8781 £ 575 19.3 £ 1.2
6 5 + A CosPointAng > 0.99 1.386 + 0.002 38+£5 2.1 7550 £ 559 172 £ 1.2
7 6 + A Daug DCA < 0.2 cm 1.385 + 0.001 38+£5 2.1 6720 £ 521 16.4 £ 1.2
8 7+ ADCA <04, 1.385 + 0.002 36 £5 1.97 5775 £ 504 14.6 £ 1.2
m DCA < 0.1 cm
9 84+ A-7mDCA <0.2cm 1.384 £+ 0.002 35+6 2.01 5564 + 501 141 £ 1.2

Table 5.5: *F results obtained with the “purity oriented” cuts set tried to improve the signal

extraction.

The results obtained, in terms of mass and width, are in agreement with the PDG
values. The errors associated to the fit results take into account only the statistical

component. The systematic one will be evaluated later.
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Cut  Cut Type Mass (GeV/c?) T (MeV) x2/Ngo¢ Yield Significance

8a 7 No Fid Reg + A DCA < 0.3,

m DCA < 0.05 cm 1.381 + 0.002 34+4 4.2 9614 £ 614 19.8 £ 1.2

Table 5.6: X** results obtained with the “efficiency oriented” cuts set tried to improve the
signal extraction.

5.2.3 Kinematical Cuts

Some simulation as anchor runs for the 7 TeV data were provided and then studied in
order to extract a set of kinematical cuts. In Figures and it is possible to
see the X* daughters cosine of the opening angle distributions for the signal and the

background respectively in the 7 TeV simulations.

. " . g Si i ambdaPi
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Cos(Opening Angle)

Figure 5.30: X* daughters cosine of the opening angle distribution for the signal in pp simula-
tions at /s = 7 TeV.

In Figures [5.32 and it is possible to see the A’s momentum vs 7’s momentum
distributions for the signal and the background respectively in the 7 TeV simulations.

In Figures and it is possible to see the %* daughters cosine of the opening
angle vs ¥* momentum distributions for the signal and the background respectively in
the 7 TeV simulations.
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Figure 5.31: ¥* daughters cosine of the opening angle distribution for the background in pp
simulations at /s = 7 TeV.
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Figure 5.32: A’s momentum vs 7’s momentum distribution for the signal in pp simulations at

\/s = 7 TeV. The red line represents the parameterization of the exclusion area.
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Figure 5.33: A’s momentum vs 7’s momentum distribution for the background in pp simulations

at /s = 7 TeV. The red line represents the parameterization of the exclusion area.
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Figure 5.34: X* daughters cosine of the opening angle vs ¥* momentum distribution for the
signal in pp simulations at /s = 7 TeV. The red line represents the parameterization of the

exclusion area.
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Figure 5.35: ¥* daughters cosine of the opening angle vs ¥* momentum distribution for the
signal in pp simulations at /s = 7 TeV. The red line represents the parameterization of the

exclusion area.

As already seen studying the trend in the 10 TeV simulations, a quite good separation
from the signal behaviour to the background behaviour is evident, so it is possible to
try to parameterize an exclusion area in which the signal is not present and use this
information to clean the sample under analysis. This was done trying to find the best

function which follows the signal border line.

So based on these results, the cuts I applied, are:

o A pr/pa < (0.545 + 0.350/py)

e B. Opening Angle < ArcCos (1 - zﬁ )

for the proton-proton simulation at /s = 7 TeV.

The Figures [5.36 [5.37 and [5.38| show the ¥* invariant mass distribution after the
application of the kinematical cuts.

As it is possible to see from the figures and from the Table and as already noticed
in the simulations, only the second kinematical cut improves significatively the results
with respect to those obtained without any kinematical cuts applied (taking into account
all the 4 ¥* particles involved in the analysis) and so only this one could possibly be

used.
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Figure 5.36: X*’s invariant mass distribution after applying the the A’s momentum vs 7’s

momentum cut in pp data at /s = 7 TeV.
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Figure 5.37: ¥*’s invariant mass distribution after applying the the ¥* daughters cosine of the
opening angle vs ¥* momentum cut in pp data at /s = 7 TeV.

