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Mesure de la production du boson W dans le canal muonique à
rapidité à l’avant avec ALICE

Réজঞmé

Selon le modèle standard, la matière est constituée de particules fondamentales : les quarks,
les leptons et les bosonsmédiateurs d’interaction. Lesquarks sont les particules soumises à l’interaction
forte, qui est véhiculée par les gluons, et peuvent avoir six saveurs différentes. Les leptons et les
quarks sont soumis à l’interaction électrofaible, véhiculée par les bosons W±, Z0 et les photons.
Le modèle standard explique de nombreux résultats et prédit l’existence d’une particule, le bo-
son de Higgs, qui est responsable de la masse des autres particules. Dans le modèle standard,
l’interaction forte entre les quarks et les gluons (partons) est décrite par la théorie de la Chro-
moDynamique Quantique (QCD). La constante de couplage de l’interaction forte change avec
l’énergie/distance entre particules. Elle est notamment grande à petites impulsions/grandes dis-
tances et petite à grandes impulsions/petites distances. Par conséquent, les partons sont confinés
dans les hadrons (confinement),mais ils se comportent commedes particules quasi-libres à petites
distances et hautes énergies d’interaction (liberté asymptotique). Les calculs de QCD sur réseau
(lattice-QCD) prédisent que, dans des conditions extrêmes de densité d’énergie (& β GeV/fm3)
et/ou densité numérique des baryons (& β fm−3), les partons ne sont plus confinés à l’intérieur
des hadrons (déconfinement), et un nouvel état de la matière est formé, constitué par quarks
et gluons : le Plasma de Quarks et de Gluons (QGP). Ce nouvel état de la matière était le plus
abondant lors de premières microsecondes après le Big Bang et pourrait exister aujourd’hui au
cœur des étoiles à neutrons où la densité du nombre baryonique est très élevée. L’étude duQGP
donne donc des informations importantes sur l’interaction forte, les propriétés de la matière à
très haute température et l’évolution de l’univers lors de ses premiers instants.

Les conditions pour la formation duQGPpeuvent être reproduites en laboratoire à travers la
collision d’ions lourds ultra-relativistes. Deux faisceaux d’ions lourds, accélérés à une vitesse très
proche de la vitesse de la lumière, s’entrechoquent créant dans la zone de la collision des densités
d’énergie extrêmement élevées qui peuventmener à la formation duQGP. LeQGP créé va subir
d’une violente expansion relativiste dans le vide qui entoure la zone de la collision. Lors de cette
expansion, la densité d’énergie dumilieu diminue et enquelques dizaines de fm/c lemilieu se con-
fine enproduisantunematière hadronique (gaz dehadrons). Bienqu’il soit impossible d’observer
les QGP directement, certaines observables bien précises ont la particularité d’être très sensibles
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à la formation du QGP, notamment les jet de haute énergie, les quarks lourds, les quarkonia et
la production de photons et de dileptons. En revanche la production de boson électrofaibles ne
devrait pas être affectée par la présence duQGP et représente une référence unique qui n’a jamais
été mesurée dans les collisions entre ions lourds avant la construction du grand collisionneur de
hadrons au CERN.

En général, le taux de production de particules ou leurs distributions cinématiques peuvent
êtremodifiés par la présenceduQGPpar rapport auxobservations faites dans les collisionsproton-
proton. Toutefois, certaines modifications par rapport à la production en collisions proton-
proton ne sont pas dues à la présence d’un milieu deconfiné, mais à des effets liés à l’utilisation
des ions lourds, telle que la modification de la fonction de distribution partonique (PDF) dans
les noyaux (comme le shadowing, la saturation de gluons, etc).

À cause de sa grandemasse, le bosonW est produit lors des collisions partoniques dures dans
la phase initiale de la collision des noyaux, avant la formation du QGP. Ses produits de désin-
tégration leptoniques ne sont pas affectés par la présence du milieu deconfiné, car ils ne sont
pas sensibles à l’interaction forte. Il s’agit donc d’un canal idéal pour la compréhension des ef-
fets nucléaires non liées au QGP. En particulier, la mesure des bosons vecteurs dans un large
intervalle en rapidité permet d’étudier les PDF nucléaires (nPDF) dans une région de haute vir-
tualitéQ2 ∼ (β00GeV)2 et de fraction d’impulsion du parton dans le nucléon (x-Bjorken) qui est
actuellement peu contrainte par les données. En outre, l’étude de l’asymétrie de charge des bosons
W±, qui sont produits principalement lors des processus ud̄→ W+ et dū→ W− à hautes éner-
gies, permet de tester la dépendance desmodification des PDFs par rapport à la saveur des quarks.
En collision proton-proton, le taux de production du bosonW est bien connu, et sa mesure peut
être donc utilisée comme chandelle standard pour l’estimation de la luminosité. Comme pour les
collisions Pb–Pb, la fonction de distribution partonique en collisions proton-plomb est affectée
par les effets nucléaires tels que le shadowing et la saturation de gluons. Par conséquent, l’étude
de boson W est très importante pour comprendre la distribution partonique dans le noyau.

LeGrandCollisionneurdeHadrons (LHC)de l’OrganisationEuropéennepour laRecherche
Nucléaire (CERN) qui se trouve à Genève en Suisse fonctionne depuis γ009 et il a produit des
collisions en proton-proton à des énergies du centre de masse de

√s = 7, 8 et βδ TeV, des colli-
sions proton-plomb à des énergies par nucléon de

√sNN = 5.0γ et 8.β6 TeV ainsi que des collisions
plomb-plomb à γ.76 et 5.0γ TeV. Le LHC a marqué un nouveau chapitre dans le domaine de la
physique des hautes énergies. L’énergie du centre de masse atteinte au LHC est jusqu’à γ5 fois
plus grande que celle atteinte par le Relativistic Heavy Ion Collider (RHIC) au Laboratoire Na-
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tional de Brookaven aux Etats Unis, ce qui permet d’étudier le QGP dans un nouveau régime
d’énergie.

ALICE (A Large Ion Collider Experiment) est la seule parmi les 4 expériences installées au
LHC à être spécifiquement conçue pour la physique des ions lourds. Elle est constituée d’un ton-
neau central complété par un spectromètre à muon vers l’avant ainsi que des détecteurs pour les
mesures à grandes rapidités. Le spectromètre àmuon couvre la régiondepseudo-rapidité−4.0 <

η < −γ.5. En collisionproton-proton, le référentiel du centre demasse coïncide avec celui du lab-
oratoire et onmesure donc des muons avec une rapidité entre−4.0 < ycms < −γ.5. En collision
proton-plomb, par contre, la différence d’impulsion entre le proton et l’ion mène à une dévia-
tion de la rapidité du système de centre de masse. En renversent la direction de circulation des
deux faisceaux, il est donc possible de mesurer des muons avec γ.0δ < ycms < δ.5δ (protons voy-
ageant vers le spectromètre) et −4.46 < ycms < −γ.96 (protons s’éloignant du spectromètre).
On note aussi que la région de rapidité couverte par le spectromètre à muon d’ALICE est com-
plémentaire de celle des expériences ATLAS et CMS. Le spectromètre à muons se compose d’un
aimant dipolaire avec un champmagnétique intégré de δ T.m de cinq stations de trajectographie
composées de chambres proportionnelles multifils à lecture bi-cathodique et de deux stations de
déclenchement composées de chambres à plaques résistives et de plusieurs éléments d’absorption.
Les stations de trajectographie sont placées en aval d’un absorbeur frontal conique en carbone,
béton et acier, d’une longueur épaisseur de 4.βm (correspondant à β0 longueurs d’interaction nu-
cléaire) qui filtre les hadrons, électrons et photons produits au point d’interaction. Les stations
de déclenchement sont placées après une paroi de fer d’une épaisseur de β.γ m (7.γ longueurs
d’interaction) qui absorbe les hadrons secondaires s’échappant de l’absorbeur et des muons de
faible impulsion, provenant principalement de la désintégration des hadrons légers. Enfin, un
blindage de faisceau conique recouvrant le tube faisceau protège le spectromètre des particules
produites lors de l’interaction des particules de grande rapidité avec le tube lui-même.

La centralité de la collision est mesurée à partir de l’énergie déposée dans calorimètre à zéro
dégrée pour neutrons (ZN) en direction de l’ion de plomb qui se fragmente. Le nombre moyen
de collisions nucléon-nucléon binaires < Ncoll > est obtenu à partir de la “méthode hybride”,
qui se repose sur l’hypothèse que la multiplicité mesurée des particules chargées à mi-rapidité
est proportionnelle au nombre moyen de nucléons qui participent à la collision< Npart >. Les
valeurs de< Npart >pour une classe de centralité ZNdonnée sont calculées enmettant à l’échelle
le nombre moyen de participants dans des collisions MB < NMB

part >, estimé avec un Glauber
Monte Carlo, par le rapport de la multiplicité moyenne des particules chargées mesurées à mi-
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rapidité pour la même classe de centralité ZN et celle de MB. Ces valeurs sont désignées par <
Nmult

part > pour indiquer l’hypothèse utilisée pour la mise à l’échelle. Le nombre correspondant
de collisions binaires est alors obtenu comme: < Nmult

coll >=< Nmult
part > −β. Les incertitudes

systématiques sont estimées en utilisant différentes hypothèses.

Cette thèse a pour objectif, la mesure de la production du boson W vers l’avant dans le canal
muonique en collisions proton-plomb à 5.0γ TeV et proton-proton à 8 TeV avec l’expérience
ALICE au LHC. Pour les collisions proton-plomb, la production de bosons W a été également
étudiée en fonction de la centralité de la collision. Il s’agit de la première mesure du boson W à
grandes rapidités en collisions proton-plomb. Dans ce travail, nous avons tout d’abord étudié les
caractéristiques cinématiques des muons issus de la désintégration du boson W par des simula-
tions, afin d’en extraire sa contribution à la distribution d’impulsion transverse (pT). On observe
que la contribution est maximale pour pT ∼ 40 GeV/c. A plus basse impulsion transverse la
source principale de muons est la désintégration des hadrons contenant un quark charmé ou
beau. A haute impulsion transverse la contribution principale du bruit de fond est constituée
par des muons issus de la désintégration de Z0/̓∗. La distribution cinématique des différentes
contributions est décrite par des “templates” obtenues avec des simulationsMC qui utilisent des
calculs de QCD comme générateur. La contribution du signal est obtenue en ajustant les don-
nées avec ces templates. Le nombre demuons ainsi estimé est corrigé par l’acceptance et l’efficacité
du détecteur et normalisé pour obtenir la section efficace. L’asymétrie de charge, définie comme
le rapport entre la différence de production des muons positifs et négatifs sur la production to-
tale, est mesurée également. Les mesures sont comparées avec des calculs de QCD perturbative
au Next-to-Leading Order (NLO) et Next-to-Next-to-Leading Order (NNLO). Les résultats en
collisions proton-proton sont en bon accord avec la théorie (Figure β). Dans le cas des collisions
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proton-plomb, on compare avec des calculs qui incluent qui incluent ou non les modifications
nucléaires des PDFs. Les mesures expérimentales sont compatibles avec les deux cas dans les in-
certitudes actuelles (Figure γ). En collision proton-plomb, on mesure aussi la section efficace de
la production de muons issus de la désintégration des bosonsW divisée par le nombre moyen de
collision nucléon-nucléon, en fonction de la centralité de l’événement, déterminée avec différents
estimateurs. Comme la production du boson W est proportionnelle aux collisions nucléon-
nucléon, son taux de production par collision nucléon-nucléon devrait être constant en fonction
de la centralité si les estimateurs ne sont pas biaisés. Lamesuremontre que la dépendance est plate
pour tous les estimateurs dans les incertitudes expérimentales qui sont entre 8 et β6% (Figure δ).

ALI-PUB-118937

Figure 2: Section efficace différentielle en rapidité desmuon positifs de pμT > β0GeV/c provenant de la décroissance du
bosonW+. Les mesures sont comparées auxmodèles théoriques incluant ou pas les effets de shadowing des fonctions des

distribution des partons selon la paramétrisation EPS09.
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Ce mémoire est divisé en 7 chapitres. Après une introduction des connaissances générales
de physique des hautes énergies, le chapitre β introduit principalement le modèle standard et le
diagramme de phase de la matière nucléaire et le chapitre γ se focalise sur la théorie électrofaible,
la motivation de physique de la présente thèse. Le chapitre δ présente les principes de concep-
tion des détecteurs d’ALICE et l’utilisation des différents sous-détecteurs et le chapitre 4 montre
l’acquisition et le traitement des données. Le chapitre 5 décrit laméthode d’extraction des signaux
du bosonW dans les données en collisions proton-plomb et dans le chapitre 6 la mêmeméthode
est utilisée pour l’analyse en collisions proton-proton. Le chapitre 7 est un résumé des résultat
obtenus et les perspectives de ces études.

En conclusion, cette thèse présente la premièremesure des bosonsWavec le détecteurALICE.
Dans les collisions proton-proton, les calculs théoriques reproduisent correctement les mesures
qui ont des incertitudes entre 8 et β6%. Dans les collisions proton-plomb, les calculs théoriques
des collisions nucléon-nucléon renormalisés par le nombre de collisions binaires reproduisent
également les données. Toutefois, les calculs tenant compte du shadowing des gluons dans le
noyaudeplomb semblent être unmeilleur accord avec lesmesures, notamment à rapidité positive
où les effets du shadowing devraient être plus importants. L’étude de la production de boson
W en fonction de la centralité de la collision p–Pb a permis de vérifier la loi d’échelle avec le
nombre de collisions nucléon-nucléon avec une précision de β5%. Certains résultats de ce travail
de thèse ont été publiés dans la revue Journal of High Energy Physics, volume β70γ, page 77 par
la collaboration ALICE avec le titre “W and Z boson production in p–Pb collisions at 5.0γ TeV”.

Mots-clés : Collisions d’ions lourds; Collisions d’hadrons; Plasma de Quarks et de Gluons
(QGP);GrandCollisionneur deHadron (LHC);ALarge IonCollider Experiment (ALICE);Or-
ganisation Européenne pour la RechercheNucléaire (CERN); Boson électrofaible; Muon; Fonc-
tion de distribution des partons; Collisions proton - plomb; Collisions proton - proton
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W boson measurement in the muonic decay channel at forward
rapidity with ALICE

Aঋজঝছঊঌঝ

With the beginning of the Large Hadron Collider (LHC) at CERN in γ009, a new era in
Quark-Gluon Plasma (QGP) physics has started by studying heavy-ion collisions at high ener-
gies in the centre of mass frame (γ5 times larger than those in the RHIC collider at BNL). The
LHC represents today an ideal tool to study the properties of QGP in the laboratory. ALICE (A
Large Ion Collider Experiment) is the only experiment of LHC specifically designed to measure
those properties. Awide variety of observables can be studied bymeans of the β8 sub-detectors of
the ALICE apparatus, which are grouped in twomain elements: the central barrel and themuon
spectrometer. With the muon spectrometer, we can detect high transverse momentum muons
and dimuons in order to measure open heavy flavours, quarkonia and electroweak bosons pro-
duction.

The high collision energies available at the LHC allow for an abundant production of hard
probes, such as quarkonia, high-pT jets and vector bosons (W, Z), which are produced in ini-
tial hard parton scattering processes. The latter decay before the formation of the QGP, which
is a deconfined phase of Quantum ChromoDynamics (QCD) matter produced in high-energy
heavy-ion collisions. Furthermore, their leptonic decay products do not interact strongly with
the QGP. The electroweak bosons provide a way for benchmarking in-medium modifications
to coloured probes. In Pb–Pb and p–Pb collisions, precise measurements of W-boson produc-
tion can constrain the nuclear PartonDistribution Functions (nPDFs), which could bemodified
with respect to the nucleon due to shadowing or gluon saturation. In addition, they can be used
to test the scaling of hard particle production with the number of binary nucleon–nucleon col-
lisions. Especially in p–Pb collisions, the measurement of W yields at forward and backward
rapidity allows us to probe the modification of nPDFs at small and large Bjorken-x, respectively.
Suchmeasurements can be benchmarked in pp collisions, whereW-boson production is theoret-
ically known with good precision. Also, the charge asymmetry of leptons from W-boson decays
is a sensitive probe of up and down quark densities in a nucleon inside a nucleus.

ALICE has already completed data taking of large data samples of pp collisions at
√s = 7, 8

and βδ TeV, p–Pb collisions at
√sNN = 5.0γTeV and Pb–Pb collisions at

√sNN = γ.76 and 5.0γTeV.
The data samples collected inRun β (i.e. in year γ009-γ0βδ) allowed us to study the production of
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heavy flavours andW-boson through theirmuonic decay channel in pp andp–Pb collisions. The
production of W-boson in pp collisions at 8 TeV and p–Pb collisions at 5.0γ TeV are measured
with the ALICEmuon spectrometer via the inclusive pT-differential muon yield. In pp collisions
the rapidity covered by muon spectrometer is −4 < yμcms < −γ.5 and in p–Pb collisions it
separates into forward rapidity (p-going direction, γ.0δ < yμcms < δ.5δ) and backward rapidity
(Pb-going direction, −4.46 < yμcms < −γ.96) via changing beam direction. These rapidity
regions are complementary to the one of ATLAS (AToroidal LHCApparatuS, |ηlab| < γ.5) and
CMS (Compact Muon Solenoid, |ηlab| < γ.4) experiments.

This thesis consists of four parts. Part I is the introduction of high-energy physics and con-
tains two chapters. Chapter β is a general knowledge of QCD and QGP, and Chapter γ concen-
trates on the electroweak theory and the motivation of investigating of W-boson in heavy-ion
collisions. Part II presents the ALICE experiment, which involves hardware, software, the online
data taking and the offline data selection. Chapter δ shows the design of the structure including
central barrel and forward muon spectrometer and Chapter 4 gives an account of data. Part III
is the core content, which reveals the detail of W-boson measurement in p–Pb (Chapter 5) and
pp (Chapter 6) collisions. Finally, the conclusions are drawn in part IV (Chapter 7).

Keywords: Heavy ion collisions; HIC; Hadronic collisions; Quark Gluon Plasma; QGP; LHC;
ALICE;CERN;Electroweak boson;Muon; Parton distribution functions; PDF;Nuclear parton
distribution functions; nPDF; p–Pb collisions; pp collisions; 5 TeV; 8 TeV
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wμνcμ one s sure one s cεpεble. Only wμen we do not μεve
to be εccountεble to εnyone cεn we find joy νn scνentνfic
endeεvor.

Albert Einstein

1
Particle physics in heavy-ion collisions

Duringmydoctoral career, the top three questions I have been asked are: what is a “particle”?
whydoyou study it? how touse it in our daily life? Iwasperturbed each timewhen I chattedwith
my friends onmymajor. It is difficult to use simple words to explain what we researched to them
since they do not have background in this field. Particles can not be seen with our own eyes and
belong to themicroscopicworld, whichmeans a special way is needed to investigate their physical
properties. Many scientists began to think about how to describe particles via physical formula
and how to design experimental devices to measure them. Thus, a lot of physical models were
proposed in theory and somehugemachineswere built in experiment. So far, themost successful
and a well-tested theory in particle physics is the StandardModel (SM). Let us start by describing
what is the SM.

β.β Standard model

All matter is made of elementary particles which arise in two basic types called quarks and
leptons, shown in the left panel of Figure β.β. Each of them consists of six particles, which are
organized in “generations”. The lightest and most stable particles build up the first generation
(quarks: up and down, leptons: electron and electron neutrino), while the heavier and less stable
particles belong to the second generation (quarks: charm and strange, leptons: muon andmuon
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β.β. Standard model

neutrino) and third generation (quarks: top and bottom, leptons: tau and tau neutrino). All
stable matter in the universe is made of particles that belong to the first generation; any heavier
particles quickly decay to the most stable level. Quarks and leptons have their antiparticles with
the same mass and opposite charge named anti-quarks and anti-leptons, respectively.

Figure 1.1: The SM of elementary particles (left) and summary of interactions between particles described by the SM

(right).

In the broadest sense, a particle is a quantity ofmatter. In physics, a particle is a small object to
which can be ascribed several physical properties such as charge or mass. We have already learned
in the earlier schools that matter is made of atoms and atoms are made of smaller constituents:
protons, neutrons and electrons. Protons and neutrons are made of quarks, while electrons are
not. As far as we know, quarks and electrons are fundamental particles, not made of anything
smaller. You cannot have half an electron or one-third of a quark. And all particles of a given type
are precisely identical to each other: they have little license plates that distinguish them. Any two
electrons with the same energy will produce the same result in a detector, and that’s what makes
them fundamental: they do not come in a variety pack.

The SMof particle physics (formulated in the β970s) describes the world in terms of particles
(fermions, with fractional spin) and forces (which are mediated by bosons, with integer spin).
Fermions obey a statistical rule described by Enrico Fermi (β90β–β954) from Italy, Paul Dirac
(β90γ–β984) from England, and Wolfgang Pauli (β900–β958) from Austria called the exclusion
principle. Simply stated, fermions can not occupy the same quantum state at the same time (two
fermions can not be described by the same quantumnumbers). All quarks and leptons, as well as
any composite particle made of an odd number of these, are fermions. Bosons, in contrast, have
no problem occupying the same quantum state at the same time (more formally, two or more
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Chapter β. Particle physics in heavy-ion collisions

bosons may be described by the same quantum numbers). The statistical rules that bosons obey
were first described by Satyendra Bose (β894–β974) from India and Albert Einstein (β879–β955)
from Germany. As the particles that make up light and other forms of electromagnetic radia-
tion, photons are the bosons we have the most direct experience with. All of these are described
by Quantum Field Theory.

There are four fundamental forces in the nature: the strong force, the weak force, the elec-
tromagnetic force and the gravitational force. They work at different ranges and have different
strengths. Gravity is the weakest force and has an infinite range (as well as the electromagnetic
force). It is accurately described by the general theory of relativity proposed by Albert Einstein
in β9β5 [β]. Gravity is not included in the SM, which is actually a fundamental problem that has
to be solved. However for the practical purposes of particle interactions, the effect of gravity is
so weak to be negligible. The other three fundamental forces described by exchange of force-
carrier particles, which belong to the family of bosons, are shown in the right panel of Figure β.β.
The strong force is carried by the gluon, the weak force is carried by the W and Z bosons and
the electromagnetic force is carried by the photon. These force-carrier particles are called “gauge
bosons”. The electromagnetic interaction and the weak interaction in SM are described as two
different aspects of a single electroweak interaction. This theory was developed around β968 by
Sheldon Glashow, Abdus Salam and Steven Weinberg, and they were awarded the β979 Nobel
prize in physics for their contributions to the theory of the unified weak and electromagnetic in-
teraction between elementary particles, including, inter alia, the prediction of the weak neutral
current.

The Higgs boson was the last missing piece of the SM puzzle. It is a different kind of force
carrier from the other elementary forces, and it givesmass to quarks aswell as theWandZbosons.
Whether it also gives mass to neutrinos remains to be clarified. Its existence has been confirmed
by two experiments (ATLAS and CMS) on the Large Hadron Collider at CERN (European Or-
ganization for Nuclear Research *) on 4 July γ0βγ. This experimental discovery of Higgs boson
[γ, δ] led that the Nobel prize in physics was awarded jointly to Professors Francois Englert and
Peter Higgs for the prediction of this fundamental particle on 8 October γ0βδ .

*The abbreviation ”CERN” is denominated according to its old name in French, Conseil Europeen pour la
Recherche Nucleaire
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β.β. Standard model

β.β.β Quantum ChromoDynamics

Quantum ChromoDynamics (QCD) is a type of quantum field theory [4] called a non-
abelian gauge theory with symmetry group SU(δ) that describes the strong interactions between
quarks and gluons. In QCD, the analogous of the electric charge is a property called ”color”.
There are three kinds of color charges, which are called red, green and blue, using the same ter-
minology for colors perceived by humans. They are just quantum parameters and completely
unrelated to familiar phenomenon of color in daily life. The quarks carry only one color, while
the gluons are a combination of color and anti-color. The fact that the gluon carries a color charge
is a fundamental difference compared to photons, since it allows for self-interaction. There are
eight different gluon types which form a SU(δ) octet [5] :

RḠ,RB̄,GR̄,GB̄,BR̄,BḠ, β√
γ
(RR̄− GḠ), β√

6
(RR̄+ GḠ− γBB̄)

The combination of color and anti-color for gluons and how a gluon changes the color of
quarks are shown in Figure β.γ. The symmetric singlet state

β√
δ
(RR̄+GḠ+ BB̄) does not exist

because it can not mediate color. All observed particles do not carry a net color charge and they
are white or colorless.

Figure 1.2: The combination of color and anti-color for gluons (a), and how a gluon changes the color of quarks (b).

The peculiarities of QCD are:

• coupling constant larger than unity

• confinement phenomena
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Chapter β. Particle physics in heavy-ion collisions

• gluons carry colour and the asymptotic freedom

• spontaneous breaking to the chiral symmetry in the limit of zero-mass quark

β.β.γ Lagrangian of QCD

The QCD Lagrangian is given by [6]

L =
∑

q
ψ̄q,a(ν̓μ∂μ̔ab − λs̓μtCabAC

μ −mq̔ab)ψq,b −
β
4
FA
μνFAμν (β.β)

The ̓μ are the Dirac ̓-matrices; the ψq,a are quark-field spinors for a quark of flavor q and
mass mq, with a color-index ε that runs from ε = β to Nc = δ, i.e. quarks have three “colors”;
AC are gluon fields with C running from β to N2

c − β = 8, i.e. there are eight kinds of gluons
and they transform under the adjoint representation of the SU(δ) color group; the tCab are eight

δ × δ matrices and are the generators of the SU(δ) group; the quantity λs (or αs =
λ2s
4π

) is the
QCD coupling constant. The coupling λs (or αs) and the quark massesmq are the fundamental
parameters of QCD. Finally, the field tensor FA

μν is given by

FA
μν = ∂μAA

ν − ∂νAA
μ − λsfABCAB

μAC
ν (β.γ)

where the structure constants of the SU(δ) group fABC are

[tA, tB] = νfABCtC (β.δ)

Three useful color-algebra relations include:

tAabtAbc = CFɁac (CF ≡ (N2
c − β)/(γNc) = 4/δ)

fACDfBCD = CAɁAB (CA ≡ Nc = δ)

tAabtBab = TRɁAB (TR = β/γ)

(β.4)

CF andCA are the color-factors (“Casimir”) associated with gluon emission from a quark and
a gluon respectively. TR is the color-factor for a gluon to split to a qq̄ pair.

The last term in Eq. β.γmakes a fundamental dynamical difference betweenQCDandQuan-
tumEletroDynamics (QED),which leads to self-interactions between the gluons and asymptotic
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freedom.

β.β.γ.β Confinement and asymptotic freedom

In physics, a coupling constant or gauge coupling parameter is a number that determines the
strength of the force in an interaction. In QCD, the strong interaction is governed by a strong
coupling constant αs defined as:

αs(Q2) =
4π

(ββ− γ
δ
nf)ln(

Q2

Λ2
QCD

)

(β.5)

where Q2 is the momentum transferred in the interaction, nf is the number of light flavors
withmq ≪ Q and ΛQCD is the non-perturbative QCD scale. The intensity of the strong interac-
tion decreases at short distances and increases when quarks move apart as observed in Figure β.δ.

Figure 1.3: Summary of measurements ofαs as a function of the energy scale Q. The respective degree of QCD perturbative

theory used in the extraction ofαs is indicated in brackets (NLO: next-to-leading order; NNLO: next-to-next-to leading
order; res. NNLO: NNLOmatchedwith resummed next-to-leading logs; N3LO: next-to-NNLO) [6].

Therefore, thebehavior of this running coupling constantprovides twopeculiarities ofQCD.
For small values ofQ2, i.e. at large distances or small energies, αs becomes large. On the contrary,
at small distance or large transferredmomentum, αs becomes weak, quarks and gluons behave as
free particles, which is known as asymptotic freedom [7, 8]. This was first proposed by David
J. Gross, Frank Wilczek and H. David Politzer in β97δ who shared the Nobel Prize in physics in
γ004.
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Chapter β. Particle physics in heavy-ion collisions

In the region where the transferred momentum is large (the distance of interaction is small),
physical observations canbe calculatedby truncated series like leadingorder (LO), next-to-leading
order (NLO) and so on. The perturbative QCD (pQCD) was proven to describe the high en-
ergy interaction with high accuracy. On the other hand, at small transverse momenta pT (large
distances) the strong coupling has large values and quarks are confined in neutral color states,
the mesons and the baryons. This is well described by Lattice QCD calculations, which uses a
non-perturbative approach in solving the QCD equation in a lattice of space and time.

