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Résumé: Le présent travail montre 1’état actuel
de la mesure de la masse du boson W en utilisant
les données du LHC en collisions proton-proton
collectées par le détecteur ATLAS a 5.02, 7 et
13 TeV. Pour ce faire, des procédures de calibra-
tion dédiées du Détecteur Interne (DI) et du Spec-
trometre & Muons (SM) d’ATLAS ont été congues
et appliquées, et la stratégie de la mesure a été
optimisée.

La procédure de calibration du DI prend en
compte les biais possibles dans la fleche de la trace
du muon, les déformations géométriques et les dis-
torsions du champ magnétique. Dans le cas du
SM, les résidus d’alignement entre le DI et le SM
ont été étudiés, et le champ magnétique toroidal
résiduel présent dans les calorimetres a été réé-
valué. Une calibration dédiée de I'impulsion du
muon a été mise en ceuvre. Apreés ces correc-
tions, l'accord entre les données et la simulation
est trouvé au niveau du pour mille, et les incerti-
tudes correspondantes sont propagées a la mesure
de la masse du boson W.

Le présent travail comprend également une
étude détaillée de la stratégie d’ajustement de
la masse du boson W. Un ajustement de type

profil de vraisemblance (profile likelihood) analy-

tique dans la limite gaussienne a été mis en oceu-

vre, permettant une décomposition adéquate des
incertitudes de ’ajustement, améliorant les “im-
pacts” habituels. Dans ce scénario, nous sommes
en mesure de déterminer la contribution réelle de
chaque source systématique a l'incertitude finale
de la mesure. Les données de mesure résultantes
peuvent alors étre utilisées de maniere cohérente
pour d’autres combinaisons et ajustements.

L’ajustement analytique a été utilisé pour
obtenir une mesure de la masse du boson W a
7 TeV avec une valeur de 80366.5 + 15.9 MeV, en
bon accord avec les ajustements numériques. Pour
I’ensemble de données a faible empilement (low
pile-up), la calibration améliorée et la stratégie
d’ajustement optimisée aboutissent a une préci-
sion attendue de 14.3 MeV. En combinant avec les
données a 7 TeV, une précision finale de 10.3 MeV
est attendue.

La compatibilité et la combinaison des mesures
de la masse du boson W avec la nouvelle mesure
ATLAS 2024 a 7 TeV et d’autres mesures (LEP,
CDF, DO, LHCb) ont été étudiées. La combi-
naison donne myy = 80388.4 £+ 10.3 MeV avec
0.2% de compatibilité en incluant CDF, et my, =
80366.1 £ 11.7 MeV avec 92% sans CDF, différant

du résultat CDF par 3.80.
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Title: Measurement of the W-boson mass with the ATLAS detector at the LHC

Keywords: Electroweak interactions, Electroweak fit, W boson mass

Abstract: The present work shows the current
status of the determination of the W boson mass,
using the LHC datasets in proton-proton colli-
sions collected by the ATLAS detector at 5.02,
7 and 13 TeV. To achieve this, dedicated calibra-
tion procedures of the ATLAS Inner Detector (ID)
and Muon Spectrometer (MS) have been designed
and applied, and the W boson mass measurement
strategy has been optimised.

The ID calibration procedure considers possi-
bles biases in the muon track sagitta, geometri-
cal deformations and magnetic field distortions.
In the case of the MS, the alignment residuals
between the ID and MS have been investigated,
and the residual toroidal magnetic field present in
the calorimeters has been re-evaluated. A dedi-
cated muon momentum calibration has been im-
plemented. After these corrections, the data-to-
simulation agreement is found to be at the per
mile level, and the corresponding uncertainties are
propagated to the W-boson mass measurement.

The present work also includes a detailed
study of the W-boson mass fitting strategy. An

analytical Profile Likehood fit in the Gaussian

limit has been implemented, allowing a proper
decomposition of the fit uncertainties, improving
over the usual “impacts”. In this scenario, the ac-
tual contribution of each systematic source to the
final measurement uncertainty can be determined.
The resulting measurement data can then be used
consistently for further combinations and fits.