5.2.4 Global Results

The Table summarizes the results, obtained with the “purity oriented” set of cuts for
all the particles involved in the analysis, and provided with 30 million of events collected
at /s =7 TeV.
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Figure 5.38: ¥*’s invariant mass distribution after applying both the kinematical cuts previously

described in pp data at /s = 7 TeV.

Cut  Cut Type Mass T X2/Ndof Yield S/V/S+ B
(GeV/c?) (MeV)

8 Quality Cuts + A. 1.391 +£0.003 27+ 6 2.1 3633 £ 517 9.2+ 1.3

9 Quality Cuts + B. 1.387 £ 0.003 36 5 1.4 4420 + 349 16.1 + 1.2

10 Quality Cuts + A. + B. 1.388 £ 0.002 34+ 7 1.5 2441 4+ 343 9.0 £ 1.2

Table 5.7: Results obtained adding the kinematical cuts described in the text in order to improve

the signal extraction.

The results obtained are in quite good agreement with the PDG values, and a be-

haviour already seen in the simulation in here reproduced i.e. due to the pp initial state

more particle that antiparticle are produced and, among particle, more ¥* than X*~

are produced in the collisions.

The Table summarizes the results, obtained with the “efficiency oriented” set of

cuts for all the particles involved in the analysis.

Again for the following differential analysis the “efficiency oriented” cut set was

chosen.

5.2.5 Systematic uncertainties evaluation at /s = 7 TeV

The systematic contribution to the errors associated to the fit results was evaluated

varying the values of the cuts applied within a reasonable range.

In particular the

contribution of the systematics components can be summarized as follows:
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Particle Mass (GeV/c?) T (MeV) x?/Naos Yield Significance
Y- 1.388 +£ 0.002 37+ 3 1.7 10865 + 576 23.9 + 1.2
»t 1.384 + 0.001 36 + 3 1.9 12247 + 583  26.6 + 1.2
> 1.385 + 0.002 37+ 4 1.8 9963 + 566  22.2 + 1.2
>+ 1.383 £ 0.002 34+ 3 1.8 0983 + 564  22.5 + 1.2
Table 5.8: All X* species results obtained with the “purity oriented” cut set.

Particle Mass (GeV/c?) T (MeV) x?/Naos Yield Significance
Y- 1.385 + 0.001 28 + 3 8.3 18203 + 979 23.4 + 1.3
»t 1.379 + 0.001 33 + 2 8.8 23197 £ 971 30.0 + 1.2
> 1.381 + 0.001 33 + 3 8.3 19390 + 952  30.0 &+ 1.2
>+ 1.380 + 0.001 33 + 2 8.2 23725 + 940 31.7 + 1.2

Table 5.9: All ¥* species results obtained with the “efficiency oriented” cut set.

For the “purity oriented” set:

e Degree of the polynomial fitting function: 0 GeV/c? for mass value, 3 MeV for
width value, 11.8% for yield value.

e Width of the “exclusion region”: 0 GeV/c? for mass value, 1 MeV for width value,
2.9% for yield value.

e Quality cuts: 0.5 GeV /c? for mass value, 0.5 MeV for width value, 24.2% for yield

value.

e Kinematical cuts: 1 GeV/c? for mass value, 2.5 MeV for width value, 18.8% for

yield value.

e Total: 1.1 GeV/c? for mass value, 4 MeV for width value, 33.0% for yield value.

For the “efficiency oriented” set:

e Degree of the polynomial fitting function: 0.5 GeV/c? for mass value, 4.5 MeV for
width value, 18.7% for yield value.

e Width of the “exclusion region”: 0 GeV/c? for mass value, 2 MeV for width value,
8.9% for yield value.

e Quality cuts: 0.5 GeV/c? for mass value, 2.5 MeV for width value, 2.6% for yield

value.

e Total: 0.7 GeV/c? for mass value, 5.5 MeV for width value, 21.0% for yield value.
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In both cases the systematic component dominates on the statistic one, in particular
for what concern the extracted yield, and so, on the spectra. This effect, as previously
seen analyzing the 10 TeV simulations, is more evident for the “purity oriented” cut set
that even if able to provide a more pure sample it is, at the same time, more sensible to
small changes in the analysis conditions. The “efficiency oriented” set will be used for

following differential analysis.