β.β.γ.γ Chiral symmetry breaking and restoration

A chiral phenomenon is one that is not identical to its mirror image. In particle physics, the
spin is used to define a handedness. The helicity of a particle is right-handed if the direction of its
spin is the same as the direction of its motion. While it is left-handed if the directions of spin and
motion are opposite (Figure β.4). Mathematically, the helicity of left-handed is negative, for right-
handed it is positive. A symmetry transformation between the left-handed and right-handed is
called parity. Invariance under parity by a Dirac fermion is called chiral symmetry.

Figure 1.4: Illustration of the helicity of a spin 1/2 particle as being left or right-handed.

Considering QCD with two massless quarks u and d, Eq. β.β can be written:

L =
∑

q=u,d
ψ̄q,a(ν̓μ∂μ̔ab − λs̓μtCabAC

μ )ψq,b −
β
4
FA
μνFAμν (β.6)

It is invariant under the chiral transformation:

ψ→ eiθγ5ψ (β.7)

where θ is the generator of SU(γ) group. Note that gluon fields are not affectedby chiral trans-
formations, so gluon degrees of freedom can be neglected for the present discussion. In terms of
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left-handed and right-handed spinors, the chiral transformation becomes SU(γ)L × SU(γ)R. If
additional quark flavors are taken into account, the dimensionality of the chiral group increases,
i.e., when three quarks u, d and s are considered the chiral group is SU(δ)L × SU(δ)R. This sym-
metry of the Lagrangian is called flavor chiral symmetry.

As a matter of fact, it turns out that when we consider the non-zero values of the quark
masses mu ≃ γ.δ MeV and md ≃ 4.8 MeV, chiral symmetry is explicitly broken. The origin of
the symmetry breaking may be described as an analog to magnetization, the fermion condensate
(vacuum condensate of bilinear expressions involving the quarks in the QCD vacuum). The
chiral condensation is defined as:

< ψ̄ψ >=< ψ̄LψR + ψ̄RψL > (β.8)

where ψL/R are spinors of left- and right-handed particles. In the vacuum, < ψ̄ψ > ̸= 0,
the quark mass is non-zero and the chiral symmetry is spontaneously broken. But at high energy
one expects a restoration of the chiral symmetry, which is predicted for light quarks (u, d and s)
not for heavier quarks (c, b and t), < ψ̄ψ >= 0. In this case the quarks recover their almost-
null mass of the QCD Lagrangian instead of their constituent mass, of the order of∼ δ00 MeV
[9]. According to the chiral symmetry breaking the QCD explains the existence of the eight
Goldstone bosons (π0, π+, π−,K0,K+,K−, K̄0, η8) with small mass values.

The principal and obvious consequence of this symmetry breaking is the generation of 99%
of the mass of nucleons, and hence the bulk of all visible matter, out of very light quarks. For
example, for the proton, of massmp = 9δ8 MeV, the valence quarks, withmu ≃ γ.δ MeV,md ≃
4.8 MeV, only contribute by about 9 MeV to its mass, the bulk of it arising out of QCD chiral
symmetry breaking, instead. Yoichiro Nambu was awarded the γ008 Nobel prize in physics for
his understanding of this phenomenon.

Due to the restoration of the chiral symmetry, a phase transition of hadronic matter would
be expected.

β.β.δ QCD phase diagram

As discussed above, quarks and gluons can not be observed directly at low energy, as they are
confined inside colorless bound states (hadrons). However, QCD indicates that at high energy
and/or baryonic density the strongly interacting matter undergoes a phase transition to a state
where quarks and gluons are not confined into hadrons: the quark-gluon plasma (QGP). In the
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Chapter β. Particle physics in heavy-ion collisions

phase diagram ofQCD, the transition between the hadronic andQGP phases is not well known
either theoretically or experimentally. A commonly conjectured form of the phase diagram in
terms of the temperature T as a function of the baryonic-chemical potential ɉB is depicted in
Figure β.5.

Figure 1.5: Schematic phase diagram of QCDmatter in the plane of temperatureT and baryonic-chemical potentialɉB
[10].

Toperform calculations in the regime of high temperature and large coupling strength and to
research a phase transition from normal hadronic matter to deconfined QCD matter, the lattice
QCD theory was created. It has been performed for two-flavor (u, d) and three-flavor (u, d, s)
quarks to establish the equation of state of nuclear matter. Figure β.6 shows the energy density
scaled by the temperature to the fourth power ɂ/T4 as a function of temperature divided by the
critical temperature T/Tc. It indicates a phase transition from hadronic matter to the QGP at
a critical temperature of Tc ≈ β70 MeV ≈ β012 K at ɉB = 0 and at an energy density ɂc ≈
β GeV/fm3. Such temperatures were present in the early phase of the evolution of the universe,
at about β ɉs after the Big Bang. On the other hand, density exceeding the above critical value is
also conjectured to be present in the interior of compact, dense stellar objects, such as the neutron
stars at T ∼ 0.
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β.γ. Heavy-ion collisions

Figure 1.6: The evolution of the scaled energy density as a function ofT/Tc from Lattice QCD calculation [11].

β.γ Heavy-ion collisions

TheQGP can be produced in laboratory through ultra-relativistic heavy-ion collisions. The
Relativistic Heavy Ion Collider (RHIC) and the Large Hadron Collider (LHC) operate at high
energies, where the initial excess of quarks over antiquarks is negligible compared to the total
number of created particles and the crossing time for heavy-ion collisions is much smaller than
the formation time for the plasma, resulting in a low net baryon density. On the other hand,
various experiments at lower energies aim to study the system at large net densities, for example
RHIC II or the future Facility for Antiproton and Ion Research (FAIR) in Darmstadt (Ger-
many). One of the most important objectives in the latter experiments is to identify a possible
critical endpoint on the phase diagram, beyond which the transition becomes of first order. De-
veloping our theoretical understanding of the QCD phase diagram can prove highly beneficial
for designing these next generation experiments.

According to the “Big Bang” theoretical model, in few microseconds after the big bang, the
universe was filled with a hot, dense soup made of all kinds of particles moving at near light
speed. This mixture was dominated by quarks and gluons. In those first moments of extreme
temperature, however, quarks and gluons were bound only weakly, free tomove on their own in
QGP. Historically, T. D. Lee in collaboration with G. C. Wick first speculated about an abnor-
mal nuclear state, where nucleon mass is zero or near zero in an extended volume and non-zero
outside the volume [βγ]. They also suggested that an effective way to search for these new objects

ββ



Chapter β. Particle physics in heavy-ion collisions

is through high-energy heavy-ion collisions. To recreate conditions similar to those of the very
early universe, powerful accelerators make head-on collisions between massive ions, such as gold
or lead nuclei. In these heavy-ion collisions the hundreds of protons and neutrons inside such
nuclei smash into one another at energies of a few β012 electron volts each. The QGP is formed
in these collisions.

β.γ.β The Big Bang

The Big Bang theory is the prevailing cosmological model for the universe from the earliest
known periods through its subsequent large-scale evolution [βδ, β4]. According to the prospect
of hot BigBangModel [β5], the universe expanded froma very high density andhigh temperature
state that occurred about βδ.7 billion years ago, which happened at t ∼ β0−11 s after the big bang,
and then the temperature went down during the expansion. After one Planck time of expansion,
a phase transition caused a cosmic inflation, during which the Universe grew exponentially. As
the inflationaryperiod ends, theUniverse consists of aQGP,which is themain focus of theheavy-
ion physics. When the expansion continued until the temperature dropped to β012 K, quarks
began to combine into protons, neutrons and other baryons. As time progressed, some of the
protons and neutrons formed deuterium, helium, and lithiumnuclei. Later, electrons combined
with protons and these low-mass nuclei to form neutral atoms. Due to gravity, clouds of atoms
contracted into stars, where hydrogen and helium fused into more massive chemical elements.
Exploding stars (supernovae) form themostmassive elements and disperse them into space. Our
earth was formed from supernova debris. Figure β.7 shows the time evolution of the universe
from the big bang to the present time.

Figure 1.7: The evolution of the universe.

The purpose of the research on the high-energy physics is not only to understand the proper-
ties of particles and the interaction between them but also to investigate how the universe began
and expanded. How can we recreate the conditions that were present at the early universe? For-
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tunately, physicists have found the answer by designing and building powerful accelerators to
perform ultra-relativistic heavy-ion collisions.

β.γ.γ Evolution of heavy-ion collisions

As presented in Figure β.8, the evolution of an ultra-relativistic heavy-ion collision can be
summarized as follows:

Figure 1.8: Top four figures: schematic view of the various stages of a heavy-ion collision. The thermometers indicate when

thermal equilibriummight be attained. (a) the two nuclei before the collision, (b) the formation of a QGP if a high enough

energy density is achieved, (c) the later hadronization, (d) free-streaming of the hadrons towards the detectors. [9] Bottom

figure: sketch of the evolution of heavy-ion collisions in space and time. [16].

• Initial stage: the two colliding nuclei accelerated close to the speed of light are squeezed
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in the direction of the incoming heavy-ion beams due to Lorentz contraction and are as-
sumed as pancake in the laboratory frame.

• Pre-equilibrium: a lot of inelastic nucleon-nucleon collisions occur in the overlap region
of the colliding nuclei and a large amount of energy is deposited near the collision point.
Hard processes happen first and shortly after that soft processes take place. Partons are
produced within this high-energy density environment via hard processes (τ ∼ 0). The
pre-equilibrium state lasts for a typical time scaleτ ∼ β fm/c. By partons interaction, both
high and low pT objects are created during this process. The multiple scattering among
constituent quarks and gluons and between particles created during the collisions lead to
a rapid increase in the entropy in the system which could eventually lead to equilibrium.
These initial processes among partons can be divided into two parts [β7]: hard processes
which have large momentum transfer Q (Q ≫ ΛQCD), short timescale and a production
cross section that is proportional to the number of binary collisions (σhard ∝ Ncoll); soft
processes which have smallQ, long timescale and a production cross section proportional
to the number of participants (σsoft ∝ Npart). The majority of particles comes from soft
processes.

• QGP formation and thermalization: a rapid increase in the entropy could lead to thermal-
ization and the temperature rises rapidly. If the attained energy density exceeds a critical
energy density, the QGP might be formed.

• Hadronization and Freeze-out: after QGP formation, the system tends to expand and
cools down towards a hadronic phase. During this procedure, a “mixed phase” is expected
to exist between the QGP phase and hadronic phase. When the energy density is too low
to allow inelastic collisions to create particles, the chemical freeze-out is attained. The sys-
tem continues to increase its extent and gets colder; at some point the elastic collisions
are no longer possible and the system reaches the kinetic freeze-out. At this moment the
fireball disintegrates and hadrons escape.

β.γ.δ Heavy-ion facilities

Experimental attempts to create the QGP in the laboratory and measure its properties have
been carried out for more than 40 years, by studying collisions of heavy nuclei and analyzing the
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fragments and produced particles emerging from such collisions. During that period, center of
mass energy per pair of colliding nucleons (

√sNN) have risen steadily as follows:

• β975-β985:
√sNN ∼ γGeVat theBevalac atLawrenceBerkeleyNationalLaboratory (LBNL)

[β8, β9, γ0, γβ]

• β987-β995:
√sNN ∼ 5 GeV at the Alternating Gradient Synchrotron (AGS) at Brookhaven

National Laboratory (BNL) [γβ]

• γ000-now:
√sNN ≤ γ00GeV at theRelativisticHeavy IonCollider (RHIC) at BNL. Four

experiments, PHENIX, STAR,BRAHMSandPHOBOS, are operated at this facility. [γβ]

• β987-now:
√sNN ≤ 450GeV at the Super Proton Synchrotron (SPS) accelerator at CERN

[γβ]

• γ009-now:
√sNN ≤ 5.0γ TeV at the Large Hadron Collider (LHC) at CERN

One of the earliest experiments of heavy-ion collisions dates back to Bevalac at LBNL. The
heavy-ion collisions with higher energies were carried out in the AGS at BNL for Au nuclei at
√sNN = 5 GeV and the SPS at CERN for Pb nuclei at

√sNN = β7 GeV. Those accelerators
were fixed-target experiments and the energies were not sufficient to fully produce the QGP.
The construction of the RHIC collider at BNL allowed to significantly increase the collision
energy, delivering pp, d-Au, Cu-Cu, Cu-Au and Au-Au collisions up to

√sNN = γ00 GeV. The
results of the experiments at RHIC show that a hot and dense matter is created, thus providing
a strong indication of the creation of the first human-made QGP. With the beginning of the
heavy-ion program at the LHC at CERN, heavy-ion physics has entered a new energy regime.
LHC has delivered Pb-Pb collisions at

√sNN = γ.76 TeV (in γ0ββ) and
√sNN = 5.0γ TeV (in

γ0β6). It is believed that the properties of the hot medium does not fundamentally change from
RHIC to LHC [γγ, γδ], though several intriguing anomalies are reported in particle production
[γ4, γ5]. The analyses of azimuthal anisotropy show that the medium still behaves as a fluid
with small viscosity, which is important information since it has been naively expected that the
QGP becomes slightlymore weakly-coupled with increasing energy due to theQCD asymptotic
freedom.

Some of the mentioned heavy-ion facilities together with the typical parameters related to
particle production in nucleus-nucleus collisions and global features of the produced systems are
summarized in Table β.β.
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Parameters SPS RHIC LHC
Beam type Pb-Pb Au-Au Pb-Pb√sNN (GeV) β7 γ00 γ760
dNch/dy|y=0 500 850 β600
τ0

QGP (fm/c) ∼ β ∼ 0.γ ∼ 0.β
TQGP/Tc β.β β.9 δ-4.γ

ε (at β fm/c) (GeV/fm3) ∼ δ ∼ 5 β5
τQGP (fm/c) ≤ γ γ-4 ≥ β0
τf (fm/c) ∼ 4 ∼ 7 ∼ β0
Vf (fm3) ∼ β03 γ− δ× β03 ∼ 5× β03

ɉB (MeV) γ50 γ0 ∼ 0
Process soft→ semi-hard→ hard

Table 1.1: Global features of themedium created at SPS, RHIC and LHC energies [26, 27]. From top to bottom, the follow-

ing quantities are presented: center of mass energy per nucleon pair (
√sNN), the charged-particle density at mid-rapidity

(dNch/dy|y=0), the equilibration time of theQGP (τ0
QGP), the ratio of theQGP temperature to the critical temperature

(TQGP/Tc), the energy density (ε), the lifetime of theQGP (τQGP), the lifetime of the system at freeze-out (τf), the volume
of the system at freeze-out (Vf), the baryonic chemical potential (ɉB).

β.γ.4 Characteristic of collisions and experimental observables

Asdiscussed inSection β.γ.γ, the twonuclei collidenearly at the speedof light and are squeezed
in the direction of beam axis in the laboratory frame. At RHIC energy,

√sNN = γ00 GeV,
Lorentz dilation factor is ̓ ∼ β00 for a projectile nuclei, which means the nucleus of diameter
∼ β4 fm is reduced to∼ 0.β fm. At the LHC energy

√sNN = 5.0γTeV, ̓ ∼ γ500 and the nucleus
is squeezed to∼ 0.005 fm. The hotmediumwould be produced in the overlapping area between
the two passing nuclei. The collision axis is conventionally chosen as z-axis, and often referred
to as the longitudinal direction as opposed to the transverse plane, which is perpendicular to the
collision axis. In non-central collisions, the resulting geometry of a hot medium is elliptic in the
transverse direction. The schematic pictures of the collision geometry of symmetric nuclei are
shown in Figure β.9.

β.γ.4.β Coordinate system

It is more convenient to introduce the relativistic τ − ηs coordinate system to describe the
heavy-ion system, where
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Figure 1.9: Schematic pictures of the geometry of non-central heavy-ion collisions with the longitudinal relativistic expan-
sion (left) and the transverse expansion (right).

τ =
√
t2 − z2

ηs =
β
γ
ln
t+ z
t− z

(β.9)

are the proper time and the space-time rapidity. The space-time rapidity is a dimensionless
variable that can be interpreted as a hyperbolic angle. They satisfy the relations t = τcoshηs and
z = τsinhηs. ηs = 0 corresponds to the t axis and η = ±∞ corresponds to the light cone.
Similarly, one defines the transverse massmT and the rapidity y in momentum space as

mT =
√

E2 − p2z
y = β

γ
ln
E+ pz
E− pz

(β.β0)

Inheavy-ion collisions, the transversemomentum pT =
√

m2
T −m2 and thepseudo-rapidity

η =
β
γ
ln(
|p|+ pz
|p| − pz

) are useful variables because they are independent of mass. At relativistic

energies, they are quite close to the transverse mass and the rapidity, respectively, and become
identical in the relativistic massless limit.

The polar coordinate system is often employed in analyses of the transverse dynamics. The
angle in the configuration space is denoted as φ and in the momentum space as φp. They are re-
lated to the variables inCartesian coordinates as (x, y) = (rcosφ, rsinφ) and (px, py) = (pTcosφp, pTsinφp).

β.γ.4.γ Centrality

A collision can be very different if the heavy ions collide head on or just graze each other. In
particular, the multiplicity of the produced particles increases from peripheral to central colli-
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Chapter β. Particle physics in heavy-ion collisions

sions. In order to describe the dynamics of the nucleus-nucleus collision process, the collisions
are classified into different centrality classes, which are related with the impact parameter. The
geometrical overlap region is parameterized by the impact parameter “b”, defined as the distance
between the central points of the colliding nuclei. The degree of centrality “C” of a given subset
of collisions can be indicated as a function of the corresponding cut-off of the impact parameter
“bc”:

C =

∫ bc

0
γπbdb
σinel

(β.ββ)

where σinel is the total inelastic cross section of a nucleus-nucleus collision. It represents the
probability that a collision occurs at b < bc. The centrality percentile can be quantified by the
pure geometry of the impact parameter via optical Glauber model [γ8]. Figure β.β0 presents the
schematic view of a collision with the optical Glauber model.

Figure 1.10: Schematic representation of theOptical GlauberModel geometry, with transverse (a) and longitudinal (b)

views. [28].

Since the impact parameter is not directly measurable, experimentally one usually uses ob-
servables like the number of produced charged particles as shown in Figure β.ββ or the number
of participants † to classify centralities. Usually the central collisions refer to collisions with
0 < C < 0.β and the peripheral collisions correspond to collisions with 0.9 < C < β. The
nuclei involved in the primary collisions are called “participants” and their total number indi-
cated as Npart, and others are called “spectators”. The total number of binary nucleon-nucleon

†The number of spectators (Nspec = N−Npart) can bemeasured by ZeroDegree Calorimeters (see Section δ.δ).
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collisions is indicated asNcoll.

Figure 1.11: A cartoon example of the correlation of the final-state observableNch with Glauber calculated quantities (b,
Npart). The plotted distribution and various values are illustrative and not actual measurements. [28].

The spectators will go through the collision region keeping their initial velocity as shown in
Bjorken’s model [γ9] of Figure β.βγ.

The average number of nucleon-nucleon collisions < Ncoll > at an impact parameter b is
given by < Ncoll(b) >=< TAA > (b)σNN, where σNN is the total proton-proton inelastic cross
section and TAA is the nuclear thickness function, defined as:

TAB(b) =
∫

TA(s)TB(s− b)d2s (β.βγ)

where

TA(s) =
∫

ρA(s, z)dz (β.βδ)

The nucleon distribution inside the nucleus is assumed to follow a Woods-Saxon density
profile:

ρA(s) =
ρ0

β + exp(
s− s0
ε )

(β.β4)
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Figure 1.12: The rapidity distribution of particles in heavy-ion collisions. Top: before collisions. Middle: after collisions with

Landau’s full stoppingmodel. Bottom: after collisions with Bjorken’s model.

where s is the distance from a given point of the nucleus to the center of the nucleus. The
parameters ε and s0 are obtained empirically from electron scattering experiments. The Glauber
model [γ8] provides a quantitative description of the geometrical configuration of the nuclei
when they collide and basically describe the nucleus-nucleus interaction in terms of the elemen-
tary nucleon-nucleon cross sections. For each centrality, the geometric parameters of nucleus-
nucleus collisions (Npart,Ncoll, TAA(b), b) are estimated with this model.

β.γ.4.δ Experimental observables

Theoretically the rough process of the evolution has been assumed and a series of mod-
els, functions and formula have been created to calculate and explain physical phenomenons
in heavy-ion collisions. While experimentally the only things we can see are digital signals of
detector response caused by various types of particles like protons, neutrons, pions, kaons, elec-
trons, muons, photons. Through technical analysis these different particles can be identified.
Deservedly they become the probes that let us to infer the properties and phases of the matter
formed in the collisions and can be classified as global, initial and final state observables [δ0].

• Global observables: the global observables provide general information about the colli-

γ0



β.γ. Heavy-ion collisions

sions such as the centrality, the reaction plane, the volume, the expansion velocity and
the initial energy density. These quantities can be inferred from the measurement of the
charged particle multiplicity, the transverse energy and the hadrons kinematics (among
others). The collision centrality can be obtained from measurements of particle multi-
plicity and of the energy carried by spectator nucleons. Moreover, studies of the transverse
energy as a function of centrality carry information about the energy density, duration and
opacity of the fireball.

• Initial-state observables: the probes which are not affected by the QGP formation are
considered as initial-state observables. This means that they have the same behavior in
the presence of cold nuclear matter (p-A collisions) and the QGP (A-B collisions). Elec-
troweak bosons include high-pT ̓,W± and Z0 are considered as initial-state probes as they
donot interact strongly. The particularities and interest ofweak bosonswill be further dis-
cussed in Chapter γ. For what concerns photon production, different processes must be
distinguished. On one hand, there are direct photons, which can be separated as prompt
photons coming from the initial hard collisions and thermal photons emitted in the sec-
ondary collisions either in theQGPphase or the hadronic phase. On the other hand, there
are decay photons, mainly from π and η decays, more than direct photons quantitatively.

• Final-state observables: The final-state observables provide information about the QGP
and hadronic phase, which are obtained from the hadron yields and kinematic properties.
There are many probes related to this kind of observables like the transverse momentum
distribution and the relative yield of the hadron species, the high-pT particle correlations,
the flow and so on.

It is worth mentioning that hard probes are defined as high-energy probes produced in the
hard partonic scattering in the initial stage of the collision [δβ]. The production of hard probes
involves a large transfer of energy-momentum at a scale Q ≫ ΛQCD. Such hard probes include
the production of Drell-Yan dileptons, massive gauge bosons, heavy quarks, prompt photons,
high-pT partons observed as jets and high-pT hadrons.

β.γ.4.δ.β Charged-particle spectra

The hadron yield is an indispensable observable to study heavy-ion collisions since hadrons
constitute the bulk of the produced medium. Due to the strong interaction in the medium, the
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pT spectra of charged particles as shown in the top panel of Figure β.βδ is considered to contain the
information at the latest stage of the collisions. The pT dependence is similar for the pp reference
and for peripheral Pb-Pb collisions, exhibiting a power law behavior at pT > δ GeV/c, which is
characteristic of perturbative parton scattering and vacuum fragmentation [δγ]. On the contrary,
the spectral shape in central collisions clearly deviates from the scaled pp reference and is closer
to an exponential in the pT range below 5 GeV/c.

The distribution of rapidity dN/dy or the distribution of pseudo-rapidity dN/dη, is a ba-
sic observable to quantify particle production in the system (bottom panel of Figure β.βδ [δδ]).
The charged-particle multiplicities at mid-rapidity are dNch/dη ∼ 650 at

√sNN = γ00 GeV at
RHIC and dNch/dη ∼ β600 at LHC in the most central colliisons [δ4, δ5, δ6, δ7, δ8]. From
peripheral to central collisions we observe an increase of two orders of magnitude in the number
of produced charged particles. No strong evolution of the overall shape of the charged-particle
pseudo-rapidity density distributions as a function of collision centrality is observed. The total
charged-particle multiplicity is found to scale approximately with the number of participating
nucleons. This would suggest that hard contributions to the total charged-particle multiplicity
are small.

β.γ.4.δ.γ Jets

A jet is the collimated set of hadrons resulting from the fragmentation of a parton. In gen-
eral, the collision of high-energy particles can produce jets of elementary particles that emerge
from these collisions. If the partons traverse on their path to a dense colored medium, they can
lose energy. The result of the energy loss can be detected as modifications of jet yields and jet
properties. This phenomenon is commonly referred to as the jet quenching. The jet quenching
was first proposed by Bjorken [δ9] as an experimental tool to investigate properties of the dense
medium.

Figure β.β4 shows the two-particle azimuthal distributionD(Δφ), defined as:

D(Δφ) = β
Ntrigger

β
ɂ

dN
d(Δφ) (β.β5)

measured by STAR experiment for trigger particles with 4 < ptrigT < 6 GeV/c and associated
particles with γ < pT < ptrigT for pp, p-Au and Au-Au collisions. Ntrigger is the number of trigger
particles, ɂ is the tracking efficiency of the associated particles. The azimuthal distributions in pp
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Figure 1.13: (Top) The pT spectra of the charged particles for central and peripheral collisions in the same collisions at√sNN = γ.76 TeV by ALICE Collaboration. [32] (Bottom) The pseudo-rapidity distributions of the charged particles for

different centralities in Pb-Pb collisions at
√sNN = γ.76 TeV by ALICE Collaboration. [33].
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Figure 1.14: (a) Efficiency corrected two-particle azimuthal correlation distributions for minimum bias and central d-Au

collisions, and for pp collisions. (b) Comparison of two-particle correlations for central Au-Au collisions to those seen in pp

and central d-Au collisions. [40].
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and d-Au collisions include a near-side (Δφ ∼ 0) peak and a back-to-back away-side (Δφ ∼ π)
peak [40], while the away-side peak disappears in centralAu-Au collisions [4β]. This is consistent
with the fact that the near-side jet is produced near the surface and the away-side jet is completely
absorbed when traversing the medium (Figure β.β5). It might be an evidence to indicate that the
QGP is produced in high-energy heavy-ion collisions.

Figure 1.15: Jet quenching in a head-on nucleus-nucleus collision. Two quarks suffer a hard scattering: one goes out di-
rectly to the vacuum, radiates a few gluons and hadrons, the other goes through the dense plasma created (characterised by

transport coefficient q̂, gluon density dNg/dy and temperatureT), suffers energy loss and finally fragments outside into a
(quenched) jet. [42].

β.γ.4.δ.δ Nuclear modification factor

In order to study the suppression and to disentangle hot (QGP) and cold nuclear matter
effects, the nuclear modification factors (RpPb, RAA) are defined as:
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RpPb =
d2NpPb/dydpT

< TpPb > d2σINEL
pp /dydpT

RAA =
d2NAA/dydpT

< TAA > d2σINEL
pp /dydpT

(β.β6)

where AA denotes a nucleus-nucleus collision and pp is the proton-proton reference. NpPb

(NAA) and σINEL
pp represent the yield of particles in p-Pb (Pb-Pb) and the inelastic cross section in

pp collisions, respectively. In p-Pb (similar as Pb-Pb), the nuclear overlap function is defined as
< TpPb >=< Ncoll > /σNN

INEL and is determined from the Glauber model. < Ncoll > is the
average number of binary nucleon-nucleon collisions. In absence of nuclear effects, one expects
that the nucleus-nucleus behaves like an incoherent superposition of nucleon-nucleon collisions.
Thus, theRpPb (RAA) is expected to be equal to unity for hard processes. This is not the case when
theQGP is formed. Also, even if there is nomedium formed, theRpPb (RAA) is not equal to unity
due to the cold nuclear matter effects, such as the shadowing and antishadowing effect [4δ], the
multiple parton scattering called Cronin effect [44], energy loss in cold nuclear matter.

The nuclear modification factor RAA in Pb-Pb collisions at
√sNN = γ.76 TeV is shown for

two centrality intervals in the top left panel of Figure β.β6. There is a significant suppression of
charged hadron yields for the most central (0-5%) collisions. The nuclear modification factor
displays a minimum at around pT = 6 ∼ 7 GeV/c and a significant rise for pT > 7 GeV/c,
indicating a reduction of the relative energy loss. For peripheral collisions (70-80%), a smaller
suppression and a weak pT dependence is observed.

In the bottom left panel of Figure β.β6, the nuclearmodification factorRpPb in p-Pb collisions
at
√sNN = 5.0γ TeV is shown for charged particles, in comparison with RAA for most central (0-

5%) collisionsmeasured byALICE andCMS.Moreover, comparisons are also shown for particles
which are not sensitive toQCD dynamics (direct photon,W±, Z0) measured by CMS. For pT &

γ GeV/c, the RpPb is consistent with unity showing that the large suppression observed for RAA

at high pT is related to the jet quenching in QGP and not to initial-state effects.