The analytical fit was used to obtain a W
mass measurement at 7 TeV with value 80366.5 4+
15.9 MeV, in good agreement with numerical fits.
For the low pile-up dataset, the improved calibra-
tion and optimised fitting strategy result in an ex-
pected precision of 14.3 MeV. Combining with the
7 TeV data an ultimate precision of 10.3 MeV can
be obtained.

The compatibility and combination of the
world W-boson mass using the new ATLAS 2024
measurement at 7 TeV with other measurements
(LEP, CDF, DO, and LHCb) was studied. The
combination yields my = 80388.4 + 10.3 MeV
with 0.2% compatibility when CDF is included,
and myy = 80366.1+11.7 MeV with 92% compat-
ibility when CDF is removed, differing from the
CDF result by 3.8¢.




ECOLE DOCTORALE
i Particules, hadrons, énergie et noyau:

°
U n |Ve I‘S |te instrumentation, imagerie, cosmos
PARIS-SACLAY | etsimulation (PHENIICS)

Titel: Messung der W-boson-Masse mit dem ATLAS-Detektor am LHC

Schliisselworter: Elektroschwache Wechselwirkungen, Elektroschwache Anpassung, W-boson-Masse

Zusammenfassung: Die vorliegende Arbeit
zeigt den aktuellen Stand der W-Boson-Masse
unter Verwendung der LHC-Datensétze in Proton-
Proton-Kollisionen, die vom ATLAS-Detektor bei
5.02, 7 und 13 TeV gesammelt wurden. Um dies
zu erreichen, wurden spezielle Kalibrierungsver-
fahren fiir den ATLAS Inner Detector (ID) und
das Muon Spectrometer (MS) entwickelt und
angewendet und die Anpassungsstrategie wurde
optimiert.

Das ID-Kalibrierungsverfahren beriicksichtigt
mogliche Verzerrungen in der Muonenspur-
Sagitta, geometrische Verformungen und Magnet-
feldverzerrungen. Im Fall des MS wurden die
Ausrichtungsresiduen zwischen ID und MS un-
tersucht und das verbleibende toroidale Magnet-
feld in den Kalorimetern neu bewertet. Eine
spezielle Kalibrierung des Muonenimpulses wurde
implementiert. Nach diesen Korrekturen wird
festgestellt, dass die Ubereinstimmung zwischen
Daten und Simulation auf Promilleebene liegt und

die entsprechenden Unsicherheiten auf die W-

Boson-Massenmessung iibertragen werden.

Die vorliegende Arbeit enthédlt auch
eine  detaillierte = Studie  der  W-Boson-
Massenanpassungsstrategie. Eine analytis-

che Profil-Likelihood-Anpassung im gauflschen

Grenzbereich wurde implementiert, die eine ord-

nungsgeméafle Zerlegung der Anpassungsunsicher-
heiten ermoglicht und gegeniiber den iiblichen
“Impacts” verbessert. In diesem Szenario kann der
tatsdchliche Beitrag jeder systematischen Quelle
zur endgiltigen Messunsicherheit bestimmt wer-
den. Die resultierenden Messdaten konnen dann
konsistent fiir weitere Kombinationen und Anpas-
sungen verwendet werden.

Die analytische Anpassung wurde verwendet,
um eine W-Massenmessung bei 7 TeV mit einem
Wert von 80366.5 + 15.9 MeV zu erhalten, die
gut mit numerischen Anpassungen iibereinstimmt.
Fiir den Datensatz mit geringer Stapelung resul-
tieren die verbesserte Kalibrierung und die op-
timierte Anpassungsstrategie in einer erwarteten
Genauigkeit von 14.3 MeV. Durch Kombination
mit den 7 TeV-Daten wird eine Genauigkeit von
10.3 MeV erreicht.