5.2.6 Transverse momentum and mass spectrum

In Figures and (see the end of this chapter) the results obtained dividing the
dynamical range in seven p; bins and extracting the signal from all of them following
the previously described procedure and applying the “efficiency oriented” set of cuts are
shown. In each graph the red histogram is the signal after the background subtraction
fitted with a Breit-Wigner distribution (the blue curve). A quite good signal is extracted
from each chosen bins. The uncorrected transverse momentum and the transverse mass
spectra are shown in Figures and In each graph the black dots represents the
uncorrected spectrum extracted from the data while the red and the blue dots are the
spectra extracted analyzing the anchor runs produced in order to extract the efficiency
correction factor with PYTHIA and Phojet respectively. In order to increase the statistic
»** and 3*F are put together.
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Figure 5.39: Uncorrected transverse momentum distribution for 7 TeV pp data. The black
dots represents the spectrum extracted from the data, the red and the blue dots are the spectra
extracted from the anchor runs with PYTHIA and Phojet respectively.

Finally the corrected spectra are shown in Figures [5.41] [5.42] [5.43] [5.44]
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Figure 5.40: Uncorrected transverse mass distribution for 7 TeV pp data. The black dots
represents the spectrum extracted from the data, the red and the blue dots are the spectra
extracted from the anchor runs with PYTHIA and Phojet respectively.
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Figure 5.41: Corrected transverse momentum distribution for 7 TeV pp data. The orange dots
represents the spectrum extracted form the data corrected with the PYTHIA anchor runs, while
the red dots are the PYTHIA generated spectrum.
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Figure 5.42: Corrected transverse mass distribution for 7 TeV pp data.

The orange dots

represents the spectrum extracted form the data corrected with the PYTHIA anchor runs, while

the red dots are the PYTHIA generated spectrum.
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Figure 5.43: Corrected transverse momentum distribution for 7 TeV pp data. The blue dots

represents the spectrum extracted form the data corrected with the Phojet anchor runs, while

the dark blue dots are the Phojet generated spectrum.
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Figure 5.44: Corrected transverse mass distribution for 7 TeV pp data. The blue dots represents
the spectrum extracted form the data corrected with the Phojet anchor runs, while the dark blue

dots are the Phojet generated spectrum.

As observed also in the 900 GeV data the distributions generated both with PYTHIA
and Phojet underestimate the data, as expected[156]. However, as previously mentioned
both of them proved to be useful for the efficiencies evaluation and of course these models
have to be tuned in the next future taking into account these results together with the
others provided at these energies.

Again since, at the moment, the are no strong reasons to prefer one of the two
generator, we decided, in a very preliminary way, to take, as efficiency correction factor,
the mean value between the two generators. In Figures and the p; and the
my spectra corrected as just mentioned. The half difference between the PYTHIA and
Phojet correction factors in taken as systematic errors associated to the models.

As described in the previous chapter, the corrected distribution was fitted with an
Exponential (both p; and m; spectrum) and a Levy functions (only p; spectrum).

The results of these fits applied to the spectra, where statistical and systematic
uncertainties are added in quadrature, are shown in Figures [5.47], [5.48] [5.49] [5.50} [5.51]
and (.52