A comparison of the p-Pb data to model calculations is important for the understanding
of the cold nuclear matter effects. In the right panel of Figure β.β6, the RpPb for |ηcms| < 0.δ
is compared to theoretical predictions. Some predictions based on the Color Glass Condensate
(CGC)model [45, 46] are consistent with the measurement within uncertainties. Leading order
(LO)pQCDcalculations incorporating coldnuclearmatter effects underestimate thedata at high
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Figure 1.16: RAA andRpPb of charged particles. (Top left)RAA is shown in central (0-5%) and peripheral (70-80%) Pb-Pb

collisions. (Bottom left) Comparisons ofRAA andRpPb measured by ALICE and CMS. (Right)RpPb fromALICE for |ηcms| <
0.δ (symbols) are compared tomodel calculations (bands or lines).

pT, while the shadowing calculations based onNLOwith EPS09s PDFs and DSS fragmentation
functions [47] describe the data well for pT > 6 GeV/c. The HIJING model [48] γ.β (with
shadowing) describes the trend observed in the data.

β.γ.4.δ.4 Anisotropic flow

Anisotropic flow is a phenomenological term used to describes the collective evolution of
the system, observed as an overall pattern which correlates the momenta of the final-state par-
ticles [49]. In non-central collisions the interaction region is almond shaped. If the medium is
formed, pressure gradients arise that transform the anisotropy in space in an anisotropy in the
momentum. The anisotropy can be studied with the Fourier series expansion of the azimuthal
distribution of particles in momentum space [50, 5β]. The spectrum of particles is expressed as

dN
dφpTdpTdy

=
β

γπ
dN

pTdpTdy
[β + γ

∑

n
vn(pT, y)cos(nφ− nΨ)] (β.β7)

where vn(pT, y) are the Fourier coefficients and Ψ is the reaction plane, which contains the
impact parameter and the beam direction as shown in Figure β.β7. This leads to
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vn(pT, y) =
∫

dφcos(nφ− nΨ)
dN

dφpTdpTdy
/

∫

dφ dN
dφpTdpTdy

(β.β8)

Figure 1.17: Geometry of the collision in a two-dimension plane (left panel) and a three-dimension plane (right panel).

where φ denotes the azimuthal angle in the transverse plane, Ψ is the azimuthal angle of the
reaction plane. The first and second coefficient of the expansion, v1 and v2 are called directed and
elliptic flow, respectively. The study of flow provides a sensitive tool to characterize the strongly
interacting system created in the heavy-ion collisions.

β.γ.4.δ.5 Electroweak probes

Precisemeasurements of final states containingmultiple electroweak bosons (W, Z or ̓) pro-
vide a powerful probe of the gauge structure of the SM, and are therefore a promising way to
search for new physics beyond the SM.W and Z bosons are produced in initial hard parton scat-
tering processes and decay before the formation of the QGP. Furthermore, their leptonic de-
cay products do not interact strongly with the QGP. The electroweak bosons introduce a way
for benchmarking in-mediummodifications to coloured probes. In Pb–Pb and p–Pb collisions,
precisemeasurements ofW- and Z-boson production can constrain the nuclear PartonDistribu-
tion Functions (nPDFs), which could bemodified with respect to the nucleon due to shadowing
or gluon saturation, and they can be used to test the scaling of hard particle production with the
number of binary nucleon–nucleon collisions. In particular in p–Pb collisions, themeasurement
of W yields at forward and backward rapidity allows us to probe the modification of nPDFs at
small and large Bjorken-x, respectively. Suchmeasurements can be benchmarked in pp collisions,
whereW- and Z-boson production is theoretically known with good precision. Also, the charge
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asymmetry of leptons from W-boson decays is a sensitive probe of up and down quark densities
in a nucleon inside a nucleus.

The details for the production of W and Z bosons will be discussed in Chapter γ.
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Albert Einstein 2
Weak bosons in heavy-ion collisions

The W and Z bosons are together known as the weak or more generally as the intermediate
vector bosons. These elementary particles mediate the weak interaction and the respective sym-
bols are W+, W− and Z0. The W bosons are named via the first letter of the weak force. They
have either a positive or a negative elementary electric charge, andW+ is the anti-particle ofW−.
The Z boson is named by the physicist Steven Weinberg [5γ]. It is electrically neutral and is its
own antiparticle. The three particles are very short-livedwith a half-life of about δ×β0−25 s. They
have masses almost β00 times larger than the proton mass. Their large masses limit the range of
the weak nuclear force, whose influence is confined to a distance of only about β0−17 meter *.

In heavy-ion collisions, how are they produced and how do they decay? We already know
that weak bosons do not interact strongly, but how are their productions affected by the nuclear
effects? Here and all through this thesis work we will discuss on those issues.

γ.β Discovery of weak bosons

The existence of weak bosons and their properties were predicted in the late β960s by the
physicists Sheldon Lee Glashow, Steven Weinberg and Abdus Salam. Their theoretical efforts,
now called the electroweak theory, explain that the electromagnetic force and theweak force, long

*As established by quantum mechanics, the range of any given force tends to be inversely proportional to the
mass of the particle transmitting it.
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considered as separate entities, are actually manifestations of the same basic interaction. Just like
the electromagnetic force is transmitted by means of carrier particles knows as photon, the weak
force is exchanged via these three types of intermediate vector bosons. Their electroweak theory
postulated not only the W bosons necessary to explain beta decay, but also a new Z boson that
had never been observed. They shared the β979 Nobel Prize in physics for this theory.

In low-energy processes such as radioactive beta decay shown in Figure γ.β, the heavyWparti-
cles can be exchanged only because the uncertainty principle in quantum mechanics allows fluc-
tuations inmass-energy over sufficiently short timescales. SuchWparticles can never be observed
directly. However, detectable W bosons can be produced in particle-accelerator experiments in-
volving collisions between subatomic particles, provided that the collision energy is high enough.
The first suchmachine was the Super Proton Synchrotron (SPS), where unambiguous signals of
W bosons and Z bosons were seen respectively in January andMay β98δ during two experiments
UAβ (led by Carlos Rubbia) [5δ] and UAγ (led by Pierre Darriulat) [54]. The two teams ob-
served numerous definite instances of weak bosons in proton-antiproton collision experiments
thatwere carried out in a 540GeVcolliding-beam storage ring. It isworthmentioning that Simon
van derMeer is the architect of the “beam cooling” which permitted to make intense antiproton
beams feasible and allowed the discovery of theW andZ. TheCERNphysicist CarloRubbia and
engineer Simon van der Meer were awarded the β984 Nobel Prize for Physics in recognition of
their roles in the discovery of the W and Z particles.

Figure 2.1: The Feynman diagram for beta decay of a neutron into a proton, electron, and electron antineutrino via an

intermediate heavyWboson.
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γ.γ Formation and decay

Since their discovery, the W and Z bosons have been extensively studied at the CERN LEP
e+e− collider [55], the Fermilab Tevatron pp collider [56, 57] and in pp [58, 59, 60, 6β, 6γ, 6δ,
64, 65], p–Pb [66, 67, 68, 69] and Pb–Pb [58, 70] collisions at the LHC. The currently most
precise value of their physical properties and decaymodes ofW+ are shown in Figure γ.γ [6]. The
dominant decay channel is hadronic with a branching ratio 67.4β± 0.γ7% while the branching
ratio of muonic decay channel is β0.6δ± 0.β5%.

Figure 2.2: The physical properties and decaymodes ofW+ [6]. [b] l indicates each type of lepton (e,ɉ andτ), not sum over

them. [c] Invisible mode represents the width for the decay of theWboson into a charged particle withmomentum below

detectability, p < γ00MeV/c.

Weak bosons are formed early due to their large mass: tf ∼ β/M ∼ β0−3 fm/c. Their decay
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time is inversely proportional to their widths

td(W± → X) ≃ β
γ.085 GeV

= 0.09 fm/c

td(Z0 → X) ≃ β
γ.495 GeV

= 0.08 fm/c
(γ.β)

Therefore weak bosons are produced and decay before QGP is formed. As a result their
decay products might be sensitive to QGP. However, their leptonic decay channels should not
be affected by the QGP, since leptons do not decay strongly. Here and all through this thesis
work we will focus on the muonic decay channel.
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γ.γ.β Generation of weak boson

The structure of a proton-proton collision at the LHC as built up by event generators can
be described by a few main steps: hard process, parton shower, hadronization, underlying event
† [7β, 7γ, 7δ, 74] and unstable particle decays [75].

Deep inelastic scattering experiments, which involve bombardment of protons by electrons,
disclosed the proton composition and triggered the development of the parton model [76]. Ac-
cording to this model, protons consist of three valence quarks: two u quarks and one d quark.
These quarks spontaneously produce gluons, which can split into additional quark-antiquark
pairs, known as “see quarks”. The fraction of the total proton momentum carried by each con-
stituent is usually labeled “x”, and varies from 0 to β. Parton distribution functions (PDFs, see
Section γ.γ.γ for details) are probability distributions of x for different kinds of partons.

According to the factorization assumed by Drell and Yan [77], a hard scattering collision be-
tween proton A and B can be viewed as an interaction between two free partons a and b with re-
spectivemomentumfractions xa and xb weightedby theprobability of carrying thesemomentum
fractions (PDFs). The parton-parton interaction can be calculated in the condition of perturba-
tive quantum chromodynamics (pQCD). However, the PDFs are not calculable and have to be
determined experimentally. The illustration of the factorization theorem in a hard-scattering
process is shown in Figure γ.δ.

Figure 2.3: Illustration of the factorization theorem in a hard-scattering process. σ̂ is the hard scattering cross section, while
f is represent PDFs for each incoming proton. [78].

The hadronic W boson production is a hard process and can be generically described by the
†The underlying event (UE) is all what is seen in a hadron collider event which is not coming from the primary

hard scattering (high energy, high momentum impact) process. It was first defined in γ00γ and contents of UE
include initial and final state radiation, beam-beam remnants, multiple parton interactions, pile-up, noise.
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Eq. γ.γ:

σAB→W =
∑

partons

∫

dxadxbfa/A(xa,ɉ2
F)fb/B(xb,ɉ2

F)·

[σ̂LO(xaxbs) + αs(ɉ2
R)σ̂NLO(xaxbs) + (αs(ɉ2

R))
2σ̂NNLO(xaxbs) + ...]

(γ.γ)

The partonic cross section σ̂ is written as a power series of the strong interaction coupling
constant αs. The cross section of each order depends on the energy scale Q2 ≡ xaxbs, where

√s
is the center-of-mass energy of hadron collisions. αs depends on a non-physical parameter ɉR -
the renormalization scale of theQCD running coupling. The PDFs fa/A(xa,ɉ2

F) and fb/B(xb,ɉ2
F)

depend on another non-physical parameter ɉF - the factorization scale. This is the energy scale
that separates the perturbative from the non-perturbative parts of the calculation, the latter being
absorbed into the definition of the PDF.

In principle, the cross section is independent of the renormalization and factorization scales
if the expansion is carried to all order of αs. However, considering the practical situation, the cal-
culation is stopped at NLO or Next-to-Next-to-Leading Order (NNLO) and some dependence
of the cross section on these non-physical parameters is retained. The conventional treatment is
to chooseɉR andɉF to be the same order as the typicalmomentum transfer in the hard-scattering
process. In particular, in the case of theW boson production, ɉR and ɉF are both set to the mass
of the produced W boson.

As weak bosons have large mass, they are produced in initial hard partonic scattering pro-
cesses, where the center-of-mass energy is maximum. The lowest order process forW/Z produc-
tion is the quark ( f ) and anti-quark ( f̄ ) annihilation process (Figure γ.4):

fi + f̄j → W, fi + f̄i → Z (γ.δ)

Higher order processes include gluon andphoton initial and final state radiation. The second
order processes are:
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Figure 2.4: Lowest order Feynman diagram forW/Z production.

fi + λ→ W + fk, fi + λ→ Z + fi,
fi + f̄j → W + λ, fi + f̄i → Z + λ,
fi + ɀ→ W + fk, fi + ɀ→ Z + fi,
fi + f̄j → W + ɀ, fi + f̄i → Z + ɀ

(γ.4)

The corresponding Feynman diagrams for W production are shown in Figure γ.5.

The cross section σ̂ of the lowest order process can be calculated with quantum field theory
techniques [6]:

σ̂(qq̄′ → W) = γπ|Vqq′|2
GF√
γ
M2

W · Ɂ(Q2 −M2
W) (γ.5)

where |Vqq′| is the relevant element from the Cabibbo-Kobayashi-Maskawa (CKM) quark
mixing matrix [79], GF is the Fermi coupling constant,MW is the mass of the W boson and Ɂ is
the Dirac delta function. Beyond the leading order, the relation becomes more complicated and
the restraint on Q2 = M2

W is released.

Figure γ.6 shows that the dominant contribution toWproduction comes fromu-d scattering
and the dominant channel for Z production is through uū and dd̄ annihilation. The quarks are
valence quarks and the anti-quarks come from the sea. The s-c scattering contribution to the
total W production cross section is around β7% forW+ and γδ% forW− [80] and the remaining
processes only contribute to about β% to δ%.

The cross section for W and Z production taking into account the LO, NLO, NNLO con-
tributions are presented in Figure γ.7. It has been estimated that NLO corrections achieve to
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Figure 2.5: Second order Feynman diagram forWproduction.
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Figure 2.6: Contributions of several quark-antiquark processes toW± andZ0 production cross sections at LO. [80].

βδ% of the complete NLO cross section [8β]. On the other hand, NNLO corrections are small
and are dominated by the uncertainty of the PDFs, which has been estimated to be about γ-8%
[8γ]. The uncertainty on theoretical yields of NNLO predictions is below β% [8γ]. Therefore
the production of electroweak bosons at the LHC can help in constraining the PDFs.

γ.γ.β.β Monte-Carlo generators

In order to fully understand an event at hadron collider, several additional effects, with re-
spect to the physics of hard collisions mentioned above, should be considered during collisions
as shown in Figure γ.8. Particles are able to radiate additional particles after leaving the hard
scattering vertex, which must be taken into account via Monte-Carlo programs. This process is
referred to cascades of radiation produced from QCD processes and interactions and is called
parton showering. Besides, particles carrying color can not exist in free form and recombine into
colorless duplets or triplets. This process is the formation of hadrons out of quarks and gluons
and is called hadronization. All of these processes are involved in Monte-Carlo generators.
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Figure 2.7: Cross section ofW (left) and Z boson production in pp collisions at
√s = β4 TeV, estimated at LO, NLO and

NNLOwith theMRST PDF set. Since the distributions are symmetric in Y, only half of the rapidity range is shown forW+

andW−. The bands indicate the common variation of the renormalization and factorization scales in the rangeM/γ 6

ɉ 6 γM. [82].

Figure 2.8: Sketch of a hadron-hadron collision as simulated by aMonte-Carlo event generator. The red blob in the center

represents the hard collision, surrounded by a tree-like structure representing Bremsstrahlung as simulated by parton

showers. The purple blob indicates a secondary hard scattering event. Parton-to-hadron transitions are represented by

light green blobs, dark green blobs indicate hadron decays, while yellow lines signal soft photon radiation. [83].
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Various MC event generator programs use different approximations for the different steps
in calculations which might slightly change the final result. Some of commonly used event gen-
erators are listed below:

• PYTHIA [84] is a general purpose event generator, which is commonly used in high en-
ergy physics due to its easy handling and relatively large predictive power. It can simulate
lepton-lepton, lepton-hadron and hadron-hadron interactions with a broad field of theo-
retical models. The hard scattering process is however calculated in leading order approxi-
mation and the higher order corrections are approximatedwith a parton shower approach,
which has limited accuracy for predicting events with higher jet multiplicity. PYTHIA is
interfaced with Photos [85] for QED bremsstrahlung simulation.

• POWHEG (Positive Weight Hardest Emission Generator) [86, 87] is a prescription for
interfacing NLO QCD calculations with parton shower generator. POWHEG produces
events with positive (constant) weight and furthermore does not depend on the subse-
quent shower Monte Carlo program. It can be easily interfaced to any modern shower
generators such as PYTHIA and HERWIG.

• FEWZ (Fully Exclusive W and Z production) [88, 89, 90] computes the production cross
section ofWandZbosons in hadron collisions through theNNLO in perturbativeQCD.
Leptonic decays ofWandZbosonswith full spin correlations aswell as finitewidth effects
and gamma-Z interference are included.
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γ.γ.γ Parton distribution functions

Parton distribution functions quantify the probability distributions of themomentum frac-
tion x at a squared energy scale Q2 for partons within a hadron. They can not be calculated per-
turbatively but rather are determined through global fits to various experimental data [78]. The
weak boson production in pp collisions mostly depends on PDFs in proton. Theoretical predic-
tions of hadronic W and Z production cross sections were calculated to LO pQCD in PYTHIA
andNLOandNNLOpQCDusing the programs FEWZ[88, 89, 90] andDYNNLO[9β, 9γ, 9δ].
These are the only available programs that allow the computation of NNLO cross section when
applying kinematic cuts. The following PDF families were used in this thesis:

• CTEQ6 [94]

• CTβ0 [95]

• MSTWγ008 [96]

Twomajor groups, CTEQ [97] andMRST [98], provide semi-regular updates to the parton
distributions when new data and/or theoretical developments become available. In addition,
there are also PDFs available from Alekhin [99] and from the two HERA experiments [β00,
β0β, β0γ, β0δ]. Since experiments may operate at different energy transfer points, the PDFs are
extrapolated to a common energy scaleQ2 in fits to experimental data, which is implemented via
the so-called DGLAP evolution equations [β04, β05, β06]. Assuming u(x) and d(x) as PDFs for
up and down quarks, ū(x) and d̄(x) for the corresponding anti-quarks, the valence quarks in a
proton are indicated as uv = u − ū and dv = d − d̄, which means the following constraints in
the proton PDFs [β07] :

∫ 1

0
[u(x)− ū(x)]dx = γ

∫ 1

0
[d(x)− d̄(x)]dx = β (γ.6)

εnd
∫ 1

0
[q(x)− q̄(x)]dx = 0 for q = s, c, b, t (γ.7)

Figure γ.9 presents an example of proton PDFs from the CTβ0 NNLO analysis of QCD at
four differentQ2 scales [β08]. From the curves, one can easily obtain that (β) valence quarks tend
to carry a much higher fraction of protonmomentum and (γ) gluon and sea quarks increase dra-
matically at higher energy scales. PDFs uncertainties regularly play an important role in searches
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Chapter γ. Weak bosons in heavy-ion collisions

for new physics and precision measurements at collider experiments, so a lot of work has been
done to develop PDFs [β09, ββ0, βββ, 96, ββγ, ββδ, ββ4].

Figure 2.9: CT10NNLO parton distribution functions at Q=2, Q=3.16, Q=8, Q=85GeV. [108].

The rapidity ofWboson is related to partonmomentum fractions xa and xb by the following
relation at LO:

yW ≡
β
γ
· ln(E+ pz

E− pz
) =

β
γ
· ln(xaxb

) (γ.8)

Considering Q2 = m2
W and Q2 = xaxbs, one can obtain a relation between the rapidity of W

boson and PDFmomentum fractions of quark-antiquark pair that annihilate to produce theW
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boson:

xa =
mW√s e

yW , xb =
mW√

s
e−yW (γ.9)

where mW is the W mass and
√s is the center-of-mass energy. This relation implies that

W bosons produced at mid-rapidity mainly come from sea quark interactions, while W bosons
produced at large rapidity mainly come from the interaction of a valence quark. Therefore, at

large-rapidity we can easily obtain the relation
NW+

NW−
≈ Nu−quark

Nd−quark
. Since the valence quark com-

position of the proton is “uud”, one expects that two timesmoreW+ thanW− (NW+ ≈ γNW−)
will be produced at large rapidity in proton-proton collisions. On the other hand, for the case of
heavy-ion collisions, one hasZ protons (uud) andNneutrons (udd), whichmeans that (γZ+N)

u valence quarks and (Z + γN) d valence quarks are involved. Therefore at large rapidity one
expects:

NW+

NW−
=

γZ+N
Z+ γN NW− = β.β5NW+ (for Pb-Pb collisions) (γ.β0)

The kinematic coverage in the (x, Q2) plane for W production at the LHC in the central
(ATLAS and CMS) and forward (LHCb) regions is summarized in Figure γ.β0. The coverage of
ALICE for W production is inside the LHCb bounds. The region of large-x, small-Q2 is domi-
nated by the fixed target experiments. A large region of phase space is covered by deep inelastic
scattering experiments such as HERA. The larger Q2 region is explored by the experiments at
collider.

γ.γ.γ.β Weak boson production in heavy-ion collisions: nPDFs

In heavy-ion collisions one should consider both the fact that there are neutrons and the
nuclear effects, which is different from pp collisions. For instance, PDFs in nuclei are not equal
to the superposition of PDFs of their nucleons. For each parton flavour ν, one can define the
nuclear parton distribution functions (nPDFs) as:

fAi (x,Q2) ≡ RA
i (x,Q2)f pi (x,Q2) (γ.ββ)

whereA is the mass number of the nucleus andRA
i (x,Q2) denotes the nuclear modifications

with respect to the free proton PDF f pi . The PDFs of the bound ‡ neutrons are obtained through
‡In quantum physics, a bound state is a special quantum state of a particle subject to a potential such that the
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Figure 2.10: The kinematic coverage in the (x,Q2) plane forW production at the LHC in the central (ATLAS and CMS) and

forward (LHCb) regions [115, 116]. The coverage of ALICE forWproduction (γ.5 < y < 4.0) is inside the LHCb bounds.
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isospin symmetry (un/A = dp/A etc.), which is exact for isoscalar nuclei and assumed to hold also
for the non-isoscalar nuclei [ββ7].

In this thesis, the EPS09 [ββ8, ββ9] NLO parameterisation of the nuclear modification of the
PDFs was used. In EPS09, only three different corrections at the initial scale Q2

0 are considered:
RA

V for valence quarks,RA
S for all sea quarks, andRA

G for gluons. These are parametrized by piece-
wise functions

RA
i (x) =



















ε0 + (ε1 + ε2x)[exp(−x)− exp(−xa)], x ≤ xa
b0 + b1x+ b2x2 + b3x3, xa ≤ x ≤ xe
c0 + (c1 − c2x)(β− x)−β, xe ≤ x ≤ β

(γ.βγ)

where the parameters εi, bi, ci, ̒, xa and xe are A-dependent. Combining the three pieces to-
gether to give a continuous functionwith vanishing first derivatives atmatching points xa and xe,
eradicates 6 out of the βδ parameters. The remaining ones are expressed in terms of the following
6 parameters with obvious explanations:

• y0 : Height to which shadowing levels as x→ 0

• xa, ya : Position and height of the antishadowing maximum

• xe, ye : Position and height of the EMC minimum

• ̒ : Slope factor in the Fermi-motion part

the remaining parameter c0 is fixed to c0 = γye. The roles of these parameters are illustrated in
Figure γ.ββ which also roughly indicates which x-regions are meant by the commonly used terms:
shadowing [4δ], antishadowing [4δ], EMC effect [βγ0] and Fermi motion § [βγβ].

Few other groups, which have so far presented results from a global analysis of nPDFs, are
listed below:

• EKS98 [βγγ, βγδ] was the first global analysis performed for the nPDFs. This LO analysis
demonstrated that themeasured cross sections for deep inelastic lepton-nucleus scattering
(DIS) and for the Drell-Yan (DY) dilepton production in proton-nucleus collisions and
in particular the log Q2-slopes of FSn

2 /FC
2 can all be reproduced and the momentum and

particle has a tendency to remain localised in one or more regions of space.
§The Fermi motion is the quantum motion of nucleons bound inside a nucleus
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Chapter γ. Weak bosons in heavy-ion collisions

Figure 2.11: An illustration of the fit functionRA
i (x) and the role of the parameters xa, xe, y0, ya and ye in EPS09 parameter-

isation. [118].

baryon number sum rules required simultaneously within the DGLAP framework [ββ7].
The original data fitting in EKS98 was done by eye only.

• HKM[βγ4] andHKN[βγ5]were the first nPDFglobal analysiswith χ2 minimization auto-
mated and also uncertainties estimated. The nuclear DY data were not included in HKM
but were added in HKN. These analyses were still at the LO level.

• nDS [βγ6] was the first NLO global analysis for the nPDFs

The weak boson production in heavy-ion collisions is sensitive to the nPDF in nuclei in the
region of large Q2 and large x.

γ.γ.δ W muonic decay channel

As we saw in Section γ.γ, the W boson mainly decays hadronically. However, this decay
mode suffer from a large background due to jets. The leptonic decay mode provides a much
cleaner signature experimentally. Especially eventswith ahigh energymuonare relatively rare, the
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muonic decay channel provides a clean signature. Figure γ.βγ presents the muonic decay channel
studied in this thesis:

W+ → ɉ+Ɋμ W− → ɉ−Ɋ̄μ

W+	

μ+	

νμ	

W-	
νμ	

μ-	

−

Figure 2.12:Wboson decays into amuon and a neutrino.

The reconstruction of the W boson via leptonic decay channel is complicated by the fact
that one can not directly measure the neutrino. The vector - axial vector (V-A) nature of the W
decay conserves the correlation betweenWboson rapidity yW andmuonpseudorapidity ημ [βγ7].
The V-A structure implies that the decay of the charged lepton is not isotropic. In particular, the
parton-level cross section in the rest frameof theWcanbe expressed in termsof the angle between
the W and the decay lepton as:

dσ
dcosθ∗ ∝ (β± cosθ∗)2 (γ.βδ)

The sign depends on the product of theW and the decay lepton helicities. The preferred an-
gular decay orientations forW− andW+ are shown inFigure γ.βδ. Theweak interactiononly cou-
ples left-handed fermions and right-handed anti-fermions. According to the angularmomentum
conservation, the outgoing fermion or anti-fermion (l or l̄) follows the direction of the incoming
fermion or anti-fermion (q or q̄). The cross section is maximal when the outgoing lepton or anti-
lepton goes in the direction of the incoming quark or anti-quark. As a result, W− produced at
large-rapidity will preferably emitɉ− in their momentum direction andW+ will preferably emit
ɉ+ in the opposite direction.
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Chapter γ. Weak bosons in heavy-ion collisions

Figure 2.13:Wproduction and leptonic decay diagram showing the favored opening angle between the quark q and the
lepton l in the rest frame of theW. The small black arrows correspond to the direction of motion while the large gray arrows

indicate the spin. TheW spin always points in the direction of the incoming anti-quark. [127].
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3
The ALICE experiment

δ.β The Large Hadron Collider

The Large Hadron Collider (LHC) is a two-ring-superconducting accelerator and collider
installed in the existing γ6.7 km tunnel that was constructed between β984 and β989 for the Large
Electron Positron Collider (LEP) machine at the CERN [βγ8]. It is located at a depth ranging
from 50 to β75 meters beneath the France–Switzerland border near Geneva, Switzerland and is
by far the word’s largest andmost powerful particle accelerator and collider. The LHC produces
head-on collisions between two beams of particles, either protons or heavy ions (up to Pb82+),
which are produced andpre-accelerated in a chain of accelerators (see Figure δ.β) and then injected
into theLHC,where they are further accelerated to energies up to 7TeV for protons and γ.76TeV
for Pb per nucleon. The LHC nominal running conditions are summarized in Table δ.β. This
new energy record will allow us to test the predictions of different theories of particle physics,
and in particular to study the property of the fundamental particleHiggs boson predicted by the
SM, the large family of new particles predicted by supersymmetric theoretical models, the nature
of dark matter and the new state of matter (QGP).

The two particle beams cycling with opposite directions in the LHC ring collide in four dif-
ferent locations, where the collision products are detected by six experiments:

• ALICE (A Large Ion Collider Experiment) [βδβ], a specialized heavy-ion experiment de-
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Figure 3.1: The CERN accelerator complex [129].

Collision beams
√sNN (TeV) L (cm−2s−1) Running time per year (s) σgeom (b)

pp β4.0 β034 β07 0.07
Pb–Pb 5.5 β027 β06 7.7
p–Pb 8.8 β029 β06 β.9

Table 3.1: The LHC nominal run conditions for different collision system, center-of-mass energy, integrated luminosity,

running time and the geometrical cross sections [30, 130].

signed to study the physics of strongly interacting matter and the quark-gluon plasma in
nucleus-nucleus collisions at the LHC.

• ATLAS (A Toroidal LHC ApparatuS) [βδγ], a general-purpose experiment, looking for
new particles such as the Higgs boson and the physics beyond the SM.

• CMS (Compact Muon Solenoid) [βδδ], with similar purposes as ATLAS.

• LHCb (Large Hadron Collider beauty) [βδ4], is dedicated to precision measurements of
CP violation and rare decays of B hadrons.

• LHCf (LargeHadron Collider forward) [βδ5], sharing the interaction point with ATLAS,
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Chapter δ. The ALICE experiment

is dedicated to the measurement of neutral particles emitted in the very forward region of
LHC collisions to provide data for calibrating the hadron interactionmodels that are used
in the study of Extremely High-Energy Cosmic-Rays.

• TOTEM(TOTal andElasticMeasurement) [βδ6], sharing the interactionpointwithCMS,
measures the total pp cross section with the luminosity independent method and study
elastic and diffractive scatterings at the LHC.

The ALICE collaboration consists of approximately β800members from β74 institutes in 4γ
countries [βδ7] and has published β55 papers since γ0β0 [βδ8]. The performance of the ALICE de-
tectors and analysismethods for various physics observables are described in Physics Performance
Reports [βδ9, β40, β4β] and the technical details of each detectors are presented in Technical De-
sign Reports [β4γ]. In the following sections, I will provide a brief introduction of the ALICE
detectors, focusing on the main performances for physics.

δ.γ ALICE setup

The ALICE apparatus (Figure δ.γ) has overall dimensions of β6 × β6 × γ6 m3 and a total
weight of∼β04 t [βδ9]. It is designed to cope with the highest particle multiplicities expected in
central Pb-Pb collisions at the LHC (dNch/dy up to 8000) and is able to track and identify parti-
cles in a large range of transverse momentum (pT), from very low (∼β00MeV/c) up to fairly high
(∼β00GeV/c) pT. However themeasurement showed amuch smallermultiplicity of chargedpar-
ticles. TheALICEofficial reference frame is a right-handed orthogonal Cartesian systemwith the
z-axis parallel to the beam line and pointing in the direction opposite to the MUON Spectrom-
eter, the x-axis aligned to the local horizon and pointing to the accelerator center and the y-axis
perpendicular to the other two and pointing upward.

The ALICE detector consists of three parts:

• Global Detectors: the Zero Degree Calorimeter (ZDC), the Photon Multiplicity Detec-
tor (PMD), the Forward Multiplicity Detector (FMD), T0 and V0 detectors, which are
located at small angles in the forward and backward rapidity regions. They are used for
global event characterization (such as multiplicity measurement, centrality determination
and event plane reconstruction in heavy-ion collisions) and event triggering.
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Figure 3.2: Schematic layout of the ALICE experiment at the CERN LHC. The central-barrel detectors (ITS, TPC, TRD, TOF,

PHOS, EMCal, and HMPID) are embedded in a solenoid withmagnetic field B = 0.5 T and address particle production at

midrapidity. The cosmic-ray trigger detector ACORDE is positioned on top of themagnet. Forward detectors (PMD, FMD,

V0, T0, and ZDC) are used for triggering, event characterization andmultiplicity studies. TheMUON spectrometer covers

the pseudo-rapidity range−4.0 < η < −γ.5. [139].
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• Central Barrel Detectors: the central detector system covers the pseudo-rapidity range
|η| < 0.9 and is embedded in the Lδ solenoidmagnet, which provides a solenoidmagnetic
field of up to B = 0.5 T. It consists, from inside to outside, of the Inner Tracking System
(ITS) made of six cylindrical layers, two Silicon Pixel Detectors (SPD), two Silicon Drift
Detectors (SDD) and two Silicon Strip Detectors (SSD), the cylindrical Time-Projection
Chamber (TPC), the Transition Radiation Detector (TRD), the Time-Of-Flight (TOF),
theHighMomentumParticle IdentificationDetector (HMPID) and two electromagnetic
calorimeters: the PHOton Spectrometer (PHOS) and the ElectroMagnetic CALorime-
ter (EMCal *). All of the central barrel detectors cover the full azimuth except HMPID,
PHOS and EMCal. They allow for primary vertex reconstruction, tracking charged parti-
cles and Particle Identification (PID) for charged hadrons, photons and electrons.

• Forward muon spectrometer: the forward muon arm covers the pseudo-rapidity range
−4 < η < −γ.5. It ismainly designed for themeasurement of quarkonia down to pT = 0
via theirɉ+ɉ− decay channel, and of heavy-flavours in the semi-muonic decay channel. In
addition, the production of weakly interacting probes (W± and Z0 bosons) and lowmass
resonances (ρ, ω, φ) is also studied. The analysis presented in this thesis is based on the
data collected with this muon spectrometer. A detailed description of the detector layout
and features will be proved in Section δ.5.

The experiment is completed by an array of scintillators for triggering on cosmic rays (AL-
ICE COsmic Ray DEtector, ACORDE) on the top of the Lδ magnet. Table δ.γ summarizes the
acceptances, positions and dimensions of the various detection elements.

A short summary of pseudo-rapidity coverage and the particle identification capabilities of
the ALICE detectors is presented in Figure δ.δ.

*The extension of EMCal by adding calorimeter modules on the opposite side (Di-Jet Calorimeter, DCal) are
other important ingredients and it is installed in the second year of Run γ. The details are described in [β4δ].
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Figure 3.3: Pseudo-rapidity coverage of the ALICE detectors (top panel) and the particle identification capabilities of the
detectors (bottom panel). [144].
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Detector Acceptance (η,ϕ) Position (m) Dimension (m2)
ZDC: ZN |η| > 8.8 ±ββδ γ× 0.0049

ZDC: ZP 6.5 < |η| < 7.5 ±ββδ γ× 0.0γ7−β0o < ϕ < β0o

ZDC: ZEM
4.8 < |η| < 5.7

7.δ γ× 0.0049−β6o < ϕ < β6o and
−β64o < ϕ < β69o

PMD γ.δ < η < δ.7 δ.64 γ.59
FMD Disk β δ.6γ < η < 5.0δ inner: δ.γ

0.γ66FMD Disk γ β.7 < η < δ.68 inner: 0.8δ4
outer: 0.75γ

FMD Disk δ −δ.4 < η < −β.7 inner: -0.6γ8
outer: -0.75γ

T0A 4.6β < η < 4.9γ δ.75 0.00δ8
T0C −δ.γ8 < η < −γ.97 -0.7γ7 0.00δ8
V0A γ.8 < η < 5.β δ.4 0.548
V0C −δ.7 < η < −β.7 -0.897 0.δβ5

ITS layer β, γ (SPD) |η| < γ, |η| < β.4 0.0δ9, 0.076 0.γβ
ITS layer δ, 4 (SDD) |η| < 0.9, |η| < 0.9 0.β50, 0.γδ9 β.δβ
ITS layer 5, 6 (SSD) |η| < 0.97, |η| < 0.97 0.δ80, 0.4δ0 5.0

TPC |η| < 0.9 (r = γ.8 m) 0.848, γ.466 readout δγ.5 m2

|η| < β.5 (r = β.4 m) Vol. 90 m3

TRD |η| < 0.84 γ.90, δ.68 7β6
TOF |η| < 0.9 δ.87 β4β

HMPID |η| < 0.6 5.0 βββ.γo < ϕ < 58.8o

PHOS |η| < 0.βγ 4.6 8.6γγ0o < ϕ < δγ0o

EMCAL |η| < 0.7 4.δ6 4480o < ϕ < β87o

ACORDE |η| < β.δ 48.5 4δ−60o < ϕ < 60o

Muon Tracking station β

−4.0 < η < −γ.5

-5.δ6 4.7
Muon Tracking station γ -6.86 7.9
Muon Tracking station δ -9.8δ β4.4
Muon Tracking station 4 -βγ.9γ γ6.5
Muon Tracking station 5 -β4.γγ 4β.8
Muon Trigger station β -β6.βγ 64.6
Muon Trigger station γ -β7.βγ 7δ.β

Table 3.2: Names, acceptances, positions and dimensions of the ALICE detector subsystems [139, 131].
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δ.δ Global detectors

The ZDC, PMD, FMD, T0 and V0 located at small angles are used for global event charac-
terization like centrality, multiplicity and trigger decisions in the collisions. Further details are
presented below.

δ.δ.0.β ZDC: Zero Degree Calorimeter [β45]

The Zero Degree Calorimeters detect the energy of the spectator nucleons in order to deter-
mine the overlap region of the two colliding nuclei. It is composed of four calorimeters, two to
detect protons (ZP) and two to detect neutrons (ZN). They are located ββδ meters away from
the interaction point on both sides, along the beam line. That is why we call them Zero Degree
Calorimeters. The system is completedby twoelectromagnetic calorimeters (ZEM, that estimates
the participating nucleons), both placed at about 7m from the interacting point (in the opposite
side of the muon spectrometer), which allow to resolve ambiguities in the determination of the
centrality.

δ.δ.0.γ PMD: Photon Multiplicity Detector [β46]

The PMD is a pre-shower detector placed at about δ60 cm from the interaction point (in the
side opposite to the muon spectrometer), which allows to measure the multiplicity and spatial
(η − ϕ) distribution of photons on an event-by-event basis, in the forward region (γ.δ < η <

δ.7), and provides the estimation of the transverse electromagnetic energy and of the reaction
plane on an event-by-event basis. It is composed of two identical planes of detectors, made of
gas proportional counters with honeycomb structure and wire readout, with a δX0 thick lead
converter in between them: the front detector plane is used for vetoing chargedparticleswhile the
detector plane behind the converter is the pre-shower plane and registers hits from both photons
and charged hadrons. This allows to disentangle the photon signal.

δ.δ.0.δ FMD: Forward Multiplicity Detector [β47]

The FMD consists of five rings of silicon strip detectors with 5βγ00 silicon strip channels. It
provides information of the charged particle multiplicity in the pseudo-rapidity range −δ.4 <

η < −β.7 (muon spectrometer side) and β.7 < η < 5.β (PMD side) and allows to determine the
multiplicity, correlations, collective flow and the reaction plane event-by-event. Together, the

57



Chapter δ. The ALICE experiment

ITS and theFMDprovide an early chargedparticlemultiplicitymeasurement for−δ.4 < η < 5.β
in all colliding systems.

δ.δ.0.4 T0 [β47]

TheT0 ismade of two arrays of Cherenkov counters (T0A andT0C), with a time resolution
better than 50 ps, asymmetrically placed at 7γ.7 cm (muon spectrometer side, T0C) and δ75 cm
(PMD side, T0A) from the interaction vertex, with a pseudo-rapidity coverage of−δ.γ8 < η <

−γ.97 (T0C) and 4.6β < η < 4.9γ (T0A), respectively. It is designed to provide a T0 signal for
the TOF detector, to measure the vertex position with a precision of±β.5 cm.

δ.δ.0.5 V0 [β47]

The V0 consists of two arrays of scintillator material, located at 90 cm (muon spectrometer
side, V0C) and δ40 cm (PMD side, V0A) from the interaction point, with a pseudo-rapidity
coverage of−δ.8 < η < −β.7 (V0C) and γ.8 < η < 5.β (V0A). The measurement of the time-
of-flight difference between the detectors allows to identify and reject the beam-gas events. The
coincidence of a signal between the V0A and V0C is used as a minimum bias trigger. Moreover,
the V0 is used to determine the centrality of the event in Pb–Pb collisions via a Glauber model
fit of the signal amplitude.

δ.4 Central barrel detectors

The detector system at central rapidity, called central barrel, is able to identify hadrons, elec-
trons and photons from very low transverse momenta around β00 MeV/c to large momenta of
β00GeV/c. It consists of the ITS featuring six layers of high-resolution silicon detectors, the TPC
as the main tracking system of the experiment, the TRD which provides electron identification
and the TOF for particle identification. These detectors have full azimuthal and central rapidity
(|η| < 0.9) coverage. The design also includes two small-area detectors: an array of ring-imaging
Cherenkov detectors for identification of high-momentum particles (HMPID) and an electro-
magnetic calorimeter made of high density crystals (PHOS, EMCal and DCal). The central bar-
rel is covered by a magnetic field of a maximum 0.5 T. Further details of each detector in central
barrel are presented below.
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δ.4.0.β ITS: Inner Tracking System [β48]

The ITS provides tracking and vertex reconstruction near the interaction point. It is made
of six cylindrical layers of silicon detector covering |η| < 0.9. The innermost two layers are
Silicon Pixel Detectors (SPD), the two intermediate layers are SiliconDrift Detectors (SDD) and
the two external layers are Silicon Strip Detectors (SSD). The ITS can localize the primary vertex
with a resolution better than β00 ɉm in the transverse plane, reconstruct secondary vertexes and
improve the TPC measurements, extending the momentum coverage down to β00 MeV/c.

δ.4.0.γ TPC: Time Projection Chamber [β49]

The TPC is the main tracking detector of the central barrel. It is in charge of tracking and
provides particle identification via dE/dx. It allows to reconstruct charged-particle pT from β00
MeV/c (with β% resolution) up to β00 GeV/c (with 5% resolution if ITS is included as well). The
detection of low momentum particles is achievable with a low magnetic field (≤ 0.5 T). The
TPC has an inner radius of about 85 cm and an outer one of about γ50 cm with a total length
of about 500 cm. However this leads to a 88 ɉs drift time, which limits the luminosity that the
ALICE experiment can afford.

The study of soft hadronic observables requires a resolution of β% for momenta between β00
MeV/c and β GeV/c, while the detection of hard probes needs a β0% resolution for tracks with
pT = β00 GeV/c. The resolution on the relative momentum between two particles, necessarily
for themeasurement of two-particle correlations, has to be better than 5MeV/c. Finally, the TPC
can provide particle identification by the measurement of dE/dx.

δ.4.0.δ TRD: Transition Radiation Detector [β50, β5β]

The TRD covers the pseudo-rapidity range |η| < 0.9 and is located between the TPC and
the TOF detectors. It consists of β8 sectors of 6 layers each with a 5 fold segmentation along the
beam direction, for a total of β8× 5× 6 = 540 detector modules. Each module consists of a ra-
diator of 4.8 cm thickness and a multi-wire proportional chamber (MWPC) with cathode pad
readout. The TRD provides electron identification for momenta larger than β GeV/c, where the
pion rejection capability through energy lossmeasurement in theTPC is no longer sufficient. To-
gether with the ITS and theTPC, they allow tomeasure the production of light and heavy vector
meson resonances, and of open charm and beauty according to the determination of the impact
parameter. A similar technique can be used to separate the directly produced J/Ψ mesons from
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those arising from B-hadron decays. The TRD increases the ALICE pion rejection capabilities
by a factor of β00 for electron momenta above δ GeV/c.

δ.4.0.4 TOF: Time Of Flight [β5γ, β5δ]

The TOF is a large area array covering |η| < 0.9 and provides particle identification in the
intermediate momentum range, from 0.γ to γ.5 GeV/c. Coupled with the ITS and the TPC, it
allows for event-by-event identification of pions, kaons and protons. Its large coverage demands
the use of a gaseous detector. Multi-gap Resistive Plate Chambers were chosen, providing an
intrinsic time resolution of better than 40 ps and an efficiency close to β00%. The detector is
segmented in β8 sectors in the azimuthal angle ϕ and 5 segments in z. The identification of the
hadrons relies in their different time of flight vs momentum behavior. The ITS-TPC recon-
structed tracks are projected into the TOF, and for the matched particles the travel length (l) is
calculated from the track momentum (p). The time of flight (t) allows to evaluate the particle
mass as: m = p

√

t2/(l2 − β). The resulting mass separation as a function of the momentum for
pions, kaons and protons is shown in Figure δ.4.

Figure 3.4:Mass separation as a function of momentumwith the TOF detector, for 200HIJING central PbPb events and

with a simulated overall TOF time resolution of 80 ps. The right plots present the correspondingmass distributions for 0.5

< P < 4.2 GeV/c on a logarithmic (upper plot) and linear (lower plot) scale. The distributions from pions, kaons and protons

are respectively indicated by the labelled histograms, while the black histogram represents the inclusive distribution from

all particle species. [140].
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δ.4.0.5 HMPID: High Momentum Particle Identification Detector [β54]

TheHMPID, located at a radius of 5m, is one of the outer detectors of ALICE. Its azimuthal
and pseudo-rapidity coverage are of Δϕ = 57.6βo and |η| < 0.6, respectively. It is made of 7
modules of β.5× β.5 m2 of proximity focusing Ring Imaging Cherenkov (RICH) counters. The
detector allows for track-by-track discrimination ofπ/K up to δGeV/c and ofK/p up to 5GeV/c.

δ.4.0.6 PHOS: PHOton Spectrometer [β55]

ThePHOS is located at the bottomof the central barrel at 460 cm from the interactionpoint.
It covers a pseudo-rapidity and azimuthal angle range of |η| < 0.βγ and Δϕ = β00o, respectively.
It is composed by a charge particle veto (CPV) and an electromagnetic calorimeter (EMC). The
CPV consists of multi-wire proportional chambers (MWPC) with cathode pad readout. The
EMC is made of lead-tungsten crystals, readout by Avalanche Photo-Diodes (APD). The elec-
tromagnetic showers emitted by a photon or another electrically neutral particle provide a signal
in the EMC, but not in theCPV, and can therefore be separated by charged-particle showers. The
time of flight measurement with nanosecond precision enables discrimination between photons
and neutral baryons, which is particularly useful for neutron discrimination. Neutral mesons
can be measured as well through the two-photons decay channel.

δ.4.0.7 EMCal: ElectroMagnetic Calorimeter [β56]

The EMCal covers the |η| < 0.7 region and 80o < φ < β87o (γ60o < φ < δγ7o for Di-jet
Calorimeter) in azimuthal angle. The EMCal is a Pb-scintillator sampling calorimeter which is
much larger than PHOS, but with lower granularity and resolution. In conjunction with the
TPC and other barrel detectors it measures jet production rates and fragmentation functions.
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δ.5 Forward muon spectrometer

The ALICE forward muon spectrometer is designed to detect muons with a polar angle of
β7βo < θ < β78o with respect to the beam axis, corresponding to a pseudo-rapidity coverage of
−4.0 < η < −γ.5. This allows the study of open heavy flavours (D and B mesons), quarko-
nium (charmonium and bottomonium) and low-mass vector mesons (ρ, ω, φ) production by
their muonic decay channels in a wide transverse momentum range in a region complementary
to the one explored by the ALICE central barrel and other LHC experiments, like ATLAS and
CMS.

The layout of the muon spectrometer is shown in Figure δ.5. It consists of a passive front
absorber to reduce the contamination of hadrons from the interaction vertex. Muon tracks are
then reconstructed by tracking chambers consisting of five stations of multi-wire proportional
chambers with cathode pad readout. The third station is placed inside a dipole magnet provid-
ing an integrated magnetic field of δ Tm. Muon identification is ensured by matching the re-
constructed tracks with the signal provided by the trigger system, which consists of four layers of
Resistive Place Chambers placed behind an iron absorber. The spectrometer is shielded through-
out its length by a dense absorber tube, with a diameter of about 60 cm, which surrounds the
beam pipe. The main characteristics of the detector are summarized in Table δ.δ.
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Figure 3.5: The longitudinal section of muon spectrometer. [157].
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Muon Detection
Polar, azimuthal angle coverage β7βo ≤ θ ≤ β78o

Minimum muon momentum 4 GeV/c
Pseudo-rapidity coverage −4.0 < η < −γ.5

Front Absorber
Longitudinal position (from IP) -50δ0 mm≤ z ≤ -900 mm

Total thickness (materials) (∼β0Ɉint,∼60X0) ((carbon-concrete-steel)
Dipole Magnet

Nominal magnetic field, field integral 0.67 T, δ Tm
Free gap between poles γ.97γ-δ.956 m
Overall magnet length 4.97 m

Longitudinal position (from IP) -z = 9.94 m (centre of the dipole coils)
Tracking Chambers

No. of stations, no. of planes per station 5, γ
Longitudinal position of stations -z = 5δ57, 6860, 98δ0, βγ9γ0, β4γγβ mm

Anode-cathode gap (equal to wire pitch) γ.β mm for st. β; γ.5 mm for st. γ-5
Gas mixture 80%Ar/γ0%CO2

Pad size st. β (bending plane) 4.γ× 6.δ, 4.γ× βγ.6, 4.γ× γ5.γ mm2

Pad size st. γ (bending plane) 5× 7.5, 5× β5, 5× δ0 mm2

Pad size st. δ, 4 and 5 (bending plane) 5× γ5, 5× 50, 5× β00 mm2

Max. hit dens. st. β-5 (central Pb-Pb× γ) 5.0, γ.β, 0.7, 0.5, 0.6·β0−2 hits/cm2

Spatial resolution (bending plane) ≃ 70 ɉm
Trigger Chambers

No. of stations, no. of planes per station γ, γ
Longitudinal position of stations -z = β6βγ0, β7βγ0 mm

Total no. of RPCs, total active surface 7γ,∼β40 m2

Gas gap single, γ mm
Electrode material and resistivity BakeliteTM, ρ=γ-8× β09 Ω cm

Gas mixture Ar/C2H2F4/i-buthane/SF6 (50.5/4β.δ/7.γ/β)
Pitch of readout strips (bending plane) β0.6, γβ.γ, 4γ.5 mm (for trigger st. β)

Max. strip occupancy bend. (non bend.) plane δ% (β0%) in central Pb-Pb
Maximum hit rate on RPCs δ (40) Hz/cm2 in Pb-Pb (Ar-Ar)

Trigger Electronics
Total no. of FEE channels γ.β× β04

No. of local trigger cards γδ4 + 8

Table 3.3: Summary of themain characteristics of themuon spectrometer. [131].
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δ.5.β The absorbers

Themain goal of the absorbers in themuon spectrometer is to protect it from the high back-
ground produced in the central Pb-Pb collisions. Four absorbers are used for this purpose: the
front absorber, the beam shield, the iron wall and the rear absorber.

δ.5.β.β Front absorber

The geometry of the front absorber is shown in Figure δ.6. The front absorber is 4 m long,
corresponding to about β0 interaction length (Ɉint) and weights δ7 tons. The absorber is located
at 90 cm from the interactionpoint inside theLδmagnet. The absorber ismainlymadeof carbon,
concrete, steel and consists of a central cone within the acceptance of the spectrometer, an outer
shield to protect the central detectors of ALICE and an inner shield at polar angles smaller than
γo to absorb particles emanating from the beam-pipe. It has two main functions:

• a significant reductionof the forward fluxof chargedparticles andofbackgroundofmuons
frompions and kaons decay by limiting the free path of primary pions and kaons viamini-
mizing the distance between the absorber and the interaction point and by usingmaterials
with low nuclear interaction length. The external part of the absorber is made of lead and
tungsten to protect the detectors from the particle flux emanated by particles crossing the
absorber.

• limitation of the multiple scattering which could affect the mass resolution of the spec-
trometer by using materials with high radiation length in the absorber layer close to the
interaction point and with high atomic number at the rear end. The central part, near the
interaction point, is made of graphite (a low Zmaterial) to reduce muonmultiple scatter-
ing effects. The rear region is made of concrete + steel in γ.5 < η < δ.6 and concrete +
tunsten in δ.6 < η < 4.0 to absorb the secondary particles generated in the absorber, low
energy neutrons and protons. The lead layer wrapping the whole absorber is designed to
avoid the particles back-scattering into the TPC.

δ.5.β.γ Beam shield

The low angle absorber (Figure δ.7) is designed to minimize the high background produced
by the interactions with the beam pipe of particles (mainly pions and kaons) emitted at small
angles (θ < γo). This shield, made of tungsten and lead is covered by a stainless steel layer. [β58]
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Figure 3.6: The geometry of the front absorber.

Figure 3.7: The design of the beam shield. [159].
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δ.5.β.δ Iron wall

The iron wall is installed between the last tracking station and the first trigger chamber. It
stops hadrons and secondary particles that punch through the absorber. Since the wall is located
downstream the tracking stations, it does not affect themass resolution of the detector. The front
absorber and the iron wall introduce a cut on the momentum of about 4 GeV/c for the muons.

δ.5.β.4 Rear absorber

The trigger chamber must be protected from the background generated by the accelerator
(beam-gas residual interaction). This background is proportional to the luminosity of the beam
and, therefore, is very high during the pp collisions data taking period. The rear absorber has
recently been extended to fully cover the tunnel aperture.

δ.5.γ The dipole magnet

The dipole magnet (Figure δ.8) is located at 7 m from the interaction point and has 5 m of
length and 900 tons ofweight. It consists of resistive coils in a horseshoe shape and has an angular
acceptance of β7βo < θ < β78o. The warm dipole magnet generates a maximum central field of
0.67 T and an integral field of δ Tm. The direction of the magnetic field generated by the dipole
magnet lies in the horizontal plane, perpendicular to the beampipe line, defining a bending plane
(yz plane) and a non bending plane (xz plane). The polarity of themagnet can be revertedwithin
a short time.
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Figure 3.8: The layout of the dipole magnet.
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δ.5.δ The tracking chambers

The tracking systemof themuon spectrometer covers a total area of about β00m2 and is com-
posed of five stations, each consisting of two planes of Cathode PadChambers (CPC, Figure δ.9).
Each chamber is read out by two cathode planes in two orthogonal projections (x-y) to provide
two-dimensional hit information. The two stations before and after the dipole magnet measure
the corresponding track angles and the station located inside the magnet adds sagitta informa-
tion. The reconstruction algorithm requires hits in at least β chamber out of γ in the first three
stations and of at least δ chambers out of 4 in stations 4 and 5. This means that, in principle it
can lose up to 4 detection planes without losing efficiency. The chambers are arranged in a pro-
jective geometry from γ.5 to γ0m2 and are slightly larger than the acceptance of the spectrometer
to account for bending in the magnetic field. The main constraints to the performance of the
tracking system are the following:

• a spatial resolution better than β00 ɉm in order to disentangle the Υ mass with a mass
resolution of β00 MeV, and to operate in a maximum hit density of about 5×β0−2 cm−2,
the rate expected in central Pb-Pb collisions;

• a resolution along the non-bending plane (parallel to themagnetic field) better than about
γ mm to allow an efficient track finding.

These requirements are fulfilledby employingMulti-WireProportionalChambers (MWPC)
with cathode pad readout. Each chamber in all five tracking stations consists of a central anode
planewithwires equally spacedparallel to the y axis and sandwichedbetween two cathodeplanes.
The wires have a high voltage of ∼β600 V, while the cathode planes are grounded. It allows to
generate an electric field with its maximum value at the wire surface, decreasing as β/r near the
wires. The segmentation of the cathode pads was designed to keep the occupancy at a 5% level:
the size of the pads increases with the radius since the hit density decreases with the distance from
the beam pipe. In total there are β.β×β06 channels.

The chamber thickness is limited to 0.0δX0 in order to minimize multiple scattering of the
muons in the chamber by using composite material, such as carbon fibres. The individual cham-
bers were designed based on standardMWPC technology taking into account the particular con-
straints on the different tracking stations. The first two tracking stations are based on a quadrant
structure with the readout electronics distributed on their surface, while the others have a slat
architecture. A layout of the cathode plane for a quadrant of the Station β is shown in Figure δ.β0
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Figure 3.9: Cathode Pad Chamber layout [30, 160]. The cathode chamber of Stations 2 is narrower, 4 mm instead of 5

mm. In addition both cathodes are segmented and equipped of electronic to get x and y position of the track. In the case of

Station 1 the segmentation is the same in both cathodes.
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(a). Figure δ.β0 (b) shows a photography of the Station β. Figures δ.β0 (c) and (d) show the same
for the stations with a slat architecture. Within a tracker chamber the quadrants (or slats) overlap
to avoid dead zones, i.e. zones without active detection area.

(a) (b)

(c) (d)

Figure 3.10: (a): the cathode plane layout of a quadrant of the Station 1. [160] (b): one chamber of the Station 1. [161] (c):
segmentation of a station with a slat architecture. [160] (d): an overview of a station with a slat architecture. [131].
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For all the stations the front-end electronics (FEE) are based on a β6-channel chip called
MANAS (Multiplexed ANAlogic Signal processor) including the functionality of charge am-
plifier, filter, shaper and track and hold. The signal digitization is performed on board. The
channels of four of these chips are fed into a βγ-bits ADC, read out by the Muon Arm Readout
Chip (MARC), whose functionalities include zero suppression. The entire chain is mounted on
a front-end board, the MAnas NUmerical (MANU): the β.08 million channels of the tracking
system are treated by about β7000 MANU cards.

The Protocol for the ALICE Tracking CHamber (PATCH) buses provides the connection
between the MANUs and the Cluster ReadOut Concentrator Unit System (CROCUS) crate.
Each chamber is readout by twoCROCUS,which concentrate and format the data, transfer them
to the DAQ and dispatch the trigger signals, coming from the Central Trigger Processor (CTP).
These crates allow also the control of the FEE and of the calibration processes.

The tracking capability of the chambers depends strongly on the precision of their position
knowledge. The measurement of the deformations and of the relative displacements of the rigid
modules (the frames and the intermediate supports) of the tracking system is carried out by the
Geometry Monitoring System (GMS) and used to correct the track coordinates in the offline
analysis. The GMS evaluates the in-plane deformations and the displacements of stations β and
γ, and the displacements of stations δ, 4 and 5 (the carbon fiber material of these stations frames
result on a very weak thermal expansion).