As it is possible to see, the p; spectrum is reasonably fitted by the Levy-Tsallis and

the Exponential distributions throughout the dynamical range considered and as already
noticed by STAR the m; spectra is reasonably fitted by the Exponential distribution.
From the corrected spectra it is possible to extract the mean p; of the reconstructed
particles and the temperature 1" of the source. The obtained values are summarized in
the Table for what the spectra corrected with the two generators combination.
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Figure 5.45: Transverse momentum distribution for 7 TeV pp data corrected taken, as efficiency
correction factor, the mean value between the two generators. The black points are the corrected
spectrum, the red points are the PYTHIA generated spectrum while the blue points are the
Phojet generated spectrum.
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Figure 5.46: Transverse mass distribution for 7 TeV pp data corrected taken, as efficiency
correction factor, the mean value between the two generators. The black points are the corrected
spectrum, the red points are the PYTHIA generated spectrum while the blue points are the
Phojet generated spectrum.
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Figure 5.47: PYTHIA Corrected transverse momentum distribution for 7 TeV pp data with

the corresponding fits. See text for details.
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Figure 5.48: Phojet Corrected transverse momentum distribution for 7 TeV pp data with the

corresponding fits. See text for details.

Spectrum H Exponential Fit H

Levy-Tsallis Fit

(pt) T (pe) T n
(GeV/c) (MeV) (GeV/c) (MeV)
Pt 1.131 £ 0.059 566 + 29 1.272 + 0.064 406 £ 28 20.1 £ 6.3
me - 520 + 31 - -

Table 5.10: Temperature T and (p;) and obtained from the exponential and Levy-Tsallis fits of

the p; spectrum and from the Exponential fit of the m; spectrum.
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Figure 5.49: PYTHIA Corrected transverse mass distribution for 7 TeV pp data with the
corresponding fits. See text for details.
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Figure 5.50: Phojet Corrected transverse mass distribution for 7 TeV pp data with the corre-
sponding fits. See text for details.
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Figure 5.51: Transverse momentum distribution for 7 TeV pp data corrected taken, as efficiency
correction factor, the mean value between the two generators and fitted with an exponential and
a Levy-Tsallis distribution. The black points are the corrected spectrum, the red points are the

PYTHIA generated spectrum while the blue points are the Phojet generated spectrum.
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Figure 5.52: Transverse mass distribution for 7 TeV pp data corrected taken, as efficiency
correction factor, the mean value between the two generators and fitted with an exponential
distribution. The black points are the corrected spectrum, the red points are the PYTHIA

generated spectrum while the blue points are the Phojet generated spectrum.
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Finally in the Figures and the ratio between data and the simulations
provided with PYTHIA and Phojet and the reconstruction efficiency as function of the

transverse momentum are shown respectively.
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Figure 5.53: Ratio between the PYTHIA and Phojet generated spectra and the reconstructed
data.
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Figure 5.54: Reconstruction efficiency as function of the transverse momentum. It is evaluated
using both PYTHIA and Phojet, taking, as efficiency correction factor, the mean value of the
two generators corrections. The associated uncertainty is evaluated taking the half-difference of

the values provided by the two generators.

As it is possible to see both PYTHIA (especially at intermediate p;) and Phojet
(in the whole dynamical range considered) highly underestimate the data, as already
observed for the 900 GeV data.

The efficiency corrections also in this are obtained by analyzing Monte Carlo (MC)
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events in exactly the same way as for the real events. A dependence is found on the
generators used (PYTHIA and Phojet). Therefore the corrections presented here are
obtained taking the mean value of the two generators corrections and taking into ac-
count, as systematic uncertainties, the half-difference of the values provided by the two
generators. As evident from the figure, the efficiency is limited, especially at low py,
because of the acceptance of the detector.

The reader must take into account that results just shown has not to be considered
as final at all. The analysis, infact, is still ongoing and, in particular, some improvement,
that was not possible to include in this thesis, are foreseen for the next future such as, a
narrowing of the rapidity interval considered in order to take into account the rapidity

region in which the detector efficiency is the best.

5.2.7 Signal Significance

In Table the significances (defined as S/v/S + B) for the extracted signal obtained
for the differential (only in p;) and integral analyses of 7 TeV data, are summarized.
The uncertainties here reported take into account both the statistical and the systematic

component.

Table 5.11: Significances of the extracted signal for 7 TeV pp data (both for integral and
differential transverse momentum distribution, 3-107 events).

p; range (GeV/c) 7 TeV Data Significances.