δ.5.δ.β Alignment of tracking chambers

The alignment of the tracking chambers is a crucial step in the analysis of muons at high
transverse momentum. It is ensured by a method using the information of straight tracks from
dedicated runs with the magnetic field switched off, as well as standard runs with the magnetic
field on. In particular, the mean residual distance between the reconstructed track extrapolation
and the measured track impact (hit) is used to correct the alignment parameters of the current
detection element. However, the precision of themethod is biased by the ignorance on the initial
parameters of the track. The bias can be reduced with an iterative approach, but can not be com-
pletely avoided. The absolute position of the chambers was measured before data taking with
photogrammetry. Their relative position is estimated with a precision of about β00 mm, using a
modified version of the MILLIPEDE [β6γ] package, which combines data taken with and with-
out themagnetic field. The residualmisalignment of the tracking chambers is taken into account
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in the simulations to estimate the acceptance and efficiency (Acc.×Eff.) of the detector. In partic-
ular, one residual alignment file was available until January γ0β4. However, the MC production
obtained with this alignment file (“alignment_5”) was found to provide a better resolution on
theΥmass peak than the one observed on data. Hence, another set of residual alignment file was
produced, with the aim to degrade the mass resolution to the one observed in data. This new set
is called “alignment_6” in the following and shows indeed results which are more different from
the other considered alignments. While themethod provides themost accurate estimation of the
relative chamber position, it is not sensitive to a global misalignment of the entire spectrometer.

A data-driven method (called as “resolution task” in the following) was hence developed,
in which the simulation of the tracker response is based on a parameterisation of the measured
resolution of the clusters associated to a track. The distribution of the difference between the
cluster and the reconstructed track positions on each chamber is parameterised with a Gaussian
function and utilised to simulate the smearing of the track parameters. The effect of a global
misalignment of the muon spectrometer is mimicked by shifting the distribution of the track
deviation in the magnetic field in opposite directions for positive and negative tracks. This shift
is tuned so as to reproduce the observed difference in the ratio of the pT distributions of positive
andnegative tracks, corrected for acceptance and efficiency, in twoperiods of data taking differing
only by the magnetic field polarity. The values of the Acc.×Eff. corrections are obtained using
either the standard simulationswith the residualmisalignment, or the data-driven simulations. It
is worth noting that the limited momentum resolution of the detector can also result in positive
muons wrongly reconstructed as negative muons and viceversa. The resulting loss of efficiency is
small (smaller than β% formuonswith pT > β0GeV/c) and taken into account in the simulations.

δ.5.4 The trigger chambers

Themuon trigger system (Figure δ.ββ) consists of two stations (Figure δ.βγ), with twoplanes of
β8 single-gap Resistive Plate Chambers (RPC) each (Figure δ.βδ). They are located at β6 m (MTβ)
and β7 m (MTγ) from the interaction point behind the iron muon filter. The size of each plane
is 6×6 m2 and the distance between the two stations is β m.

Each RPC is made of two low-resistive bakelite electrodes, separated by a γ mm gas gap, two
graphite films under high voltage and readout strip planes in the x and y direction. The chamber
response is fast with a signal rise time of approximately γ ns and a time resolution of the order
of β-γ ns. The signal is picked up by read-out strips connected with the Front-End Electronics
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Figure 3.11: Overview of the trigger system. [160].

Figure 3.12: Structure of the trigger detector. [160].
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Figure 3.13: Schematic view of an RPC equippedwith readout strips. [160].

(FEE), which basically consists of a leading-edge discriminator stage followed by a shaper. The
strips are placed on both sides, orthogonally to each others, in order to provide a bi-dimensional
information. The horizontal strips measure the bending deviation due to the dipole magnetic
field, while vertical strips measure the non-bending direction. The two layers of read-out pads
are therefore called “bending” and “non-bending” plane respectively.

The signals coming from the FEE, consisting in the x and y fired strip patterns of the four
detection planes, are sent to the local trigger electronics. The whole system is divided into γδ4
detection areas, each of themassociatedwith a local trigger board. Figure δ.β4 presents a schematic
view of the local board position in one plane of trigger chambers as seen from the interaction
point. The local board density reflects the strip segmentation which is finer in the region close to
the beam pipe, where a higher particle multiplicity is expected: in particular, moving from the
beam pipe outwards, the strip pitch is about β, γ and 4 cm in the bending plane and about γ and
4 cm in the non-bending plane. [β6δ]

The trigger system is designed to provide muon identification and to trigger single or di-
muon tracks above a pT threshold. The track parameters are roughly estimated from the impact
point of the track in the two trigger stations, assuming that the track comes from the interaction
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Chapter δ. The ALICE experiment

Figure 3.14: View of one of the trigger chambers (looking from the interaction point) showing the 18 RPCs and the 234 trig-

ger boards. The board enumeration, both in labels and numbers (more suitable for interfacing with the analysis software) is

also shown. [163].
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δ.5. Forward muon spectrometer

vertex. The size of the deviation with respect to an infinite momentum track provides informa-
tion on the track pT while its direction provides information on the charge of the particle. This
allows to provide a like and unlike sign di-muon trigger signal. The trigger system can therefore
provide up to six trigger types:

• Muon single low pT (MSL): at least one single muon above low pT threshold

• Muon single high pT (MSH): at least one single muon above high pT threshold

• Unlike-sign dimuon low pT (MUL): at least two muons with opposite sign, each of them
above low pT threshold

• Unlike-sign dimuon high pT (MUH): at least twomuonswith opposite sign, each of them
above high pT threshold

• Like-sign dimuon low pT (MLL): at least two muons with same sign, each of them above
low pT threshold

• Like-sign dimuon high pT (MLH): at least two muons with same deviation sign, each of
them above high pT threshold

The Central Trigger Processor can be configured to read at most 5 of the six signals that the
muon trigger system can dispatch. For the study ofW boson production anMSH trigger with a
threshold of about 4.γ GeV/cwas used.
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Anyone wμo μs never mεde ε mνstεke μs never trνed
εnytμνnλ new.

Albert Einstein

4
Data taking in ALICE

ALICE takes data in Pb-Pb collisions aswell as in pp and p-Pb collisions, in order to provide a
reference and a cold nuclear matter baseline. Table β presents a summary of the different running
conditions experienced so far. The question you may ask is how does ALICE take and deal with
these data. The process is mainly comprised of the online control system, which implements
selections in a form of triggers, and the offline system, which performs event reconstruction and
enables data analysis offline. During the data taking period, the Trigger System (TRG) receives
information of interaction and then transfers to the Data AcQuisition (DAQ). Meanwhile, the
High Level Trigger (HLT) is used to select the most relevant data from the large input stream
and to reduce the data volume by well over an order of magnitude in order to fit the available
storage bandwidth while retaining the interesting physics information. The scheme of the raw
data flow from online to offline system interfaced by the DAQ system is shown in Figure 4.β. In
this chapter, further details about online and offline system will be provided. After that, i will
discuss the selection of good runs for MUON analysis.

4.β ALICE online control system

The ALICE online control systems, namely, the DCS, the DAQ, the TRG and the HLT
interface to each other through a controls layer: the so-called Experiment Control System (ECS),
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4.β. ALICE online control system

γ0β0 Low luminosity pp and Pb-Pb collisions
Data taking and monitoring for the fine tuning of the system

γ0ββ pp mainly @
√s=7 TeV and some fills @

√s=γ.76 TeV. LMAX=γ×β030 cm−2s−1

Pb-Pb @
√sNN=γ.76 TeV. LMAX=5×β026 cm−2s−1

γ0βγ pp @
√s=8 TeV. LMAX=7×β030 cm−2s−1

γ0βδ p-Pb and Pb-p @
√sNN=5.0γ TeV. LMAX=β029 cm−2s−1

pp @
√s=γ.76 TeV. LMAX=4×β030 cm−2s−1

γ0β5
pp @

√s=βδ TeV. LMAX=5×β030 cm−2s−1

pp @
√s=5 TeV. LMAX=γ×β030 cm−2s−1

Pb-Pb @
√s=5 TeV. LMAX=β027 cm−2s−1

Table 4.1: Summary of the ALICE running conditions in 2010-2015. [164].

Figure 4.1: The scheme of raw data flow from online to offline.

as shown in Figure 4.γ.

4.β.β Trigger (TRG) system

TheALICECentralTrigger Processor (CTP) [β65, β66, β67] is designed to select events having
different features at rates which can be scaled down to suit physics requirements and the restric-
tions due to the bandwidth of the DAQ and HLT system. The challenge for the ALICE trigger
is tomake optimum use of the component detectors, which are busy for widely different periods
following a valid trigger, and to perform trigger selections in a way which is optimised for several
different running modes: Pb–Pb, p–Pb and pp, varying by almost two orders of magnitude in
counting rate. [βδβ]

The triggers inALICEare basedon the followingoperational principle: a number of detector
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Chapter 4. Data taking in ALICE

Figure 4.2: The ALICE online control systems. [165].

systems (currently V0, T0, PHOS, TRD, MUON spectrometer, etc.) each provide a number
of logic trigger signals which characterize a specific measurement in this particular detector (e.g.
multiplicity, high-pT, muon pair). These logical signals are sent to the CTP as trigger inputs.
There they are combined by logical operations inside a Field-Programmable Gate Array (FPGA)
to form the different physics triggers (e.g. minimum-bias or central collision, single muon high-
pT event). The CTP in addition takes care of downscaling, pile-up protection, ready status of
different detectors and read-out memories, trigger priority, and finally synchronization with the
LHC clock cycle, as distributed by the RDβγ Trigger Timing and Control (TTC) system [β68,
β69].

Another particular feature of the ALICE trigger is the possibility to dynamically configure
groups of detectors that participate in the readout of any given event. For instance, the TPC
is constrained to relatively low trigger rates, because of drift time and data volume, while the
MUON spectrometer can record events at a much higher rate. Where it makes sense to do so in
order to improve statistics for specific physics channels, groups of detectors, called trigger clusters,
are read out separately and at higher rate. The output trigger signal is sent to the Local Trigger
Units (LTUs) of each sub-detector to be further processed and finally sent back to the detector
Front-End Electronics (FEE). The trigger is divided into three levels (L0, Lβ and Lγ) to take care
of different process time of sub-detectors. The faster trigger signal L0 is sent by faster detectors
(V0, T0, SPD and MUON trigger) to the CTP within β.γ ɉs, the Lβ trigger signal is sent within
6.5 ɉs and the slower Lγ trigger signal waits for the end of the past-future protection interval (88
ms) to verify that the event can be taken.
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4.β.γ Data AcQuisition (DAQ) system

The function of the DAQ system is to realize the data flow from the detector up to the data
storage, including the data flow to and from the HLT farm as well as sub-event and complete
event building. The DAQ system also includes software packages for raw data integrity and sys-
tem performance monitoring and overall control of the DAQ system. [β65] The architecture of
the DAQ is shown in Figure 4.δ. The detectors receive the trigger signals and the associated in-
formation from the CTP, through a dedicated LTU interfaced to a TTC system. The Front-End
Read-Out (FERO) electronics of the detectors are interfaced to the ALICE-standard Detector
Data Links (DDL). Event fragments produced by the detectors are injected on the DDLs using
the same standard protocol. Using the DDL by all the detectors is one of the major features of
the ALICE DAQ.

Figure 4.3: The overall architecture of the ALICEDAQ and the interface to the HLT system. [131].

At the receiving side of the DDLs there are PCI-X based electronic modules, called “DAQ
Readout Receiver Card” (D-RORC). They are hosted by the front-end machines (commodity
PCs), called Local Data Concentrators (LDCs). In the LDCs the event fragments originated
by the different D-RORCs are logically assembled into sub-events. The role of the LDCs is to
ship the sub-events to a farm of machines (also commodity PCs) called Global Data Collectors
(GDCs), where thewhole events are built and shipped to theTransientData Storage (TDS). The
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data files on theTDS aremigrated to the PermanentData Storage (PDS) at the computing centre
by the TDS Managers (TDSM).

TheDataAcquisition andTest Environment (DATE) [β70] is theDAQ software framework.
It controls and synchronises the processes running in the LDCs and the GDCs. The monitor-
ing programs receive data from the LDC or GDC streams. They can be executed on any LDC,
GDC or any other machine accessible via the network. The fundamental requirement for a de-
tailed, real-time assessment of theDAQmachines (LDCs andGDCs), for the usage of the systems
resources, and for the DATE performance is addressed by the AFFAIR package, which gathers
performance metrics from the LDCs and GDCs and performs the centralised handling of them
[β65]. The Data Quality Monitoring includes also online monitoring using Monitoring Of On-
line Data (MOOD) and environment monitoring using Automatic MOnitoRing Environment
(AMORE), which are used to handle the detector status, online and offline data stream, etc.
These programs monitor the physics data during physics run and accumulate plots that can be
inspected to check the DAQ performance.

4.β.δ High-Level Trigger (HLT)

The High-Level Trigger combines and processes the full information from all major detec-
tors ofALICE in a large computer cluster. Its task is to select the relevant part of the huge amount
of incoming data and to reduce the data volume by well over one order of magnitude in order to
fit the available storage bandwidth while preserving the physics information of interest. This is
achieved by a combination of different techniques which require a detailed online event recon-
struction:

• trigger: selecting interesting events based on detailed online analysis of its physics observ-
ables.

• selection: selecting the Regions of Interests (interesting part of single events).

• compression: reducing the event size by advanced data compression without any loss of
the contained physics.

The HLT implements a processing hierarchy as shown in Figure 4.4. The raw data of all
detectors are received by 454 Detector Data Links (DDLs) at layer β. The first processing layer
performs basic calibration and extracts hits and clusters (layer γ). The third layer reconstructs the
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event for each detector individually. Layer 4 combines the processed and calibrated information
of all detectors and reconstructs the whole event. Layer 5 performs the selection of events or
regions of interest based on run specific physics selection criteria. The selected data is further
handled by complex data compression algorithms. This HLT system will be able to process a
data rate of γ5 GByte/s online, while the physics content of a large number of events might be
small and the DAQ archiving rate is about β GByte/s.

Figure 4.4: The six architectural layers of the HLT. [131].

4.β.4 Detector and experiment control system

The Detector Control System (DCS) is designed to assure a high running efficiency by re-
ducing downtime to a minimum. It provides configuration, remote control, and monitoring of
all experimental equipment and maximizes the number of readout channels operational at any
time, and measures and stores all parameters necessary for efficient analysis of the physics data.
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Chapter 4. Data taking in ALICE

The control andmonitoring is provided in such away that thewhole experiment can be operated
from the ALICE Control Room (ACR).

As shown in Figure 4.5 the ALICE control system includes all control activities in the AL-
ICE experiment: the ECS, the DCS and the control of the DAQ, Trigger and HLT. The ALICE
control system interfaces through the DCS with the various services (such as electricity, cooling,
magnets, etc.) and individual detectors. The Experimental Control System (ECS) is responsible
for the synchronization between the various systems. For this it interfaces to the LHC accelerator
to obtain operational information and to other systems if needed (such as offline). Many routine
operations as well as predefined operation sequences can be programmed in the ECS.

Figure 4.5: The ALICE control system put in context. [165].

The ECS is responsible for the so called “partitioning” of the experiment, whereby a part of
the experiment (e.g. a sub-detector) can be operated independently and concurrently from the
rest of the experiment. The architecture of the ECS is illustrated in Figure 4.6. The heart of
the system is the database, where all the resources are described. The Experiment Control Agent
(ECA) is a utility that facilitates the manipulation of the database. Resources are allocated by the
Partition Control Agent (PCA), which creates an environment in which only allocated resources
are seen by the online systems. The technology of the ECS is based on Finite State Machines
(FSMs), which provide an intuitive way of representing the behavioural model of a real object
and a natural communication model, based on the control of objects located in remote Activity
Domains.
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4.γ. ALICE offline framework

Figure 4.6: ECS architecture. [165].

4.γ ALICE offline framework

The ALICE offline framework, AliRoot [β7β], whose development started in β998, is a set
of software tools used by the ALICE collaboration to process data. It is based on the Object
Oriented technology (C++ [β7γ]) and depends on the ROOT [β7δ] framework, which provides
an environment for the development of software packages for event generators, detector simula-
tion, event reconstruction, data acquisition and data analysis (Figure 4.7). The objectives of the
AliRoot framework are:

• the simulation of the primary hadronic collisions and the response of theALICE detectors

• the reconstruction of the physics data from simulated and real interactions

• the analysis of the reconstructed data

The basic principles guided the design of the AliRoot framework are reusability and modu-
larity, which can minimize the amount of unused or rewritten code and maximize the participa-
tionof thephysicists in the developmentof the code. A schematic viewof theAliRoot framework
is shown in Figure 4.8. The main part of the framework is the STEER module, which provides
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Figure 4.7: The ROOT framework. [141].

steering, runmanagement, interface classes and base classes. The detectors are independentmod-
ules which contain the code for simulation and reconstruction while the analysis code is contin-
uously developed and added *. The role of the framework is shown schematically in Figure 4.9.
The left and right side represents the simulation and reconstruction stage, respectively.

*Since run γ, the analysis code is moved from AliRoot to AliPhysics.
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Figure 4.8: Schematic view of the AliRoot framework. [171].

Figure 4.9: Data processing framework. [141].
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4.γ.β Simulation

The simulation framework covers the simulation of primary collisions and generation of the
emerging particles, the transport of particles through the detector, the simulation of energy depo-
sitions (hits) in the detector components, their response in formof so called summable digits, the
generation of digits from summable digits with the optional merging of underlying events and
the creation of raw data. [β74] The hadronic collisions can be simulated with different Monte
Carlo event generators, such as PYTHIA [84], POWHEG [86, 87] andHIJING [48], which are
interfaced into AliRoot in a transparent way to the users. The simulation of detector response
is implemented via switching different transport packages like GEANTδ [β75], GEANT4 [β76]
andFLUKA[β77], which are connected to the simulation frameworkbyusing theVirtualMonte
Carlo (VMC, Figure 4.β0), without having to change the code.

Figure 4.10: The VirtualMonte Carlo. [178].

During the simulation procedure, the primary interactions are simulated by event generators
and the resulting kinematic tree, which contains the information of produced particles such as
momentum, energy and the decay history (mother-daughters relationship and production ver-
tex), is then used in the transport package. Then each particle is transported into the detectors,
where the energy is deposited and causes an hit, which contains also the information (“track la-
bel”) on the particle that generated it.

88



4.γ. ALICE offline framework

At thenext step, thedetector response is taken into account and thehits are brokendown into
digits. The information about the parent track is lost and the spatial position is translated into
the corresponding detector readout element (e.g. strips, pads, etc.). There are two types of digits:
“summable digits”, where low thresholds are used and the result is additive, and “digits”, where
the real thresholds are used and the result is similar to what one would get in the real data taking.
In some sense the “summable digits” are precursors of the “digits”. The “summable digits” are
used for event merging, where a signal event is embedded in a signal-free underlying event. This
technique is widely used in heavy-ion physics and allows reusing the underlying events in order
to economize computing resources. The “digits” stored in ROOT classes, which still include
the information about the Monte Carlo particle that generated it, are eventually converted in
raw-data, which are stored in binary format as “payload” in a ROOT structure. The simulation
process is highlighted in Figure 4.ββ.

Figure 4.11: Simulation framework. [174].
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4.γ.γ Reconstruction

The input to the reconstruction framework are digits in ROOT tree format or raw data for-
mat. First, a local reconstruction of clusters is performed in each detector. Then vertexes and
tracks are reconstructed and the particle identification is executed. The output of the reconstruc-
tion is the Event Summary Data (ESD), which is a type of ROOT file including all the necessary
reconstruction information for physics studies such as reconstructed tracks/particles and global
event properties. Figure 4.βγ presents the reconstruction framework and the procedure of digits
or raw data to ESD. The reconstruction steps are [βδβ]:

• reconstruction steps that are executed for each detector separately (i.e. the cluster finding)

• primary vertex reconstruction

• track reconstruction and particle identification (PID)

• secondary vertex reconstruction (V0, cascade and kink-decay topologies)

A further selection performed by a train of user-defined analysis tasks, which enables the
creation of Analysis Object Data (AOD) files including more compact information and smaller
size of data needed for a specific analysis.

4.γ.δ Offline conditions database framework

The Offline Conditions Database (OCDB) is the place where the alignment and calibration
data is stored. It is a set of entries in the AliEn (ALICE Environment) [β79, β80] file catalog that
point to the physical entities (ROOT files stored in the various storage elements of the grid [β8β,
β8γ], see Section 4.γ.4) containing the alignment and calibration data. The OCDB was designed
under the following principles:

• the calibration and alignment database contains ROOTTObjects stored intoROOT files

• calibration and alignment objects are RUN DEPENDENT objects

• the database is READ-ONLY (automatic versioning of the stored objects)

• the objects in the OCDB are unequivocally identified by: a (logical) path name (path of
the file in the AliEn file catalog), a validity expressed as a run range, a main (grid) version
number, a local subversion number, only for locally stored objects
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Figure 4.12: Reconstruction framework. [174].

4.γ.4 ALICE computing grid

The ALICE experiment collects data at a rate of β.γ5 GB/s in heavy-ion mode and approxi-
mately 5 PBof data stored on tape each year, producingmore than β09 files per yearwhich requires
massive processing effort for reconstruction. The Worldwide LHC Computing Grid (WLCG)
project [β8β, β8γ]) was developed to solve this issue. It is a global collaboration of more than β70
computer centers in 4γ countries, linking up national and international grid infrastructures. The
user interacts with the Grid via the AliEn [β79, β80] User Interface (UI). To ease the estimation
of required resources, each task has been assigned to a specific Tier, which is a kind of computing
center, according to the so-called MONARC model shown in Figure 4.βδ. This is a distributed
model where computing resources are concentrated in a hierarchy of centers called Tiers, where
Tier-0 is CERN, Tier-β’s are the major computing centers, Tier-γ’s the smaller regional comput-
ing centers, Tier-δ’s the university departmental computing centers and Tier-4’s the user work-
stations. In such a model the raw data will be stored at CERN, where a Tier-β center for each
experiment will be hosted. Tier-β centers not at CERN will collectively store a large portion of
the raw data, possibly all, providing a natural backup. The reconstruction task is shared by the
Tier-β’s centers, while subsequent data reduction, analysis and Monte Carlo production is a col-
lective operation where all Tiers participate, with Tier-γ’s being particularly active for Monte
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Carlo and analysis. [β4β]

Figure 4.13: Schematic view of the ALICE offline computing tasks in the framework of the tieredMONARCmodel. [183].

The ALICE monitoring from CERN is performed by MonALISA (Monitoring Agents us-
ing a Large Integrated ServicesArchitecture) [β84]. The production of real data andMonteCarlo
simulations is triggered by AliEn and submitted to the Grid using Job Agents (JA). The interest-
ing job-related parameters are available while the job is running. Monitored parameters include:

• run_time, running time of the job

• cpu_time, effectively consumed cpu time

• cpu_usage, percentage of the instant usage of the cpu(s)

• memory

The values per job are available using the MonALISA GUI client.

4.δ MUON quality assurance

The quality assurance (QA) of data is quite important since it is the basis of all physics analy-
sis. The experts check the status of each detector and give a summary in the ALICEQAmeeting
once every week. The data taking is subdivided into small periods of time, ranging from few
minutes to few hours, called run. Each run is characterized by a fixed configuration and detector

9γ



4.δ. MUON quality assurance

status. The run can be stopped in case of problems with the detector, when the detector needs
calibration, when the machine operation changes, to change the trigger configuration, etc.

Different kind of runs can be recorded. In particular, one can have calibration runs, which
can be used for example to build the pedestals, runs to measure luminosity, etc. The quality
assurance is performed on runswhich are dedicated to physics, which are characterized by a stable
beam. In order to check the quality, a minimum amount of data should be analyzed. So the QA
is performed only if the data taking lasts at least β0 minutes and at least 5000 events are recorded.

For MUON QA, these additional selections are applied:

• Check the status of MUON only for runs where all of the basic detectors needed for
the MUON analysis (which includes not only the muon tracker and trigger, but also the
VZERO for triggering and SPD for the determination of the primary vertex, which is re-
quired for muon tracking) are in the readout.

• The configuration of these readout detectors should be checked by the detector experts
and the status should not be labeled as “bad” in the ALICE electronic logbook to ensure
detectors work properly.

The quality assurance consists in checking some observables that provide information on the
status of the detector and of the reconstruction, such as trigger chamber efficiencies, number of
tracks per event, number of clusters per chamber, etc. One thing to be noted is that the muon
tracking stations and trigger stations record the data independently. Then the reconstructed
tracks in the MUON spectrometer are divided into three categories:

• Tracking (only) tracks: tracks which are reconstructed in the tracking stations and they are
not detected by the trigger stations.

• Trigger (only) tracks: tracks which are detected by the trigger stations and they are not
reconstructed in the tracking stations.

• Matched tracks: tracks are reconstructed and labeled by both tracking stations and trigger
stations.

Here, it is not necessary to show all of the QA plots and some typical examples for LHCβδd
period are shown in Figure 4.β4 to illustrate how to select the correct data samples for our physics
analysis. First of all, the list of run number is extracted according to the basic selectionmentioned
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above in theALICE electronic logbook. Then somedistributions as a function of these runnum-
ber are checked. In Plot (a), the efficiency distributions of muon trigger chamber as a function
of run number are stable and are more than 95%, which is normal for analysis. In Plot (b), the
number of tracking tracks, trigger tracks and matched tracks per MSH event are flat and stable
except two runs (β9568β and β957γβ). Then check further information in the ALICE electronic
logbook and find that there are no MUON triggers in these two runs. Thus, we can decide to
remove them from the run list ofQA. Plot (c) shows the average number of clusters per chamber
associated to a track. The passage of particles in the chambers results in a ionization of the gas
and eventually the generated electric signal is collected by the cathode pads. Clusters can be de-
termined from the charge deposition on adjacent pads, and used to reconstruct the tracks. When
a module is not efficient, no cluster is formed, and the average number of clusters of the corre-
sponding chamber decreases. Themost common cause of inefficiency is the automatic switch-off
of the high voltage of a module occurring when the module is drawing too much current (HV
trip). Themodule is inefficient until the high voltage is restored. If the inefficiency is too large or
if the faulty module cannot be correctly reproduced in simulations, the run should be declared
as bad. Plot (c) shows that the chamber δ is the most affected by the HV trips. However, the
cause of the inefficiency is well identified, and the runs can be declared as good for physics. Some
details in the ALICE electronic logbook to remove runs from the QA are listed as follows:

• β957γ0: rare trigger test

• β957γγ: TRD trigger test run

• β957γδ: TRD trigger test run

• β9576β: bad VZERO information

After MUON QA analysis, there are still γ0 runs in LHCβδd period (see Appendix A.β).
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Figure 4.14: (a) QA plots of muon trigger chamber efficiencies per run in LHC13d period. (b) AQA plot of number of tracks

including tracker tracks, trigger tracks, matched tracks and all tracks forMSH trigger per run in LHC13d period. (c) AQA

plot of average number of clusters per muon chamber in LHC13d period.
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4.δ. MUON quality assurance
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W-boson Measurement
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Albert Einstein

5
W-boson measurement in p–Pb collisions

Themeasurement of theWbosonproduction in p-Pb collisionswith theALICE experiment
is based on a feasibility study byZ.Conesa delValle [δ0]. From it, we know that themeasurement
onW-boson can be done via extracting the signal from the inclusive singlemuon pT spectrum. At
high pT, the main contributions to the yield of inclusive muons come from themuonic decays of
W bosons, the di-muon decays of Z0/̓∗ bosons and the semi-muonic decays of beauty hadrons.
The yield of muons from W-boson decays can be obtained through a fit based on suitable pa-
rameterizations of the different components. However, muons fromW-boson decays have large
momentum, which means the deflection angle in tracking system is very small. In this case, the
precision of themeasurement onWboson production is limited by the resolution ofmuon track
and alignment in high-pT region.

The ALICE experiment has collected data in pp collisions at
√s = 7 TeV (γ0ββ), 8 TeV (γ0βγ)

and βδ TeV (γ0β5+γ0β6), p–Pb collisions at
√sNN = 5.0γ TeV (γ0βδ and γ0β6) and Pb–Pb colli-

sions at
√sNN = γ.76 TeV (γ0ββ) and 5.0γ TeV (γ0β6) with high luminosity. The measurement

of the W boson production in p–Pb collisions at 5.0γ TeV will be presented in this chapter. The
analogous measurement in pp collisions at 8 TeV will be presented in the following Sections.
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Chapter 5. W-boson measurement in p–Pb collisions

5.β Data samples and standard cuts

TheLHCconsists of two rings, with beams circulating in opposite directions. Since the rigid-
ity of the magnets is the same, the energy depends on the mass-to-charge ratio of the accelerated
particles. When protons are accelerated to 4 TeV, the Pb ion would therefore be accelerated to
Z/A ∗ 4 = β.58 TeV. Therefore, the rapidity of the center-of-mass system (cms) is shifted with

respect to the laboratory frame by Δy =
β
γ
ln(

ZpAPb

ZPbAp
) ≈ 0.465. The muon spectrometer cov-

ers the pseudo-rapidity range −4.0 < ηlab < −γ.5 (in the official LHC coordinate system *),
thus being sensitive to different regions of the Bjorken x values for the incoming hadronmoving
towards positive rapidities and the one moving towards negative rapidities. In order to explore
both sides of this asymmetric collision system, one should hence collect data with two configura-
tions: one with the proton moving from the interaction point towards the muon spectrometer
and the other with the proton moving in the opposite direction. In this case, the data taking is
divided into periods with similar data taking conditions. If one adopts the convention that the
proton travels towards positive rapidity, the two configurations allow to probe different rapidity
regions:

• p–Pb collisions (forward, p-going direction): γ.0δ < yμcms < δ.5δ

• Pb–p collisions (backward, Pb-going direction): −4.46 < yμcms < −γ.96

In the ALICE experiment, the data taking is divided into periods, which are conventionally
denoted as LHC+year+sequential letter. The Pb-going direction corresponds therefore to the
LHCβδf period. On the other hand the p-going direction is divided in two sub-periods, with
inverted field polarity: LHCβδd and LHCβδe. The latter has the same polarity as LHCβδf. The
run number lists can be found in Appendix A.β.

The data have been collected at
√sNN = 5.0γ TeV with minimum bias (MB), muon single-

low pT (MSL) and muon single-high pT (MSH) triggers. The MB trigger is defined requiring
hits in both sides of the VZERO detector in coincidence with the beam counters. The MSL
(MSH) trigger is defined by asking, in addition to the MB condition, for a low (high) transverse
momentum muon with an associated pT trigger threshold set at around 0.5 (4.γ) GeV/c. The
integrated luminosity for the forward and backward rapidity measurements are 5.0δ±0.β8 and
5.8β±0.γ0 nb−1 [β85], respectively.

*The official LHC coordinate system is an orthogonal coordinate system with the x axis pointing to the center
of the accelerator and the y axis pointing upward.
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5.β. Data samples and standard cuts

The offline physics event selection or the so-called physics selection was implemented by re-
producing the trigger conditions, cutting on the event leading time of V0A and V0C and identi-
fying background according to the correlation between the tracklets and clusters in SPD. More-
over, the events without reconstructed primary vertex from SPDwere rejected from the analysis.
Various kinematic cuts were applied for the muon track selection. Tracks were required to be
reconstructed within the acceptance of the muon spectrometer (−4.0 < ηlab < −γ.5) and to
have a polar angle at the end of the absorber (θabs) from β70o to β78o. The track candidate in the
tracking system was required to match the track reconstructed in the trigger system. Finally, the
contamination from beam-induced background tracks, which do not point to the interaction
vertex, can be efficiently removed by exploiting the correlation between the momentum (p) of
the track and its Distance of Closest Approach (DCA) to the vertex. Due to the multiple scat-
tering in the front absorber, the DCA distribution of particles produced in the collision can be
describedwith aGaussian function, whose width depends on thematerial crossed and is propor-
tional to β/p. On the other hand, the background tracks have a DCA larger than about 40 cm,
independent of pT. They can therefore be rejected by selecting particles with a p · DCA smaller
than 6 times the width of the distribution, extracted from a Gaussian fit.

Data selected after the Quality Assurance for both MSL and MSH triggered events are con-
sidered.

Table 5.β summarizes the statistics of the events that pass the offline trigger selection.

+ Phys. Sel.

LHCβδd MSL 5.78M
MSH 4.6βM

LHCβδe MSL 9.04M
MSH 5.5βM

LHCβδf MSL γ6.4βM
MSH β5.67M

Table 5.1: Summary of the statistics after applying physics selection at event level.

The centrality of the collision is measured from the amplitude of the VZERO, the number
of clusters in the outer layer of the SPD detector (CLβ) or the energy deposited in the ZN in
the direction of the fragmenting lead ion. The average number of binary collisions ⟨Ncoll⟩ is
determined from aGlauber-model [γ8] based analysis in the case of VZEROandCLβ estimators,
while for the ZN estimator it is computed with a hybrid approach, assuming that the particle
density at mid-rapidity is proportional to the average number of nucleons participating in the
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Chapter 5. W-boson measurement in p–Pb collisions

collision,< Npart > [β86]. The value of< Npart > for a given ZN-centrality class are calculated
by scaling the average number of participants in MB collisions < NMB

part >, estimated with a
Glaubermodel, by the ratio of the average charged-particlemultiplicitymeasured atmid-rapidity
for the ZN-centrality class and that of MB. The corresponding number of binary collisions is
then obtained as: < Ncoll >=< NMB

part > −β. The systematic uncertainties are estimated by
using different approaches as described in [β86]. The resulting values of < Ncoll > and their
uncertainties are summarized in Table 5.γ.

V0A CLβ V0C Hybrid ZNA/ZNC
Centrality ⟨Ncoll⟩ syst ⟨Ncoll⟩ syst ⟨Ncoll⟩ syst ⟨Ncoll⟩ syst
γ–γ0% βγ.50 β0% βγ.90 β0% βγ.50 β0% ββ.δβ δ%
γ0–40% 9.δ6 9% 9.49 9% 9.δ9 9% 9.56 γ%
40–60% 6.4γ 7.γ% 6.β8 7.γ% 6.40 7.γ% 7.08 4%
60–β00% γ.86 6.γ% γ.60 6.γ% γ.86 6.γ% δ.γ0 4%
0–β00% 6.87 8% 6.8δ 8% 6.87 8% 6.88 -

Table 5.2: ⟨Ncoll⟩with different centrality estimators in different centrality bins.

Since we need to access the high-pT range for theW-boson signal extraction, in the following
we will focus on the analysis of MSH events. Figure 5.β shows the raw transverse momentum
distribution with MSH trigger in the period LHCβδd+LHCβδe (left panel) and LHCβδf (right
panel) after applying the standard cuts mentioned above.
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Figure 5.1: Raw pT distributions of muons inMSH events in the periods LHC13d+LHC13e (left panel) and LHC13f (right

panel).
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5.γ. Analysis strategy

5.γ Analysis strategy

TheW-boson contributes to the transversemomentumdistributionof inclusivemuons through
the muonic decay channels (W+ → ɉ+Ɋμ,W− → ɉ−Ɋ̄μ). The decay kinematic provides two fi-

nal state particles with pT ∼
MW

γ
∼ 40 GeV/c. Since the neutrino can not be detected, the

signature would be a high-pT muon with large missing transverse energy (Emiss
T ). Unfortunately,

ALICE is not equippedwith an hermetic calorimeter, hence the only information is the presence
of a muon with high pT. The contribution from W-boson decays to the raw pT muon spectrum
must be estimated through a suitable fit of the distribution. The main steps are:

• signal extraction via combined fit

• acceptance× Efficiency (Acc. × Eff.) correction

• normalisation to minimum bias event to obtain the cross section

Both the signal extraction and the Acc. × Eff. correction require the determination of the
shape of the pT-distribution of muons fromW-boson decays. This is performed by simulations,
which will be described in Section 5.δ.

5.δ Monte Carlo simulations

The detector response for muons from W boson decays was determined through Monte
Carlo (MC) simulations, which are based on a POWHEG [86, 87, β87], a NLO particle gen-
erator, paired with PYTHIA 6.4.γ5 [84] for parton shower. The version of POWHEG is the
POWHEG-BOX vβ modified in order to allow using the EPS09 [ββ9] parameterization of the
nuclear modification factor of the PDFs. The W bosons are forced to decay into muons with
a polar angle of β68◦ < θμ < β78.5◦, slightly larger than the muon spectrometer acceptance in
order to account for edge effects. The configurations for W-boson and Z-boson production can
be found in Appendix A.δ.

The simulations are anchored to theOfflineConditionsDatabase (OCDB)ofLHCβδd, LHCβδe
and LHCβδf, where the calibration and alignment data is stored, according to the standard pro-
cedure for MUON analyses. This can reproduce the condition of the detectors to a certain ex-
tent. The alignment file is ideal in simulation, while a custom residual alignment, produced for
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Chapter 5. W-boson measurement in p–Pb collisions

all MUON analyses, is used in reconstruction. The simulations are performed by generating a
number of events per run proportional to the number of MSH triggers in that run, in order to
correctly account for the modification of the status of the detector with time.

The isospin dependence of the W-boson differential cross section [δ0] is accounted for by
simulating separately the proton-proton (pp) and proton-neutron (pn) collisions and then sum-
ming the results together with the formula:

β
Np-Pb

dNp-Pb

dpT
=

Z
A

β
Npp

dNpp

dpT
+

A− Z
A

β
Npn

dNpn

dpT
(5.β)

whereA = γ08 and Z = 8γ.

The resultingW-boson andmuongenerateddistributions forpp andpncollisionsbyPOWHEG
are shown in Figure 5.γ. The shape of the rapidity distribution of W-boson is mainly due to the
acceptance cuts on the produced muons. In particular, theW-boson production is shifted in the
direction of the valence quark, as explained in Section γ.γ.δ.
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Figure 5.2: Generated distributions with POWHEG, CT10 and EPS09. Top panels: rapidity distributions of generatedW

bosons. Bottom panels: Transversemomentum distributions of generatedmuons fromWbosons decay. Results are shown

for simulations of pp (left panels) and pn (right panels) nucleon-nucleon interactions.
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5.4. Signal extraction

The generation of muons from Z0/̓∗ decays is performed in an equivalent way, forcing the
decay Z0/̓∗ → ɉ+ɉ−. The interference terms between Z0 and ̓∗ production are accounted for
in the POWHEG generator.

5.4 Signal extraction

In order to implement the combined fit to the raw pT distribution of inclusive muons to ex-
tract the signal of muons fromWboson decays, we need to prepare theMC templates of muons
from vector bosons and heavy-flavour (HF) decay. The different contributions are summed to-
gether in the final fit function, which is defined as:

f(pT) = Nraw
bkg · fbkg(pT) +Nraw

μ←W · (fμ←W(pT) + R · fμ←Z0/γ∗(pT)) (5.γ)

where fbkg, fμ←W and fμ←Z0/γ∗ are theMCtemplates formuons fromheavy-flavouredhadrons,
W- and Z-boson decays, respectively. The number of muons from heavy-flavour decays (Nraw

bkg)
and the number of muons from W decays (Nraw

μ←W) are free parameters, while the ratio (R) of
the number of muons from Z decays and that fromWdecays is fixed fromMC simulation using
POWHEG. The detector response is included in all simulations. The MC templates of muons
from vector bosons decay were discussed in Section 5.δ. Thus, the background subtraction of
muons from heavy-flavour decays will be introduced as well as the fit procedure.

5.4.β Heavy-flavour decay background description

Thedistributionofbackgroundmuons,whichbasically comes fromthedecayofheavy flavours,
was described with simulations using as input the FONLL predictions for pp collisions at 4+β.58
TeV (i.e. 5.0γ TeV in the centre of mass) [β88]. The calculations have been obtained using the
CTEQ6.6 parton distribution functions [β89], without accounting for any nuclearmodification
of the PDFs. Such modifications, however, are expected to be dominant at low pT, with a negli-
gible contribution in the pT region of interest for this study [β90].

Several sources of uncertainties affecting the shape of the MC templates were taken into ac-
count. For the background, differentMC templates were obtained by varying the FONLL calcu-
lations within uncertainties. In particular, six additional templates were produced, correspond-
ing to the upper and lower limits of the calculations obtained by i) varying the factorisation and
renormalisation scales, and considering theuncertainties on ii) thequarkmasses and iii) thePDFs.
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Chapter 5. W-boson measurement in p–Pb collisions

The ratio of the FONLL calculations with modified scale, mass and PDFs and the central value
are shown in Figure 5.δ. The variation of the PDFs provides the largest modification of the shape
compared to the central value.
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Figure 5.3: The left panel is for p-going direction and the right panel is for Pb-going direction. The variation of the pT dis-
tribution of muons from heavy-flavour decays calculated with FONLL by varying the factorization and renormalisation

scales, and considering the uncertainties on the quarkmasses and the PDFs. The first black benchmark line “central value”

represents central value of FONLL prediction. Lines with “ɉR” and “ɉF” indicate different sets of factorisation and renor-

malisation scales, “min_sc” and “max_sc” mean theminimum andmaximum values obtained via varying the factorisation

and renormalisation scales, “min_mass” and “max_mass” mean theminimum andmaximum value obtained via varying quark

masses, “min_pdf” and “max_pdf” mean theminimum andmaximum value obtained via varying PDFs.
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5.4. Signal extraction

5.4.γ Fitting procedure

The procedure of the combined fit is listed as following:

• choose a certain pT range

• normalize each of MC templates of muons from vector bosons and heavy-flavour decay
to unity

• fix the value of “R” in Eq. 5.γ according to POWHEG

• sum the normalized MC templates together to create a function to implement fit

The yield of muons from W boson decays (Nμ←W) is extracted from the fit which pass the
criteria below:

• fits must be successful and the minimizer succeeded in finding the minimum
(TFitResult::IsValid())

• fits must converge (gMinuit->fCstatus has to be ”CONVERGED”)

• the covariant matrix is required to be accurate
(TFitResult::CovMatrixStatus()==ǒ)

• fits must have χ2/ndf < γ, where ndf is the number of degree of freedom

Since there are empty bins, the log-likelihoodmethodwas used in the fit. The differencewith
respect to the chi-square method, however, was tested to be small, since the fit results are driven
by data points with pT . 60 GeV/c.

5.4.δ Optimization of fit pT range

The choice of the pT range of the fit is somehow arbitrary and needs to be tuned. In partic-
ular, if one fits at very low-pT, the fit results will be dominated by the background description at
very low momenta. On the other hand, if the minimum pT is too large, the heavy-flavor back-
ground will not be sufficiently constrained. The determination of the best fitting range is done
through MC simulations. The fit pT range matters when the background shape used in the fit
does not fully reproduce the data over all the range considered. In order to simulate this, one can
generate pseudo-data using a specific background shape, and reconstruct with a modified one
(within uncertainties). The steps are:
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Chapter 5. W-boson measurement in p–Pb collisions

• fit to raw data with FONLL central value template according to Eq. 5.γ and extract the
number ofmuons from heavy-flavour,W and Z decays with “alignment_5”. The number
of muons from W decays is called “Ninput”.

• build some “simulated-data”, by randomly sampling from the three templates above, as-
suming a poisson distribution of the number of extracted muons.

• for a fixed pT range, fit “simulated-data” according to the strategymentioned inSection 5.7.6
to obtain the final number of muons from W decays (NW)

• compareNW withNinput in different fit pT range

The examples of this test in different fit pT range can be found in Figures 5.4 and 5.5. In
β5 < pT < 50GeV/c, the number ofNW is closest to the number ofNinput. It means that the best
fit pT range is at around β5 < pT < 50 GeV/c. The high pT limit is mainly due to the low statistics
(and large number of empty bins). A further test on lower limit of the fit pT range was done with
step size of β GeV/c and we found that the best fitting pT range is β5 ∼ β7 < pT < 50 GeV/c.
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5.4. Signal extraction

(a) β0 < pT < 50 GeV/c (b) β0 < pT < 65 GeV/c

(c) β0 < pT < 80 GeV/c (d) β5 < pT < 50 GeV/c

(e) β5 < pT < 65 GeV/c (f) β5 < pT < 80 GeV/c

Figure 5.4: The yield ofɉ+ ← W+ as a function of trials (each “simulated-data”) in different fixed fit pT range for LHC13e
period. The lower limit increases with step size of 5 GeV/c and the higher limit increases with step size of 15 GeV/c.
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Chapter 5. W-boson measurement in p–Pb collisions

(g) γ0 < pT < 50 GeV/c (h) γ0 < pT < 65 GeV/c

(i) γ0 < pT < 80 GeV/c

Figure 5.4: The yield ofɉ+ ← W+ as a function of trials (each “simulated-data”) in different fixed fit pT range for LHC13e
period. The lower limit increases with step size of 5 GeV/c and the higher limit increases with step size of 15 GeV/c.
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5.4. Signal extraction

(a) β0 < pT < 50 GeV/c (b) β0 < pT < 65 GeV/c

(c) β0 < pT < 80 GeV/c (d) β5 < pT < 50 GeV/c

(e) β5 < pT < 65 GeV/c (f) β5 < pT < 80 GeV/c

Figure 5.5: The yield ofɉ− ← W− as a function of trials (each “simulated-data”) in different fixed fit pT range for LHC13f
period. The lower limit increases with step size of 5 GeV/c and the higher limit increases with step size of 15 GeV/c.
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Chapter 5. W-boson measurement in p–Pb collisions

(g) γ0 < pT < 50 GeV/c (h) γ0 < pT < 65 GeV/c

(i) γ0 < pT < 80 GeV/c

Figure 5.5: The yield ofɉ− ← W− as a function of trials (each “simulated-data”) in different fixed fit pT range for LHC13f
period. The lower limit increases with step size of 5 GeV/c and the higher limit increases with step size of 15 GeV/c.
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5.4. Signal extraction

Fit examples to pT distributionof inclusivemuons in one of optimized fit pT ranges are shown
in Figures 5.6 for the LHCβδd+LHCβδe period and Figures 5.7 for the LHCβδf period.
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Figure 5.6: The examples of the combined fit for signal extraction ofɉ← W in LHC13de.
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Chapter 5. W-boson measurement in p–Pb collisions
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Figure 5.7: The examples of the combined fit for signal extraction ofɉ← W in LHC13f.

ββ4



5.5. Acceptance× efficiency correction

5.5 Acceptance× efficiency correction

The Acc.×Eff. corrections are obtained from the simulations described in Section 5.δ. The
efficiency is defined by the number ofmuons reconstructed with the same cuts used in the analy-
sis, divided by the number of generatedmuons coming fromW± boson decay and with−4.0 <

ημ,MC
lab < −γ.5.

The efficiency is provided integrated over the pT range of the ɉ ← W measurement (pμT >

β0GeV/c), in such away tominimize the bias related to the bin cross-talk causedby the alignment.
This bias can be estimated by calculating the Acc.×Eff. in simulations reconstructing with dif-
ferent residual mis-alignment files as well as the resolution task (see Section δ.5.δ). The results are
summarized in Table 5.δ: the effect is lower than β%.

(a) LHCβδd

ɉ+ ɉ−
Alignment_6 0.89δγ± 0.000β 0.89δβ± 0.000β
Resoultion 0.88δ0± 0.000δ 0.8870± 0.000δ

(b) LHCβδe

ɉ+ ɉ−
Alignment_6 0.88δ7± 0.000β 0.8776± 0.000β
Resoultion 0.878δ± 0.000δ 0.8654± 0.0004

(c) LHCβδf

ɉ+ ɉ−
Alignment_6 0.77ββ± 0.000β 0.754β± 0.000β
Resoultion 0.7579± 0.0005 0.7440± 0.0005

Table 5.3: Acc.×Eff. for muons fromW± decays with pμT > β0GeV/c and−4.0 < ημlab < −γ.5 obtained from simulations

reconstructedwith different residual mis-alignment files and resolution task.
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Chapter 5. W-boson measurement in p–Pb collisions

5.6 Normalisation to the number of minimum bias events

The normalization procedure is the same used for the measurement of heavy-flavour decay
muons [β9β]. The general strategy is explained in the following.

The results obtained with the high-pT muon trigger events, must be normalized to the num-
ber of equivalent Minimum Bias events. This is performed with a suitable normalization factor
(Fnorm), which can be obtained with two different methods.

The first one uses the trigger outputs and the CTP trigger inputs and it is called “offline
method” in the following [β9γ]. The corresponding normalization factor for MSH triggers are
defined as:

FMSH
norm =

NMB × F pile-up

N(MB&&0MSL)
× NMSL

N(MSL&&0MSH)
(5.δ)

where Fpile-up is the pile-up correction factor for minimum bias events (see later),NMB,NMSL and
NMSH are the number ofMB,MSL andMSH triggers, while 0MSL and 0MSHare the L0 trigger
inputs for the single low and high pT triggers, respectively.

The second method is called scaler method [β9δ], and uses the information of L0b counters
to avoid statistical fluctuations. The corresponding normalization factor is:

FMSH
norm =

L0bMB × purityMB × Fpile-up

L0bMSH × PSMSH
(5.4)

where L0bMB andL0bMSH are the scaler values recorded forminimumbias and single-muonhigh-
pT triggers, respectively and purityMB is the fraction of events which satisfy the VZERO timing
cut. The purity is better than 99% for most of the runs. PSMSH is the fraction of (accepted)MSH
trigger events that pass the Physics Selection mentioned in Section 5.β.

The pile-up correction factor Fpile-up is defined as:

Fpile-up = ɉ/(β− e−μ) (5.5)

with
ɉ = ln

(

β− purityMB ×
L0bRateMB

Ncolliding × fLHC

)

. (5.6)

ɉ is themean value of thePoissondistributionwhichdescribes the probability tohaven collisions
when the beams cross each other. L0bRateMB is the number ofminimumbias events recorded by
the L0b counter per data taking time. fLHC = ββγ45Hz is the collision frequency of the LHC. The
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5.7. Systematic uncertainties

mean values of the pile-up correction factors are about β.0γ for both the LHCβδde and LHCβδf
data samples.

The correction factorFnorm is calculated run by run. Theirmean value obtainedwith the two
methods are reported inTable 5.4: the results with the twomethods differ by about β% from each
other. In the following, the value obtained with the trigger scaler method, which is statistically
more precise, will be used as a central value, while the difference between the twomethods is used
as a systematic uncertainty.

LHCβδde LHCβδf
Fnorm Offline Scaler Offline Scaler
MSH β0γβ.β β0δγ.8 794.5 798.δ

Table 5.4:Mean values of the normalisation factors for muon single high triggers obtainedwith the twomethods described

in the text.

5.7 Systematic uncertainties

5.7.β W and Z boson generation

The MC templates of muons from W± and Z0/̓∗ boson decays have been obtained from
the realistic simulations described in Section 5.δ. The generator used is POWHEGwith the CTβ0
Parton Distribution Functions and the EPS09 nuclear modification of PDFs. The systematic
uncertainties on the template inputs can be assessed by varying the settings of the PDFs.

The effect of a change in the input PDFs set can be first estimated at the generation level, by
comparing the MC kinematic distributions of muons from the decay of W± bosons produced
with different PDF sets. The results are shown in Figures 5.8 and 5.9. The effect, however, is small
compared to the statistical and other systematic uncertainties.
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Chapter 5. W-boson measurement in p–Pb collisions
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Figure 5.8: Ratio of pTMCkinematic distributions of muons fromW± andZ0/̓∗ decay producedwith POWHEG using

different PDFs for p-Pb collisions.
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5.7. Systematic uncertainties
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Figure 5.9: Ratio of pT MCkinematic distributions of muons fromW± andZ0/̓∗ decay producedwith POWHEG using

different PDFs for Pb-p collisions.
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Chapter 5. W-boson measurement in p–Pb collisions

5.7.γ The component of Z0/̓∗ → ɉ
The ratio “R” between the component of Z0/̓∗and W± in Eq. 5.γ is not a free parameter,

but it is rather fixed according to the values of cross section provided by POWHEG. The use of
different PDFs sets affects both the shapes of the templates and the cross sections, thus resulting
in a variation of the parameter “R”. The uncertainty on the contribution of muons from Z0/̓∗

decays is accounted for automatically by extracting the signal using the values ofNμ←Z/γ∗/Nμ←W

obtained with POWHEG.

5.7.δ Alignment effect

An example of the modification of the pT distributions can be seen in Figure 5.β0, showing
the ratio of the pT distributions of muons from W boson decays obtained with two different
residual alignment files (see Section δ.5.δ). But these two alignment files seem underestimate the
alignment effect. In this case, we consider to implement resolution task provided by Philippe Pil-
lot, which use Breit Wigner function to parameterize resolution of clusters in tracking chambers
and propagate them to reconstructed tracks. An example of the modification of the pT distribu-
tions after applying resolution task can be seen in Figure 5.ββ.
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5.7. Systematic uncertainties
)

c
 (

p
b
/1

 G
e
V

/
T

p
/d

σd

12−10

11−10

10−10

9−10

8−10

7−10

6−10

 = 5.02 TeVNNsPOWHEG simulation, p-Pb @ 
 < 3.53

cms
y2.03 < 

+
 W← +µ

This thesis

Alignment_5

Alignment_6

)c (GeV/
T

p
0 10 20 30 40 50 60 70 80

A
lig

n
m

e
n

t_
5

A
lig

n
m

e
n

t_
6

0.8

0.9

1

1.1

1.2

(a) ɉ+ ← W+, anchored to LHCβδd+LHCβδe

0 10 20 30 40 50 60 70 80

)
c

 (
p
b
/1

 G
e
V

/
T

p
/d

σd
12−10

11−10

10−10

9−10

8−10

7−10

6−10

 = 5.02 TeVNNsPOWHEG simulation, p-Pb @ 

 < 3.53
cms

y2.03 < 

− W← −µ

This thesis

Alignment_5

Alignment_6

)c (GeV/
T

p
0 10 20 30 40 50 60 70 80

A
lig

n
m

e
n
t_

5
A

lig
n
m

e
n
t_

6

0.8

0.9

1

1.1

1.2

(b) ɉ− ← W−, anchored to LHCβδd+LHCβδe

0 10 20 30 40 50 60 70 80

)
c

 (
p
b
/1

 G
e
V

/
T

p
/d

σd

12−10

11−10

10−10

9−10

8−10

7−10

6−10

 = 5.02 TeVNNsPOWHEG simulation, p-Pb @ 

 < -2.96
cms

y-4.46 < 

+ W← +µ

This thesis

Alignment_5

Alignment_6

)c (GeV/
T

p
0 10 20 30 40 50 60 70 80

A
lig

n
m

e
n
t_

5
A

lig
n
m

e
n
t_

6

0.8

0.9

1

1.1

1.2

(c) ɉ+ ← W+, anchored to LHCβδf

0 10 20 30 40 50 60 70 80

)
c

 (
p
b
/1

 G
e
V

/
T

p
/d

σd

12−10

11−10

10−10

9−10

8−10

7−10

6−10

 = 5.02 TeVNNsPOWHEG simulation, p-Pb @ 

 < -2.96
cms

y-4.46 < 

− W← −µ

This thesis

Alignment_5

Alignment_6

)c (GeV/
T

p
0 10 20 30 40 50 60 70 80

A
lig

n
m

e
n
t_

5
A

lig
n
m

e
n
t_

6

0.8

0.9

1

1.1

1.2

(d) ɉ− ← W−, anchored to LHCβδf

Figure 5.10: Ratio of transversemomentum distributions of muons fromW± decays reconstructed with different residual

alignment files.
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Figure 5.11: Ratio of transversemomentum distributions of muons fromW± decays reconstructed after applying resolu-

tion task.
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5.7. Systematic uncertainties

5.7.δ.β Choice of description function

Figure 5.βγ presents the distribution of the distance between cluster and reconstructed track
per chamber in y direction. It shows that alignments can not reproduce the large tails of the
measured cluster resolution. Thus the fast simulation based on the propagation of themeasured
cluster resolution (resolution task) was done in order to further study the alignment. In resolu-
tion task, one need to choose an appropriate function to describe this cluster resolution distribu-
tion. From Figure 5.βδ, we can find that the Gaussian function can not describe the large tail and
Breit-Wigner function overestimates it. While Crystal-Ball function situates between them. The
effects of different functions on pT distribution are shown in Figure 5.β4. It also indicates that
the Crystal-Ball function is the best choice.

Figure 5.12: The distribution of the distance between cluster and reconstructed track per chamber in y direction in Data
and alignments. The cut of momentum p > γ0GeV/c is added.
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5.7. Systematic uncertainties
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Figure 5.14: The effects of two alignment files and three functions on pT distribution for muons fromW± ,Z0/̓∗ and
FONLL decay.
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Chapter 5. W-boson measurement in p–Pb collisions

5.7.δ.γ Add “global shift” effect

As we know, from LHCβδd to LHCβδe period, the direction of magnetic field changed. This
may cause a global shift of tracking chamber, which is expected to affect in opposite directions for
the positive and negative charged particles. For instance, there is negative direction shift for posi-
tive charged particles and positive direction shift for negative charged particle in LHCβδd period,
while in LHCβδe period there should be positive direction shift for positive charged particles and
negative direction shift for negative charged particles. The question is how much is this global

shift and how to make sure the direction? One possibility is to check muon charge ratio (
μ+

μ−
) in

each period and double charge ratio (
(μ+/μ−)LHC13d

(μ+/μ−)LHC13e
) between data and MC simulations.