Integral 30.0 £ 5.4.
0.6 - 1.0 12.3 £ 2.5.
1.0-14 114 £+ 2.4.
14-1.6 16.9 + 3.2.
1.6-1.8 17.5 + 3.3.
1.8-2.0 16.4 + 3.1.
2.0 - 3.0 26.1 4+ 4.8.
3.0-5.0 14.8 + 2.9.

The significance p; dependence for the two sets of cuts considered is shown in Fig-
ure

Almost all the p; bins shows, as expected, that the “efficiency oriented” cuts set
increase the significance. As mentioned in the previous chapter this effect is much more

evident with the data than with the simulations.

5.2.8 Dependence of mass and width from p,

In Figures |5.56| and the transverse momentum dependence of ¥* mass and width

for the two sets of cuts considered is shown. An apparent increase of mass and width is
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Figure 5.55: ©*t + ¥*+ p, significance dependence in 7 TeV pp collisions data. The missing

blue points corresponds to p; bins not reconstructable with the “purity oriented” cut set.

present for the data managed with the “purity oriented” set of cuts, while this behaviour
disappear for the data managed with the “efficiency oriented” set of cuts. Even in this

case the fit results confirms the accordance with the PDG values.
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Figure 5.56: ©** p, mass dependence in 7 TeV pp collisions data. The missing blue points
corresponds to p; bins not reconstructable with the “purity oriented” cut set.

The analysis and the results presented and discussed in this chapter are only the first
step needed in order to perform the possible studies on the QGP dynamic evolution de-
scribed in the Chapter 3. The results provided with the ¥X* have, infact, to be considered
together with those obtained with other strange resonances (like K*, A* and so on) in
order to have a well established reference set of starting points for the next comparison

with the PbPb data, for instance in order to determine the resonance absorption degree
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Figure 5.57: X**x p; width dependence in 7 TeV pp collisions data. The missing blue points
corresponds to p; bins not reconstructable with the “purity oriented” cut set.

during the interacting hadron gas phase between the chemical and kinematical QGP
freezeout. For these reasons, the work presented in this thesis has not to be considered
as an end in itself but as a needed phase to provide essential tools for one of next goal
of ALICE in the study of PbPb events recently collected at LHC.
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Figure 5.58: ¥** 4 ¥*+ signal extracted in the 0.6-1.0 and 1.0-1.4 GeV/c p; bins. The red
histograms represent the signal after the background subtraction fitted with a Breit-Wigner
distribution (the blue curve).
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Figure 5.59: ¥*t 4 X*+ signal extracted in the 1.4-1.6, 1.6-1.8, 1.8-2.0, 2.0-3.0 and 3.0-5.0
GeV/c p; bins. See previous figure caption for details.
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Conclusions

The main physics goal of the ALICE experiment is the creation and the investigation
of the properties of the strongly-interacting matter in the framework of before never
reached conditions of so high energy density (> 10 GeV/fm?) and high temperature (>
0.2 GeV). This state of the nuclear matter is called Quark-Gluon Plasma. Due to its
short lifetime, the QGP is studied looking at several different kind of physical observables
in the final state, the so called “hard and soft probes”. The studies on the QGP started
in the ’80 first with the SPS experiments and then at RHIC.

Among the different topics related to the physics of the Quark-Gluon Plasma and in-
vestigated by the ALICE experiment, the analysis of the strange resonances is one of the
most important, in order to study the dynamics of the evolution of the QGP during the
fireball expansion and cool-down. In recent years some studies were performed in order
to explore if it is possible to experimentally determine the period of time between the
fireball chemical and kinetic freeze-out using the strange hadron resonances behaviour.
The short-lived resonances, detectable through an invariant mass reconstruction, are
natural candidates for freeze-out diagnostics since their lifetime is comparable to the
hadronization timescale and the lifetime of the interacting Hadron Gas. If chemical and
kinetic freeze-out are not separated, all initially produced resonances are reconstructable
otherwise if a time separation is present, part of the resonance daughters rescatter in the
interacting phase and the resonance will not be observable anymore in the final state.
In this way the relative suppression of resonances in the final state, compared to the
behaviour expected, provides a chronometer for the time interval between the differ-
ent reaction stages. An accurate determination of the resonances yields could therefore
provide a distinction between different hadronization scenarios. The rich variety of de-
tectable resonances includes particles with very different masses and widths, allowing
to probe the production phase (the chemical freeze-out) temperature and interaction
lifetimes in detail.