In Section 5.4.δ, from the example of combined fit, we can find that in β0 < pT < β5 GeV/c,
the dominated contribution is muons from heavy-flavour decays. The fraction of muons from
weak bosons decay is negligible and can be ignored. Thus we can tune the parameter of global
shift to make the muon charge ratio and double charge ratio consistent between FONLL–based
MC simulations and data. Table 5.5 lists results with different shift σ. After comparison, the value
of γ.6σ is decided to be used in the resolution task. A further cross-check with γ.6σ shift was done
in Figure 5.β5, Figure 5.β6 and Figure 5.β7. The distributions of muon charge ratio and double

charge ratio (
(μ+/μ−)MC

(μ+/μ−)data
) as a function of pT are compatible between data and FONLL-based

MC simulations in each period.

Data MC (βσ) MC (γσ) MC (δσ)
Charge ratio in LHCβδd β.β98±0.0γ6 β.079±0.0β0 β.β5δ±0.0ββ β.γδδ±0.0ββ
Charge ratio in LHCβδe 0.8γ8±0.0β7 0.9γ8±0.009 0.868±0.008 0.8βγ±0.008
Double charge ratio β.446±0.044 β.β6γ±0.0β5 β.δγ8±0.0β7 β.5β8±0.0γ0

MC (γ.5σ) MC (γ.6σ) MC (γ.7σ) MC (γ.8σ) MC (γ.9σ)
β.β9γ±0.0ββ β.β99±0.0ββ β.γ07±0.0ββ β.γβ5±0.0ββ β.γγ4±0.0ββ

0.840±0.008 0.8δ5±0.008 0.8δ0±0.008 0.8γ4±0.008 0.8β8±0.008
β.4γ0±0.0β9 β.4δ6±0.0β9 β.455±0.0β9 β.475±0.0β9 β.496±0.0γ0

Table 5.5: Themuon charge ratio and double charge ratio in β0 < pT < β5GeV/c in data and FONLL–basedMC simulations

with different value of shift.

The examples of combined fitwith FONLL,W,Z templates obtained by resolution task after
adding “global shift” effect are shown in Figure 5.β8. The number of extractedW+ yield decreases
β0.95% in LHCβδd and increases γ8.βγ% in LHCβδd. The number of extracted W− yield increase
δ8.δδ% and decrease βγ.5γ% in LHCβδe. Considering this different effects of the “global shift” on

βγ6



5.7. Systematic uncertainties
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) as a function of pT in LHC13d.
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W+ andW− betweenLHCβδd andLHCβδe, we decide to extractWyield inLHCβδd andLHCβδe
separately, then sum them together.
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Figure 5.18: The combined fit to raw data with FONLL,W, Z templates obtained by resolution task with andwithout “global

shift”.
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Figure 5.18: The combined fit to raw data with FONLL,W, Z templates obtained by resolution task with andwithout “global

shift”.
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5.7. Systematic uncertainties

5.7.δ.δ Add detector efficiency

In the fast simulation, themomentum resolution is estimated from the parameterized cluster
resolution. The effect of the detector efficiency is instead accounted for by using an Acc. × Eff.
matrix as a functionof the generatedmuon pT andη. Thematrix is built using the full simulations
described in Section 5.5. The Acc. × Eff. matrix for ɉ+ and ɉ− from W boson decays is shown
in Figure 5.β9. It should be done for the simulations ofmuons from heavy-flavour,W-boson and
Z-boson decay respectively.
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Figure 5.19: The Acc.× Eff. matrix of generated pT and η forɉ+ ← W+ andɉ− ← W− in LHC13d and LHC13e.
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Chapter 5. W-boson measurement in p–Pb collisions

The number of muons from W± decays is then extracted according to the fit procedure de-
scribed in Section 5.4.γ, but using the Z0/̓∗ and W± boson templates, as well as the FONLL-
based MC template (when used to describe the background) obtained with “alignment_6” and
resolution task. The results are shown in Figure 5.γ0 and Figure 5.γβ.
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Figure 5.20: Number of muons fromW± decays extractedwith templates obtained from simulations reconstructed from

residual alignment file “alignment_6” and resolution task in p–Pb collisions.

The systematic on alignment can be assessed by extracting the number of muons from W±

decays using templates obtained with the new alignment file and resolution task, thus putting all
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5.7. Systematic uncertainties
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Figure 5.21: Number of muons fromW± decays extractedwith templates obtained from simulations reconstructed from

different residual alignment file “alignment_6” and resolution task in Pb–p collisions.

of the values together with equations 5.7, 5.8 and 5.9. Please note that here and in the following
analysis, the resolution task is used to calculate the central value and statistic uncertainty of W
yield, while the new alignment file (“alignment_6”) is only used to the systematic uncertainty
estimation.

5.7.4 Tracking/trigger efficiency

The uncertainty on the muon tracking efficiency is estimated from the difference between
the muon tracking efficiency in MC and that from a data-driven approach based on the redun-
dancy of the tracking stations [βδ9]. It amounts to γ% (δ%) for the p-going (Pb-going) period.
The uncertainty on trigger efficiency, which is mainly due to the systematic uncertainty in the
determination of the efficiency of each trigger chamber from data, amounts to β%. An additional
systematic uncertainty of 0.5% results from the choice of the χ2 cut in the matching of the tracks
reconstructed in the trackerwith those in the trigger. The systematic are summarised inTable 5.6.

The trigger systematic only accounts for the effect of the uncertainty on the trigger chamber
efficiency. The uncertainty related to the trigger response function affects only the transverse
momenta close to the pT threshold of about 4.γ GeV/c, and has hence a negligible impact in the
pT region of interest for this analysis.

The tracking and trigger uncertainties affect the yields of the reconstructed particles. We
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Chapter 5. W-boson measurement in p–Pb collisions

Systematic
Tracking γ% (p–Pb), δ% (Pb–p)
Trigger β%
Tracker-trigger matching 0.5%

Table 5.6: Tracking, trigger and tracker-trigger matching systematic uncertainties for muon tracks in the LHC13d and
LHC13e periods.

assume that they are uncorrelated versus pT which would hence lead to an uncertainty of the
shape of the measured transverse momentum distribution.

Ideally, the effect should be studied by applying the uncertainties to the MC templates of
Section 5.δ and taking them properly into account during the fit. Technically, this is equivalent
to add the systematic uncertainty in quadrature to the statistical uncertainty of the raw pT distri-
butions, which will then be taken into account in the fit.

Theprocedure to estimate the resulting systematic uncertainties onNμ←W canbe summarised
as:

• ExtractNμ←W without accounting for the tracking/trigger systematic uncertainties. The
obtained value isNbias

μ←W ± σstat

• Sum the systematic uncertainties ofTable 5.6 to the statistical uncertainties of the rawdata,
for each bin in pT .

• ExtractNμ←W: the obtained value isNμ←W ± σstat+syst

• Get the contribution of the systematic uncertainties on tracking/trigger as: σ2track/trig =

σ2stat+syst − σ2stat

The resulting systematic error onNμ←W is summarised in Table 5.7. It is worth noting that the

Multiplicity σtrack/trig
0–β00% γ.65%
5–γ0% -
γ0–40% β.4δ%
40–60% -
60–80% β.77%

Table 5.7: Systematic error onNμ←W due to the uncertainties on tracking and trigger efficiencies as well as tracker/trigger

matching. The“-” means that the procedure described in the text returned a negative quadratic uncertainty.

square of the systematic uncertainty obtained from the quadratic difference of σstat+syst and σstat
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5.7. Systematic uncertainties

may return negative values for certain bins in multiplicity. This is mainly due to the fact that
the systematic effect is small compared to the large fluctuations due to the fit. A conservative
estimation of the systematic error, may be obtained by considering the uncertainties as fully cor-
related versus pT . In this case, the three values of systematic uncertainties of Table 5.6, would
sum quadratically to the systematic error on the extracted number of muons from W± decay.
The error would hence be γ.δ% for p–Pb and δ.γ% for Pb–p, which are in fairy good agreement
with the value extracted with the previously described procedure in the bin 0–β00%.

5.7.5 Pile-up effect

In p-Pb data taking, the bunch spacing is γ00 ns. In the data selection, since the muon tracks
are requested to match with the muon trigger which has a time resolution of γ5 ns, the recon-
structed muon events are not sensitive to pile-up from different bunches. V0A has also a small
timing resolution and the SPD has an integration time of±β50 ns and a very small contribution
from pile-up from different bunches is expected. Therefore pile-up events from other bunches
are expected to be negligible for the detectors used for this analysis. In the following, pile-up will
always refer to pile-up from the same bunch crossing.

Due to the effect of pile-up, the particle multiplicity and the energy deposit in ZN of two
separate events sum up, thus biasing the centrality determination towards the most central col-
lisions. The pile-up bias was estimated as described here [β94]. The pile-up events are flagged
using the information of the SPD. In particular, it is possible to check if more than one vertex is
reconstructed per event. Apile-up vertex is considered if it is estimated from aminimumnumber
of contributors (n) and if the distance with respect to the primary vertex (d) is larger than a given
value. Figure 5.γγ shows the plots of the pile-up fraction as function of run number. MV stands
for Multi-Vertexer. The MV option was proved to be efficient when using full tracks (measured
with the full ITS and in addition the TPC). However the muon production uses SPD tracklets
and this can affect the purity and efficiency of the MV pile-up option. As seen in the plots, the
hardware level pile-up rejection, which is estimated as explained in Section 5.6, is compared with
the software level pile-up tagging using the SPD. In order to estimate the effect of pile-up on the
number of events the n = 4 option was chosen since it exhibits the highest efficiency∼0.85. For
ZN, this method was found to provide consistent results with respect to a toy MC, where the
deposited energy fraction in the ZN is sampled from ameasurement at lowmultiplicity, and the
pile-up probability is simulated assuming a Poisson distribution.
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Chapter 5. W-boson measurement in p–Pb collisions

Figure 5.22: Pile-up fractions as function of run number. Hardware level compared to software level pile up based on SPD.

The estimated contamination for different centrality estimators is shown in Figure 5.γδ: the
contamination decreases from central to peripheral collisions. It is very large in the 0-γ% central-
ity class, while it becomes of the order of few percent for γ-γ0%. The 0-γ% centrality class was
therefore excluded from the analysis.

The systematics of pile-up effect based on the events tagged with SPD for p-going and Pb-
going period are summarized in Table 5.8. In centrality γ-γ0%, the systematic of pile-up effect
from VZERO and SPD are larger than ZN.

Figure 5.23: Pile-up fractions as function of event activity for different estimators. Pile-up events are taggedwith the SPD
requiring at least 4 tracks to come from a secondary vertex located 0.6mm away from the primary vertex.
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5.7. Systematic uncertainties

Estimator Centrality (%) Systematics(%)

ZNA δ.δ5
V0A δ.δβ
CLβ

0_β00
δ.δβ

ZNA γ.96
V0A 6.09
CLβ

γ_γ0
5.66

ZNA β.6γ
V0A γ.50
CLβ

γ0_40
β.89

ZNA β.γβ
V0A β.γ7
CLβ

40_60
0.9δ

ZNA 0.7γ6
V0A 0.454
CLβ

60_β00
0.γ8

Estimator Centrality (%) Systematics(%)

ZNC δ.65
V0C δ.6γ
CLβ

0_β00
δ.6γ

ZNC δ.βδ
V0C 5.45
CLβ

γ_γ0
5.68

ZNC β.6β
V0C γ.β5
CLβ

γ0_40
β.85

ZNC β.β9
V0C β.β0
CLβ

40_60
0.9γβ

ZNC 0.7ββ
V0C 0.δ96
CLβ

60_β00
0.γ90

Table 5.8: Summary of pile-up systematics based on the events taggedwith SPD for p-going and Pb-going period, respec-

tively.
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Chapter 5. W-boson measurement in p–Pb collisions

5.7.6 Combination of fit results

The fit is performedmany timesby varying the pT range, the templates, the ratioNμ←Z/γ∗/Nμ←W

etc., as explained above in this section. The number of muons extracted in each trial is then plot-
ted as a function of the test number:

• (7 MC templates for background described in Section 5.4.β) × (4 PDFs sets for signal)
× (different pT ranges) × (β alignment file (“alignment_6”) + β resolution task (see Sec-
tion 5.7.δ))

The final number of muons from W-boson decays is the arithmetic average of the Nμ←W

extracted in each fit, defined as:

⟨Nμ←W⟩ =

n
∑

i=1

Nμ←W,i

n (5.7)

where ν runs over the number of n trials performed and Nμ←W,i is the number of muons
from W decays extracted in each trial. The statistical error is given by the arithmetic average of
the error on each trial:

σ⟨Nμ←W⟩ =

n
∑

i=1

σμ←W,i

n (5.8)

Finally, the RMS of the distribution:

RMS =

√

√

√

√

√

n
∑

i=1

N2
μ←W,i

n − ⟨Nμ←W⟩2 (5.9)

is the systematic error. The results of extractedW yields are shown in Figures 5.γ4, 5.γ5, 5.γ6.
The significant difference is caused by the misalignment of detector.
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Figure 5.24: LHC13d. Centrality: 0–100%, estimatedwith V0A. Raw number of muons fromW± decays as a function of

the trial. The solid line is the average number of muons fromW± decays, estimated through Eq. 5.7 while the dashed (dot-

dashed) line represent the statistical (systematic) uncertainty band, obtainedwith Eq. 5.8 (Eq. 5.9).
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Figure 5.25: LHC13e. Centrality: 0–100%, estimatedwith V0A. Raw number of muons fromW± decays as a function of

the trial. The solid line is the average number of muons fromW± decays, estimated through Eq. 5.7 while the dashed (dot-

dashed) line represent the statistical (systematic) uncertainty band, obtainedwith Eq. 5.8 (Eq. 5.9).
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Chapter 5. W-boson measurement in p–Pb collisions
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Figure 5.26: LHC13f. Centrality: 0–100%, estimatedwith V0C. Raw number of muons fromW± decays as a function of

the trial. The solid line is the average number of muons fromW± decays, estimated through Eq. 5.7 while the dashed (dot-

dashed) line represent the statistical (systematic) uncertainty band, obtainedwith Eq. 5.8 (Eq. 5.9).
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5.7. Systematic uncertainties

5.7.7 Summary of systematic uncertainties

The systematic uncertainties on the measurement are summarized in Table 5.9.

Signal extraction
(νncluds εlνλnment, fit stεbνlνty/sμεpe, etc.) from γ% to 6%
– vs. centrality from 5% to β5%

Acc.×Eff.
– tracking efficiency γ% (p-going) δ% (Pb-going)
– trigger efficiency β%
– tracker/trigger matching 0.5%
– alignment β%

Normalisation to MB
– Fnorm β%
– σMB δ.δ%

Pile-up from β% to δ%
⟨Ncoll⟩ from γ% to 8%

Table 5.9: Summary of systematic uncertainties.
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Chapter 5. W-boson measurement in p–Pb collisions

5.8 Results

5.8.β Production cross section

The production cross section ofmuons fromW+ andW− boson decays with pμT > β0GeV/c
measured at forward and backward rapidities in p–Pb collisions at

√sNN = 5.0γ TeV are shown
in the left and right panels of Figure 5.γ7, respectively. The vertical bars represent the statistical
uncertainties while the open boxes are the systematic ones. The smaller cross section of posi-
tive W bosons at backward rapidity is the combined effect of the parity violation of the weak
interaction, which only couples left-handed fermions with right-handed anti-fermions, and of
the helicity conservation in the semi-leptonic decay. This results in an anisotropic emission of
the muons. In particular, the ɉ− is preferably emitted in the same direction of the W−, while
the ɉ+ is emitted in the opposite direction with respect to the W+ [δ0]. This implies that the
ɉ+ measured in −4.46 < ycms < −γ.96 mainly comes from the decay of W+ at even more
backward rapidities, where the production cross section rapidly decreases.

The experimental measurement and theoretical calculation are summarized in Tables 5.β0
and 5.ββ for γ.0δ < ycms < δ.5δ and−4.46 < ycms < −γ.96, respectively. The results are com-
pared with NLO and NNLO theoretical calculations including or not the nuclear modification
of the parton distribution functions. The NLO pQCD calculations [β95] with CTβ0 [95] par-
ton distribution functions and the NNLO calculations with FEWZ [89] with the MSTWγ008
[96] PDF set both describe data within uncertainties. The inclusion of a parameterisation of the
nuclear modification of the parton distribution function in the calculations results in a slightly
lower value of the cross section, especially at forward rapidity. This variation, however, is of the
same order of the uncertainties in the theoretical calculations, thus limiting the discriminating
power of the cross section alone.

dσ/dy (ɉ+ ← W+) dσ/dy (ɉ− ← W−)
Measured (nb) 6β.6± 4.0(stat.)± δ.4(syst.) 55.9± 4.γ(stat.)± δ.0(syst.)

pQCD w/ EPS09 (nb) 58.9± 4.9 48.7± 4.0
pQCD w/o EPS09 (nb) 67.5± δ.0 55.6± γ.7
FEWZ w/ EPS09 (nb) 64.7± β.γ 5γ.δ± β.β
FEWZ w/o EPS09 (nb) 70.8± β.4 56.9± β.β

Table 5.10: Cross section of muons fromW± decays with γ.0δ < ycms < δ.5δ and pμT > β0GeV/c in p–Pb collisions at√sNN = 5.02 TeV.
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ALI-PUB-118937 ALI-PUB-118941

Figure 5.27: Left (right) panel: cross section ofɉ+ (ɉ−) fromW+ (W−) boson decays at backward and forward rapidities
measured in p–Pb collisions at

√sNN = 5.0γ TeV. The vertical error bars (open boxes) represent the statistical (systematic)
uncertainties. The horizontal width of the boxes corresponds to themeasured rapidity range. The results are compared

with theoretical calculations [195, 89] performed both including andwithout including the nuclear modification of the par-

ton distribution functions. In the top panels, the calculations are shifted along the rapidity axis to improve the visibility. The

middle (bottom) panel shows the data and pQCD (FEWZ) calculations divided by the pQCD (FEWZ) calculations without

nuclear modification of the PDFs.

β4δ



Chapter 5. W-boson measurement in p–Pb collisions

dσ/dy (ɉ+ ← W+) dσ/dy (ɉ− ← W−)
Measured (nb) ββ.β± β.6(stat.)± 0.8(syst.) 50.0± δ.8(stat.)± γ.7(syst.)

pQCD w/ EPS09 (nb) ββ.4± 0.7 47.4± γ.4
pQCD w/o EPS09 (nb) βγ.0± 0.7 48.β± γ.δ
FEWZ w/ EPS09 (nb) β0.0± 0.8 55.δ± β.γ
FEWZ w/o EPS09 (nb) 9.7± 0.7 55.0± β.γ

Table 5.11: Cross section of muons fromW± decays with−4.46 < ycms < −γ.96 and pμT > β0GeV/c in p–Pb collisions
at
√sNN = 5.02 TeV.
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Figure 5.28: Ratio of data over theoretical calculations for the production cross section of positive (top panel) and negative
(bottom panel) muons and leptons fromW-boson productionmeasured by the ALICE and CMS experiments [66], respec-

tively. The luminosity uncertainty of 3.5% for CMS is not shown. The pQCD calculations are obtainedwith CT10NLOPDF

set andwith the EPS09NLO parameterisation of the nuclear modifications.

The production of electrons andmuons fromW-boson decayswasmeasured atmid-rapidity
in p–Pb collisions at

√sNN = 5.0γ TeV by the CMS experiment [66]. The cross section results,
each divided by the corresponding NLO pQCD expectation including nuclear modification of
the PDFs, are shown together with the analogous ALICE results in Figure 5.γ8: the calculations
are found to describe data over the full explored rapidity interval.

5.8.γ Charge asymmetry

The charge asymmetry in the production of the W+ and W− bosons can be used to gain
sensitivity in the study of the nuclear modification of the PDFs [66]. It is defined as:

A =
Ncorr

μ+←W+ −Ncorr
μ−←W−

Ncorr
μ+←W+ +Ncorr

μ−←W−
=

R− β
R+ β

(5.β0)

where Ncorr
μ+←W+ and Ncorr

μ−←W− are the yields of muons from, respectively, the W+ and W−

decays, corrected by the detector acceptance and efficiency.

Part of the theoretical uncertainties, such as those on the scale that are of the order of 5%,
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5.8. Results

and the experimental uncertainties on the tracking and trigger efficiency, normalisation factors
and MB cross section, whose quadratic sum amounts to 4.δ% (4.8%) in the p-going (Pb-going)
period, cancel when measuring the relative yield of muons from W+ and W− decays.

We use the same scheme as theW-boson signal extraction and calculate the charge asymmetry
in each trial, thus combine them together according to the method introduced in Section 5.7.6.
Figure 5.γ9 shows the charge asymmetry as a function of trials.
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(a) charge asymmetry in p-Pb collisions
trials

0 20 40 60 80 100 120 140 160

−
W

N
+

+
W

N

−
W

N-
+

W
N

0.9−

0.85−

0.8−

0.75−

0.7−

0.65−

0.6−

0.55−

0.5−

0.45−

0.4−

R, various fit
<R>, mean
stat.
syst.

=5.02 TeV, MSH eventsNNsPb-p @ 
multiplicity: 0-100%

 0.020(syst.)± 0.079(stat.) ± = -0.638 )−+W+)/(W−-W+(WR

This thesis

(b) charge asymmetry in Pb-p collisions

Figure 5.29: Charge asymmetry as a function of trials in p-Pb and Pb-p collisions.

Figure 5.δ0 shows the lepton charge asymmetry, compared with theory calculation. The rel-
ative systematic uncertainties in the pQCD and FEWZ calculations are strongly reduced in the
ratio. However, the results with and without nuclear modification are very similar in this kine-
matic range, and the measurement cannot discriminate between them.
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Chapter 5. W-boson measurement in p–Pb collisions

ALI-PUB-118945

Figure 5.30: Lepton charge asymmetry of muons fromW-boson decays at backward and forward rapidities measured in p–

Pb collisions at
√sNN = 5.0γ TeV. The vertical error bars (open boxes) represent the statistical (systematic) uncertainties.

The horizontal width of the boxes corresponds to themeasured rapidity range. The results are comparedwith theoretical

calculations [195, 89] performed both including andwithout including the nuclear modification of the parton distribution

functions. In the top panel, the calculations are shifted along the rapidity axis to improve the visibility. Themiddle (bottom)

panel shows the data and pQCD (FEWZ) calculations divided by the pQCD (FEWZ) calculations without nuclear modifica-

tion of the PDFs.
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5.8. Results

5.8.δ Cross section vs. centrality

Besides the measurement of the production of muons from W-boson decays in whole cen-
trality (0-β00%), the cross section ofmuons fromW-boson decays can also be extracted per event
activity interval. The yield is corrected by acceptance times efficiency and normalized to the num-
ber of equivalentMB event. Thus the normalized yield can be used to calculate the cross section.
The cross section is divided by the average number of binary nucleon-nucleon collisions ⟨Ncoll⟩
in each event activity interval, in order to obtain the cross section per binary collision.

The muon trigger efficiency is found to be independent of centrality in p-Pb collisions. The
normalisation factor of muon-triggered to MB events per centrality class can be obtained from
the centrality integrated value Fμ−trig/MB scaled by the fraction of theMB events in the given cen-
trality class. The 0-γ% most central collisions are excluded in the centrality-dependent analysis,
because of the large pile-up contamination in this event class (of the order of γ0-δ0%). In pile-up
events the ZN energies of two (ormore) interactions sumup, thus biasing the centrality determi-
nation towards themost central classes. The contamination is reducedwith decreasing centrality,
and is about δ% in the γ-γ0% event classes in both the p-going and Pb-going data sample. These
values are taken into account in the systematic uncertainties on the normalisation.

Due to the limited statistics, theɉ+ andɉ− results are summed together. In the sum, the sys-
tematic uncertainties on signal extraction are considered as uncorrelated and summed in quadra-
ture. The uncertainties on the normalisation factor and tracking and trigger uncertainties track-
ing and trigger efficiency are fully correlated among ɉ+ and ɉ− and among the different central-
ity bins. The uncertainties on Acc.×Eff. are uncorrelated for ɉ+ and ɉ−, but correlated with
centrality. The uncertainties on pile-up and on ⟨Ncoll⟩ are correlated amongɉ+ andɉ−, but un-
correlated in centrality. The production ofmuons fromW-boson decayswith pμT > β0GeV/c as a
functionof the collision centrality in γ.0δ < ycms < δ.5δ and−4.46 < ycms < −γ.96determined
by ZN centrality estimator are shown in Figures 5.δβ and 5.δγ, respectively. The vertical bars rep-
resent the statistical uncertainties while the open boxes are the uncorrelated systematic ones. The
quadratic sum of the correlated systematic uncertainties on theMB cross section, normalisation,
Acc.×Eff. correction and tracking and trigger efficiency, which amounts to 4.δ% (4.8%) in the
p-going (Pb-going) sample, are quoted in the figure.

If the W boson production rate is consistent with geometric expectation, the production
cross-section is expected to scale with the number of binary collisions for all centrality classes,
provided that the centrality determination is not biased. The measured centrality dependence is
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Chapter 5. W-boson measurement in p–Pb collisions
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Figure 5.31: Cross section of muons fromW± decays with pμT > β0GeV/c and γ.0δ < ycms < δ.5δ divided by the average
number of binary collisions as a function of the centrality class for ZNA estimator.
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Figure 5.32: Cross section of muons fromW± decays with pμT > β0GeV/c and−4.46 < ycms < −γ.96 divided by the
average number of binary collisions as a function of the centrality class for ZNC estimator.

found to be compatible with a constant within uncertainties.

β48



If A s ε success νn lνfe, tμen A equεls x pls y pls z. Work
s x; y s plεy; εnd z s keepνnλ your moutμ sμut.

Albert Einstein

6
W-boson measurement in pp collisions

TheW production is extensively studied at hadron colliders since it represents an important
benchmark of the SM. Themeasurements in pp collisions at different energies are well described
by Electroweak theory andQuantumChromodynamics (QCD) calculations atNext-to-Leading
Order (NLO) and Next-to-Next-to-Leading Order (NNLO) in perturbation theory. The AL-
ICE experiment has a limited luminosity in pp collisions compared to other LHC experiments.
The resulting statistical error is therefore too large to further constrain the theory. However,
the measurement of W boson production in pp collisions provide a valuable test bench for the
validation of the analysis strategy in p-Pb collisions. In the following, the measurement of pp
collisions at

√s = 8 TeV is discussed. It is worth noting that this data sample was collected just
before the p-Pb run and therefore has the same alignment conditions.

6.β Data sample

Data are collected in pp collisions at
√s = 8 TeV and the associated period is LHCβγh. The

run number lists can be found in Appendix A.γ. Themuon trigger is a coincidence of a VZERO
andmuon trigger signal. TheMSHtrigger has the sameminimum pT threshold (pT & 4.γGeV/c)
as in p–Pb collisions at

√s = 5.0γ TeV. The integrated luminosity (Lint) for the LHCβγh period
is of 5β0 nb−1. The same offline physics selection was used to refine the events as was done in the
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Chapter 6. W-boson measurement in pp collisions

p–Pb collisions.
Figure 6.β shows the transverse momentum distribution of muon tracks after applying the

same analysis cuts as in p–Pb collisions (Section 5.β).
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Figure 6.1: Raw pT distribution of inclusivemuon in CMSH7-S-NOPF-MUON events in the periods LHC12h.

The analysis is based on the extraction of the W± boson contribution from the transverse
momentum muon distributions in Figure 6.β. The same strategy as described in Section 5.γ is
implemented in pp collisions.
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6.γ. Monte Carlo simulations

6.γ Monte Carlo simulations

The simulation of W± and Z0/̓∗ are performed with the next-to-leading-order MC gener-
ator (POWHEG) with CTβ0 PDFs. The heavy flavour background is based on the parameter-
ization of FONLL [β88] calculations. The alignment file is ideal in simulation, while a custom
residual alignment, produced for allMUONanalyses, is used in reconstruction. The simulations
are performed by generating a number of events per run proportional to the number of MSH
triggers in that run, in order to correctly account for the modification of the status of the detec-
tor with time. The templates obtained in these simulations are shown in Figures 6.γ - 6.4. In
order to take into account the systematics on the description of heavy flavour background, dif-
ferent shapes were used via varying the factorisation and renormalisation scales. This is different
with respect to p–Pb collisions, where the variation of the PDF shape, which provides the largest
difference in the templates, was also accounted for.
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Figure 6.2:MC templates of muons fromW-boson decays generatedwith POWHEG using the CT10 PDF set in pp collisions

at 8 TeV.
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Figure 6.3:MC templates of muons fromZ0/̓∗ decays generatedwith POWHEG using the CT10 PDF set in pp collisions at

8 TeV.
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6.δ. Signal extraction

6.δ Signal extraction

The same procedure used in p–Pb collisions is employed here. Figure 6.5 show the fit exam-
ples based on Equation 5.γ.
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(b) ɉ− ← W−
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(d) ɉ− ← W−

Figure 6.5: Fit examples in pp collisions at 8 TeV. The left and right are the fit to the positive and negativemuon pT spec-
trum, respectively. Top plots are based on residual alignment and the bottom plots are based on resolution task.