The ALICE experiment, thanks to its very composite, complex and efficient detector
is able to explore these aspects in deep detail.

Goal of this thesis is the study and the reconstruction of the strange resonance
¥(1385) in proton-proton collisions since it is crucial for the tuning of the existing mod-
els and is an important benchmark for the subsequent lead-lead collisions analysis. Some
theoretical studies found a remarkable prediction for the ¥(1385) resonance: when both
the ¥*/A and ¥* /= ratios become available both the temperature of the thermal freeze-
out and the lifetime of the interacting hadron gas phase can be inferred from the X*
alone. In the recent past the ¥(1385) was studied in pp and Au-Au collisions at /s =
200 GeV in the STAR experiment at RHIC.

This work started with the analysis of the ALICE pp simulation at /s = 10 TeV in
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order to build a dedicated signal extraction procedure. The ¥(1385) was reconstructed
in its strong A 7 decay channel, i.e. only one of the possible ¥(1385) decay channels
since it has the highest branching ratio and due to the now insufficient efficiency in 3’s
identification (needed for the second ¥(1385) decay channel). The signal extraction pro-
cedure includes the background evaluation with the so called “Side-Bands” technique
and the application of a specific set of quality and kinematic cuts in order to increase
the Signal over Background ratio. Much effort was spent in order to fix the best set of
cuts which allow, at the same time, to extract a quite pure signal without losing too
much efficiency. In more details, two sets of cuts were tried, one “purity oriented” and
one “efficiency oriented”, the latter used for the differential analysis. The procedure was
validated again on the 7 TeV simulation, and it was applied on the pp data collected
by the experiment at /s = 900 GeV and 7 TeV. The results obtained, in terms of mass
and width of the ¥(1385) are in agreement with the PDG values. The amount of data
collected at 900 GeV enabled the analysis of the dynamical range in three p; intervals.
The statistics collected at 7 TeV was much higher and enough to perform a better differ-
ential analysis dividing the dynamical range in seven p; intervals. The extracted spectra
at both energies were corrected for the efficiencies using some dedicated simulations pro-
vided with two different generators, PYTHIA and Phojet, and a combination of both
and then compared with the Monte Carlo distributions. As expected both the generators
underestimate the ¥(1385) yield both at 900 GeV and 7 TeV reflecting the necessity to
tune the models at these energies taking into account, among the others, also the results
obtained in this analysis. The spectra were then fitted, in the context of a thermal
production model with an exponential and a Levy-Tsallis distribution as already done
in other strangeness related analyses in ALICE and also in the STAR experiment. From
the spectra it was possible to extract the information on the temperature of the source
and the (p;) in the dynamical range considered. A first, very preliminary, comparison
with the results obtained by the STAR experiment was performed. Comparable values
both for T and (p;) were found comparing the data at 200 GeV and 900 GeV while a
sensible increase was spotted moving to the 7 TeV data. The collected data at 7 TeV
are enough to measure the ¥*/A and ¥*/= ratios in pp collisions, which play a very
important role both in models renormalization and as benchmark for the subsequent
measurement of the same ratios in PbPb collisions.

The analysis work presented in this thesis is, of course, the starting point for an
analysis that starting from the pp data will find its main goal on the PbPb data collected
during November-December 2010, and those which will be collected during the next years
by ALICE. The analysis in heavy-ion collisions will be much more critical due to the
higher combinatorial background and therefore needs a very strong signal extraction
procedure together proper set of cuts. The results that will be provided in terms of
¥*/A and ¥* /= ratios has to be compared with those coming from other resonances, in
order to be able to discriminate among different QGP evolution and freezeout models

as mentioned in the motivations.
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