The fit is performed many times varying the pT range, MC templates and alignment. The
number of muons is then plotted as a function of the number of trials. The different trials in-
clude:

• (7 MC templates for heavy-flavour decay background)× (β PDFs set for W± and Z0/̓∗)
× (different pT ranges)× (β alignment file + β resolution task)

The fitting pT range and the PDFs set for measurements in pp collisions are different from p-
Pb collisions. Here, the fitting pT range is β0 ∼ γ0 < pT < 50 ∼ 80 GeV/cwith steps of β GeV/c
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Chapter 6. W-boson measurement in pp collisions

for the lower limit and steps of 5 GeV/c for the higher limit. Of course, this can be optimised
according to what we did in p-Pb collisions. However, we already obtain that the systematic of
fitting pT range is small with respect to the one of alignment effect. Thus as the fast cross-check
analysis, we decide to use the above fitting pT range. Moreover, there is only one PDFs set used
in pp collisions since the systematic caused by different PDFs sets in p-Pb collisions is very small
(less than β%) and neglected.

The final number of muons from W-boson decays is the arithmetic average of the Nμ←W

extracted in each fit. The estimation of statistical and systematical uncertainties are the same as
p–Pb collisions. The resulting number ofmuons fromW-boson decays as a function of trials are
shown in Figure 6.6 for pp collisions at 8 TeV. In these plots one can see that the results obtained
with the standard description of the alignment in simulation are systematically larger than the
one estimated with the templates obtained with a data-driven description of the alignment. The
reason is that the residual alignment tends to under estimate the track smearing at high pT, result-
ing in a smaller contribution of muons from heavy flavour decay. The results are summarised in
Table 6.β.
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Figure 6.6: Number of muons fromW-boson decays as function of the trials in pp collisions at 8 TeV. The top panel is for

Nμ+←W+ and the bottom panel is forNμ−←W− .

pp @ 8 TeV
ɉ+ ← W+ γ70.6± γβ.7 (stat.) ± γ0.4 (syst.)
ɉ− ← W− γ06.5± γ0.γ (stat.) ± γδ.8 (syst.)

Table 6.1: The extracted yield of muons fromW± decays with−4.0 < yμcms < −γ.5 and pμT > β0GeV/c in pp collisions at
8 TeV.
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6.4. Acceptance× efficiency correction and normalization

6.4 Acceptance× efficiency correction and normalization

The Acc.×Eff. corrections are obatined from the simulations described in Section 6.γ. The
efficiency is defined by the number ofmuons reconstructed with the same cuts used in the analy-
sis, divided by the number of generatedmuons coming fromW± boson decay and with−4.0 <

ημ,MC
lab < −γ.5. It is provided integrated over the pT range of the ɉ ← W measurement (pμT >

β0 GeV/c). The results are summarized in Table 6.γ.

ɉ+ ɉ−
Acc.×Eff. 0.780 0.78δ

Table 6.2: Acc.×Eff. for muons fromW± decays with pμT > β0GeV/c and−4.0 < ημlab < −γ.5 obtained from simulations

reconstructedwith one residual mis-alignment file in pp collisions at 8 TeV.

The normalization used to obtain the cross section is based on the luminosity obtained using
trigger scalers of the minimum bias trigger with the known cross section γ8 mb [β96].

6.5 Results

6.5.β Production cross section

The production cross section ofmuons fromW-boson decays is obtainedwith the following
equation:

σμ±←W± =
β

A× ε
· Nμ±←W±

Lint
(6.β)

The result for pp collisions at 8 TeV respectively is listed in Table 6.δ and is shown in Fig-
ure 6.7. Please note that the effect of alignment in pp collisions at 8 TeV is the same as p–Pb
collisions at 5.0γ TeV. In the resolution task, all the parameters are tuned according to the data
of p–Pb collisions at 5.0γ TeV. The measured cross section of muons from W± decays is consis-
tent with POWHEG calculation with CTβ0 PDFs in pp collisions at 8 TeV. It indicates that the
strategy of W-boson signal extraction in p–Pb collisions is validated in pp collisions.
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Chapter 6. W-boson measurement in pp collisions

Measured (pb) POWHEG w/ CTβ0 (pb)
ɉ+ ← W+ 680.β± 54.5 (stat.) ± 5β.7 (syst.) 707.8
ɉ− ← W− 5β7.0± 50.6 (stat.) ± 59.8 (syst.) 590.γ

Table 6.3: Cross section of muons fromW± decays with−4.0 < yμcms < −γ.5 and pμT > β0GeV/c in pp collisions at 8 TeV.
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Figure 6.7: Cross section of muons fromW± decays with pμT > β0GeV/c comparedwith POWHEG calculation with CT10

PDFs in pp collisions at 8 TeV.
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6.5.γ Charge asymmetry

The charge asymmetry is a goodmeasurement, which gives direct access to the up and down
quark PDFs. In this ratio, most of the experimental uncertainties cancel out, for example, cor-
related uncertainties like luminosity (normalization), pile-up, MB cross section, whereas anti-
correlated such as alignment are enhanced. Here we use the same definition and estimation
strategy as in p–Pb collisions. The Figure 6.8 show the charge asymmetry as a function of tri-
als. The trials representation that the results obtained via varying the lower fitting range between
β0 < pT < γ0 GeV/c with steps of β GeV/c and the higher limit is varied from 50 < pT <

80 GeV/cwith steps of 5 GeV/c. The comparison between the measurement and the calculation
of POWHEG with CTβ0 PDFs are shown in Figure 6.9. The measured charge asymmetry is in
good agreement with model calculations.
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Figure 6.8: The charge asymmetry as a function of trials in pp collisions at 8 TeV.
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Figure 6.9: The charge asymmetry of muons fromW-boson decays in pp collisions at 8 TeV and comparedwith POWHEG
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I love to trεvel, but μεte to εrrνve.
Albert Einstein

7
Conclusion

For anyone in the field of particle physics experimental research, it is important to check the
theory with new experimental results. This thesis work is divided into three parts.

In the first part, a general and basic introduction on particle physics in heavy-ion collisions
is provided, including the SM, QCD, the formation of QGP, the evolution of heavy-ion colli-
sions and experimental observables. In the second chapter, we focus on the electroweak theory,
which is the interaction responsible of theW-bosonproduction in pp andp–Pb collisions. QCD
correction to theW-bosonproduction are important for next-to-leading order diagrams. TheW-
boson is produced in initial hard parton scattering processes and decays before the formation of
the QGP, which is a deconfined phase of QCD matter produced in high-energy heavy-ion colli-
sions. Its leptonic decay products do not interact strongly with the QGP. Thus it introduces a
way for benchmarking in-medium modifications to colored probes. In Pb–Pb and p–Pb colli-
sions, precise measurements of W-boson production can constrain the nuclear Parton Distribu-
tion Functions (nPDFs), which could bemodified with respect to the nucleon due to shadowing
or gluon saturation, and they can be used to test the scaling of hard particle production with
the number of binary nucleon–nucleon collisions. In particular, the measurement of W boson
production at forward and backward rapidity allows us to probe the modification of nPDFs at
small and large Bjorken-x, respectively. Such measurements can constrain the PDFs in pp colli-
sions, whereW-boson production is well described byQCD calculations at NLO andNNLO in
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perturbation theory. Also, the charge asymmetry of leptons from W-boson decays is a sensitive
probe of up and down quark densities in a nucleon inside a nucleus.

In the second part, the design of the ALICE detector is presented for each sub-detector, espe-
cially for themuon spectrometer located at the forward region (−4.0 < ηlab < −γ.5). Then, the
online data taking, the offline framework (aliroot) and the data quality assurance are introduced.

In the third part, we describe the measurement of the W boson cross section and lepton
charge asymmetry in themuonic decay channelwith pT > β0GeV/c in p–Pb collisions at

√sNN =

5.0γ TeV at forward rapidity (p-going direction, γ.0δ < yμcms < δ.5δ) and backward rapidity (Pb-
going direction, −4.46 < yμcms < −γ.96), respectively, and in pp collisions at

√s = 8 TeV at
backward rapidity (−4.0 < yμcms < −γ.5). Thework in this thesis is the first measurement of the
Wboson inALICEexperiment. The transversemomentumdistributionof singlemuons is dom-
inated at high pT by the semi-leptonic decay of heavy-flavours and the leptionic decay ofW andZ
bosons. The signal is therefore extracted through a fit of the pT distribution where the different
components are described by MC templates. From the results we obtained in p–Pb collisions,
theoretical predictions based on NLO pQCD and FEWZ calculations with CTβ0 PDFs agree
with the measurement within uncertainties. Taking into account the EPS09 parametrization of
nuclear effects on the PDFs further improves the agreement between theoretical predictions and
the measurements at forward rapidity where shadowing is expected to be important. The pro-
duction of muons from W-boson decays with pμT > β0 GeV/c is studied as a function of the
collision centrality. Due to the limited statistics, the ɉ+ and ɉ− results are summed together. In
the absence of impact-parameter dependent nuclear modifications of PDFs, the cross section of
muons fromW-boson decays is expected to scale with the number of binary collisions for all cen-
trality classes, provided that the centrality determination is not biased. The measured centrality
dependence is found to be compatible with a constant within uncertainties. Further measure-
ments with better precision are however needed to provide more stringent constraints on the
nPDFs and on the binary scaling. The method of W-boson extraction used in p–Pb collisions is
also validated in pp collisions via comparing the measurements with theoretical calculation.
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Appendix

A.β Data samples in p–Pb collisions

Data selected after the Quality Assurance for both MSL and MSH triggered events are con-
sidered. The following runs for each period are considered as “good” runs and are used in the
analysis. The output of each run is the Event Summary Data (ESD), which contains the list of
reconstructed tracks with physical information. Further selections are performed by user defined
analysis tasks to create the Analysis Object Data (AOD) files, which contain more compact in-
formation used for specific analysis. The related reconstruction pass number, AOD version and
total number of runs are listed:

• LHCβδd, muon_passγ, AODβδ4, γ0 runs:
β9568γ, β957γ4, β957γ5, β957γ6, β957γ7, β95760, β95765, β95767, β9578δ, β95787
β958γ6, β958γ7, β958γ9, β958δ0, β958δβ, β95867, β95869, β9587β, β9587γ, β9587δ

• LHCβδe, muon_passγ, AODβδ4, γ6 runs:
β95949, β95950, β95954, β95955, β95958, β95989, β95994, β96000, β96006, β96085
β96089, β96090, β9609β, β96β05, β96β07, β96β85, β96β87, β96β94, β96β99, β96γ00
β96γ0β, β96γ0δ, β96γβ4, β96δ08, β96δ09, β96δβ0

• LHCβδf, muon_passγ, AOD, 6δ runs:
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A.γ. Data sample in pp collisions

β96474, β96475, β96477, β965γ8, β965δ5, β9656δ, β96564, β96566, β96568, β9660β
β96605, β96608, β96646, β96648, β9670β, β9670γ, β967γ0, β967γβ, β967γγ, β9677γ
β9677δ, β96774, β96869, β96876, β96965, β9697γ, β9697δ, β96974, β9700δ, β970ββ
β97089, β9709β, β9709γ, β97098, β97099, β97βδ8, β97βδ9, β97β4γ, β97β4δ, β97β44
β97β45, β97β47, β97β48, β97β50, β97β5γ, β97β5δ, β97β84, β97β89, β97γ47, β97γ54
β97γ55, β97γ56, β97γ58, β97γ98, β97γ99, β97δ0γ, β97δ4β, β97δ4γ, β97δ48, β97δ49
β97δ86, β97δ87, β97δ88

A.γ Data sample in pp collisions

The runs after QA checked for MSH trigger [β97] have been considered. The related recon-
struction pass number, AOD version and total number of runs are listed:

• LHCββc, muon_passγ, AODββ8, 44 runs:
β547γ6, β547δγ, β547δδ, β5474γ, β54745, β54750, β5475δ, β54789, β5479δ, β54808
β55βδ5, β55β6γ, β55β6δ, β55β64, β55β65, β55β66, β55β67, β55β74, β55γδ5, β55γδ7
β55γδ9, β55γ5β, β55γ77, β55γ78, β55δ00, β55δ0γ, β55δ05, β55δ08, β55δβ4, β55δγ5
β55δδβ, β55δδδ, β55δδ7, β55δ45, β55δ46, β55δ47, β55δ67, β55δ68, β55δ70, β55δ7β
β55δ75, β55δ76, β55δ8γ, β55δ84

• LHCββd, muon_passγ, AODββ8, βγ4 runs:
β56889, β5689β, β5689δ, β56896, β570γ5, β570γ6, β570γ8, β57079, β57087, β5709β
β5709γ, β57094, β57096, β57098, β57β00, β57γ09, β57γβ0, β57γββ, β57γβ4, β57γγ7
β57γ57, β57γ6β, β57γ6γ, β57γ75, β57γ77, β57475, β57560, β5756γ, β57564, β57569
β57770, β578β9, β57848, β57975, β58084, β58086, β58βββ, β58ββγ, β58ββ5, β58ββ8
β58βγ4, β58βδγ, β58βδ6, β58βδ7, β58βδ9, β58β7β, β58β7δ, β58β75, β58β76, β58β77
β58β79, β58β89, β58β9γ, β58β94, β58β96, β58γ00, β58γ0β, β58γ5γ, β58γ58, β58γ6δ
β58γ7β, β58γ85, β58γ87, β58γ88, β58γ99, β58δ0δ, β58δ04, β58δ40, β5846δ, β58466
β58467, β58468, β5847β, β5849γ, β58495, β58496, β585β6, β585β8, β585γ0, β585γ6
β585γ8, β585δδ, β5860γ, β58604, β586ββ, β586βδ, β586β5, β586β7, β586γ6, β58784
β58790, β5879β, β5879δ, β58868, β58875, β58876, β58877, β58878, β58879, β59090
β59γ54, β59γ59, β59γ8δ, β59γ85, β59γ86, β59δβ8, β59δβ9, β59δ56, β59δ78, β59δ79
β595δγ, β595δ5, β595δ6, β595δ8, β595δ9, β59577, β59580, β5958β, β5958γ, β5959δ
β59595, β59599, β5960γ, β59606
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• LHCβγh, muon_calo_passγ, ββ4 runs:
β89576, β89577, β89578, β89596, β8960β, β8960δ, β89605, β89607, β89608, β896β0
β896ββ, β896βγ, β896β6, β896γβ, β896γδ, β8964β, β8964γ, β89647, β89648, β89650
β89654, β89656, β89658, β89659, β89685, β89687, β89694, β89696, β89697, β89698
β90β50, β90γ09, β90γβγ, β90γβ4, β90γβ5, β90γβ6, β90γ40, β90γ4γ, β90γ44, β90δ04
β90δ05, β90δ07, β90δδ6, β90δδ7, β90δ40, β90δ4β, β90δ4γ, β90δ86, β90δ88, β90δ89
β90δ90, β90δ9γ, β90δ9δ, β904β6, β904β7, β904β8, β904β9, β90895, β90898, β9090δ
β90904, β90968, β90969, β90970, β90979, β9098β, β9098δ, β90984, β9ββγ9, β9βγγ7
β9βγγ9, β9βγδ0, β9βγδβ, β9βγδγ, β9βγδ4, β9βγ4γ, β9βγ44, β9βγ45, β9βγ47, β9βγ48
β9β450, β9β45β, β9γ004, β9γ07γ, β9γ07δ, β9γ095, β9γβγ8, β9γβδ6, β9γβ40, β9γβ4β
β9γβ7γ, β9γβ74, β9γβ77, β9γβ94, β9γβ97, β9γβ99, β9γγ00, β9γγ0β, β9γγ0γ, β9γγ05
β9γγ46, β9γ468, β9γ47β, β9γ49γ, β9γ499, β9γ505, β9γ5β0, β9γ5δ4, β9γ5δ5, β9γ54γ
β9γ548, β9γ7γ9, β9γ7δβ, β9γ7δγ

A.δ POWHEG

The configuration for W-boson production is shown here:

! S i n g l e v e c t o r boson p r o du c t i o n p a r am e t e r s

i d v e c b o s −γ4 ! PDG code f o r v e c t o r boson to be p roduc ed ( W

+: γ4 W−:−γ4 )

vdecaymode γ ! ( β : e l e c t r o n i c d e c a y , γ : muonic d e c a y , δ :

t a u o n i c d e c a y )

numevt s β000000 ! number o f e v e n t s t o be g e n e r a t e d

i h β β ! hadron β ( β f o r p ro t on s , −β f o r a n t i p r o t o n s )

i h γ β ! hadron γ ( β f o r p ro t on s , −β f o r a n t i p r o t o n s )

ndn s β β δ β ! pdf s e t f o r hadron β (mlm number ing )

ndnsγ β δ β ! pdf s e t f o r hadron γ (mlm number ing )

ebeamβ γ 5 β β d0 ! e n e r g y o f beam β

ebeamγ γ 5 β β d0 ! e n e r g y o f beam γ

! To be s e t on l y i f u s i n g LHA pd f s

l h a n s β β 0 0 5 0 ! pdf s e t f o r hadron β (LHA number ing )

l h a n s γ β 00 50 ! pdf s e t f o r hadron γ (LHA number ing )
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A.δ. POWHEG

! To be s e t on l y i f u s i n g d i f f e r e n t pdf s e t s f o r t h e two in com ing

h ad r on s

! QCDLambda5 0 . γ 5 ! f o r not e q u a l pdf s e t s

! P a r am e t e r s t o a l l ow or not t h e u s e o f s t o r e d d a t a

use−o ld−g r i d β ! i f β u s e o l d g r i d i f f i l e pwg g r i d s . d a t i s

p r e s e n t (<> β r e g e n e r a t e )

use−o ld−ubound β ! i f β u s e norm of uppe r bound ing f u n c t i o n

s t o r e d i n pwgubound . da t , i f p r e s e n t ; <> β r e g e n e r a t e

n c a l l β β γ0000 ! number o f c a l l s f o r i n i t i a l i z i n g t h e

i n t e g r a t i o n g r i d

i tm x β 5 ! number o f i t e r a t i o n s f o r i n i t i a l i z i n g t h e

i n t e g r a t i o n g r i d

n c a l l γ γ 50000 ! number o f c a l l s f o r comput ing t h e i n t e g r a l and

f i n d i n g uppe r bound

i tmxγ 5 ! number o f i t e r a t i o n s f o r comput ing t h e i n t e g r a l

and f i n d i n g uppe r bound

f o l d c s i β ! number o f f o l d s on c s i i n t e g r a t i o n

f o l d y β ! number o f f o l d s on y i n t e g r a t i o n

f o l d p h i β ! number o f f o l d s on ph i i n t e g r a t i o n

nubound γ0000 ! number o f b b a r r a c a l l s t o s e t u p norm of uppe r

bound ing f u n c t i o n

i c s i m a x β ! <= β 0 0 , number o f c s i s u b d i v i s i o n when comput ing

t h e uppe r bounds

i ymax β ! <= β 0 0 , number o f y s u b d i v i s i o n when comput ing

t h e uppe r bounds

xupbound γ d0 ! i n c r e a s e uppe r bound f o r r a d i a t i o n g e n e r a t i o n

! OPTIONAL PARAMETERS

withdamp β ! ( d e f a u l t 0 , do not u s e ) u s e Born−z e r o

damping f a c t o r

t e s t p l o t s β ! ( d e f a u l t 0 , do not ) do NLO and PWHG

d i s t r i b u t i o n s
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The configuration for Z-boson production is shown here:

! Z p r o d u c t i o n p a r am e t e r

vdecaymode γ ! ( β : e l e c t r o n i c d e c a y , γ : muonic d e c a y , δ :

t a u o n i c d e c a y )

numevt s β000000 ! number o f e v e n t s t o be g e n e r a t e d

i h β β ! hadron β ( β f o r p ro t on s , −β f o r a n t i p r o t o n s )

i h γ β ! hadron γ ( β f o r p ro t on s , −β f o r a n t i p r o t o n s )

ndn s β β δ β ! pdf s e t f o r hadron β (mlm number ing )

ndnsγ β δ β ! pdf s e t f o r hadron γ (mlm number ing )

ebeamβ γ 5 β β d0 ! e n e r g y o f beam β

ebeamγ γ 5 β β d0 ! e n e r g y o f beam γ

! To be s e t on l y i f u s i n g LHA pd f s

l h a n s β β 0 0 5 0 ! pdf s e t f o r hadron β (LHA number ing )

l h a n s γ β 00 50 ! pdf s e t f o r hadron γ (LHA number ing )

! To be s e t on l y i f u s i n g d i f f e r e n t pdf s e t s f o r t h e two in com ing

h ad r on s

! QCDLambda5 0 . γ 5 ! f o r not e q u a l pdf s e t s

! P a r am e t e r s t o a l l ow or not t h e u s e o f s t o r e d d a t a

use−o ld−g r i d β ! i f β u s e o l d g r i d i f f i l e pwg g r i d s . d a t i s

p r e s e n t (<> β r e g e n e r a t e )

use−o ld−ubound β ! i f β u s e norm of uppe r bound ing f u n c t i o n

s t o r e d i n pwgubound . da t , i f p r e s e n t ; <> β r e g e n e r a t e

n c a l l β β00000 ! number o f c a l l s f o r i n i t i a l i z i n g t h e

i n t e g r a t i o n g r i d

i tm x β 5 ! number o f i t e r a t i o n s f o r i n i t i a l i z i n g t h e

i n t e g r a t i o n g r i d

n c a l l γ β00000 ! number o f c a l l s f o r comput ing t h e i n t e g r a l and

f i n d i n g uppe r bound

i tmxγ 5 ! number o f i t e r a t i o n s f o r comput ing t h e i n t e g r a l

and f i n d i n g uppe r bound

f o l d c s i β ! number o f f o l d s on c s i i n t e g r a t i o n
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f o l d y β ! number o f f o l d s on y i n t e g r a t i o n

f o l d p h i β ! number o f f o l d s on ph i i n t e g r a t i o n

nubound γ0000 ! number o f b b a r r a c a l l s t o s e t u p norm of uppe r

bound ing f u n c t i o n

i c s i m a x β ! <= β 0 0 , number o f c s i s u b d i v i s i o n when comput ing

t h e uppe r bounds

i ymax β ! <= β 0 0 , number o f y s u b d i v i s i o n when comput ing

t h e uppe r bounds

xupbound γ d0 ! i n c r e a s e uppe r bound f o r r a d i a t i o n g e n e r a t i o n

! OPTIONAL PARAMETERS

t e s t p l o t s β ! ( d e f a u l t 0 , do not ) do NLO and PWHG

d i s t r i b u t i o n s
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The collisions are simulated in their centre of mass energy. The output of POWHEG is a
text file with the product of the hard parton interactions tabulated according to the LesHouches
Accords format [β98], which is thenpassed toPYTHIA.PYTHIAapplies the ISR, FSR radiation
and pT kick as well as the boost and the cuts on the muon kinematics. Its configuration is the
following:

A l iG e nP y t h i a * g e n e r = new A l iG enP y t h i a ( β ) ;
g en e r−>S e t P r o c e s s (kPyWPWHG) ;
g en e r−>S e t S t r u c F u n c ( kCTEQ6l ) ;
g en e r−>SetReadLHEF ( ” pwg e v en t s . l h e ” ) ;
g en e r−> S e t P r o j e c t i l e ( ” p ” , γ 0 8 , 8 γ ) ;
g en e r−>S e t T a r g e t ( ” p ” , β , β ) ;
g en e r−>S e tU s e L o r e n t z B o o s t ( kTRUE) ;
g en e r−>S e tPh iR an g e ( 0 . , δ 6 0 . ) ;
g en e r−>Se tCutOnCh i ld ( β ) ;
g en e r−>S e tCh i l dTh e t aR an g e ( β 6 8 . 0 , β 7 8 . 5 ) ;
g en e r−>S e tNumb e rO fA c c e p t e d P a r t i c l e s ( β ) ;
g en e r−>S e t P d g C o d e P a r t i c l e f o r A c c e p t a n c e C u t ( β δ ) ;
g en e r−>S e t T r a c k i n g F l a g ( β ) ;
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W boson measurement in the muonic decay channel at forward rapidity with ALICE 

Résumé 
 
La haute densité d’énergie atteinte au Large Hadron Collider 
(LHC) au CERN permet une production abondante de sondes 
dures, telles que quarkonia, jets à haute impulsion transverse 

(pT) et bosons vecteurs (W, Z), qui sont produits lors de la 
collision partonique initiale. Les bosons vecteur se désintègrent 
avant la formation du Plasma de Quark et de Gluons (PQG), 

une phase déconfinée de la matière, qui peut être produite lors 
de collisions d’ions lourds ultra-relativistes. Les leptons issus 
de la désintégration des bosons électrofaibles ne sont pas 

sensibles à l’interaction forte avec le PQG. Pour ces raisons les 
bosons électrofaibles fournissent une référence pour l’étude 
des modifications induites par le milieu sur les sondes 

colorées. 
La production de bosons W en collisions pp à √s=8 TeV et en 
collisions p-Pb à √sNN=5.02 TeV est mesurée dans le canal de 

désintégration muonique au LHC avec le détecteur ALICE. En 
collision pp, la gamme de rapidité couverte par la mesure est -
4<ycms<-2.5. En collision p-Pb, la différence d’énergie entre le 

proton et l’ ion plomb donne lieu à un décalage en rapidité. En 
inversant la direction des faisceaux, il est possible de couvrir 
les régions de rapidité -4.46<ycms<-2.96 et 2.03<ycms<3.53. Les 

résultats présentés dans cette thèse consistent dans la mesure 
de la section efficace de la production de muons avec pT>10 
GeV/c issus de la désintégration des bosons W+ et W-. La 
mesure de l’asymétrie de charge, définie comme la différence 

des taux de production des muons positifs et négatifs divisée 
par leur somme, est également effectuée. Les résultats sont 
comparés avec des calculs théoriques obtenus avec ou sans 

tenir compte des modifications des fonctions de distribution 
partonique dans les noyaux. La production du boson W est 
aussi étudiée en fonction de la centralité des collisions: nous 

observons que, dans les erreurs expérimentales, la section 
efficace des muons issus de la désintégration du boson W est 
proportionnelle aux nombre de collisions binaires entre les 

nucléons. 

 
Mots clés 
 

Collisions d'ions lourds, collisions hadroniques, Plasma 
de Quarks et de Gluons, LHC, ALICE, CERN, boson 
électrofaible, muon, fonction de distribution partonique, 
fonction de distribution partonique nucléaire,  collisions p-
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Abstract 
 
The high collision energies available at the LHC allow 
for an abundant production of hard probes, such as 
quarkonia, high-pT jets and vector bosons (W, Z), which 

are produced in initial hard parton scattering processes. 
The latter decay before the formation of the Quark-
Gluon Plasma (QGP), which is a deconfined phase of 
QCD matter produced in high-energy heavy-ion 
collisions. Their leptonic decay products do not interact 
strongly with the QGP. Thus electroweak bosons 
introduce a way for benchmarking in-medium 
modifications to coloured probes. 
The production of W-boson in pp collisions at √s=8 TeV 

and p-Pb collisions at √sNN=5.02 TeV are measured via 
the muonic decay channel at the LHC with the ALICE 
detector. In pp collisions the rapidity covered by the 
measurement is -4<ycms<-2.5. In p-Pb collisions, on the 
other hand, the different energies of the proton and lead 
ion give rise to a rapidity shift. By exchanging the 
direction of the beams, it is possible to cover the rapidity 
ranges -4.46<ycms<-2.96 and 2.03<ycms<3.53. The 

production cross section and charge asymmetry of 
muons from W-boson decays with p

μ
T>10 GeV/c are 

determined. The results are compared to theoretical 
calculations both with and without including the nPDFs. 
The W-boson production is also studied as a function of 
the collision centrality: the cross section of muons from 
W-boson decays is found to scale with the average 
number of binary nucleon-nucleon collisions with 

uncertainties. 
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