Die Kompatibilitdt und Kombination der W-
Boson-Masse unter Verwendung der neuen AT-
LAS 2024-Messung bei 7 TeV mit anderen Mes-
sungen (LEP, CDF, D0, LHCb) wurde unter-
sucht. Die Kombination ergibt my, = 80388.4 4+
10.3 MeV  mit 0.2%

Kompatibilitdit bei Ein-

beziehung von CDF und my = 80366.1 +
11.7 MeV mit 92% ohne CDF, abweichend vom

CDF-Ergebnis um 3.80.
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Résumé

Le Modele Standard (“Standard Model”, SM) de la physique des particules est un cadre théorique
élégant pour étudier les particules élémentaires et les interactions fondamentales qui régissent
I'univers, a I'exception de la gravité. Dans la nature, il existe deux types de particules : les fermions
et les bosons. Les premiers ont un spin demi-entier et existent en trois générations, divisées en deux
groupes : les leptons et les quarks. Il existe six types (saveurs) de leptons : électron, muon et tau,
avec une charge électrique de -1, chacun étant associé a un neutrino électriquement neutre. D’autre
part, il existe six saveurs de quarks : up, charm et top avec une charge électrique de 4+2/3, et down,
strange et bottom avec une charge électrique de -1/3. Les bosons ont un spin entier : les bosons de
spin non-nul sont les vecteurs des forces permettant aux particules d’interagir entre elles; enfin, il

existe un boson de spin nul, le boson de Higgs, a 'origine des masses des autres particules du SM.

Le SM décrit trois interactions ou “forces” connues : 'interaction électromagnétique, I'interaction
forte et I'interaction faible. L’interaction électromagnétique implique un boson jauge avec une masse
nulle connu sous le nom de photon (), Iinteraction forte comprend huit bosons jauge avec une
masse nulle connus sous le nom de gluons (g), et 'interaction faible a trois bosons jauge massifs :
un neutre, connu sous le nom de Z, et deux chargés électriquement, W et W~. Dans le cadre du
SM, le mécanisme de Brout-Englert-Higgs (BEH) explique comment les particules acquierent leur
masse apres brisure spontanée de symétrie (SSB) et prédit 1’existence du boson de Higgs, derniére

piece du SM et découvert en 2012.

Le Modele Standard comporte 25 parametres pour décrire les masses des quarks, des leptons et
des neutrinos, le boson de Higgs, ainsi que les parametres de la matrice de mélange des quarks et les

couplages entre les particules. Parmi eux, la masse du boson W (my) est un parametre essentiel,



déterminé théoriquement au premier ordre a partir de la masse du boson Z, de la constante de
structure fine («) et de la constante de Fermi (Gr). Aux ordres supérieurs, les corrections radiatives
impliquant d’autres particules du Modele Standard, telles que le quark top et le boson de Higgs,
affectent la valeur de my,. Ces corrections radiatives ne se limitent pas nécessairement au SM, et
peuvent impliquer de nouvelles particules ou interactions. La mesure de my, constitue donc un test

de la validité du SM, et une recherche indirecte de nouvelle physique.

Depuis sa découverte en 1983, la masse du boson W a été mesurée dans divers collisionneurs.
La premiere mesure a été réalisée au collisionneur proton-antiproton du CERN avec une valeur
de my = 81 £ 5 GeV. Suivie par différentes expériences telles que DO, ATLAS, LHCb et CDF
conduisant a une valeur moyenne mondiale combinée de my, = 80369 + 13 MeV, soit une précision
relative de moins de 0,01%. Ce niveau de précision est crucial pour tester les prédictions du SM
et pour explorer les limites des prédictions théoriques ainsi que pour éclairer d’éventuels scénarios

au-dela du Modele Standard, tels que la Supersymétrie, la Matiere Noire, etc.

En collisions hadroniques, la précision de mesure est limitée par la description théorique de la
production et la désintégration du boson W, ainsi que par la configuration expérimentale. Au LHC,
la production des bosons W dépend principalement des quarks de mer, nécessitant une connaissance
précise des fonctions de structure du proton qui sont I'une des principales sources systématiques.
D’autre part, la reconstruction des particules est un défi en raison du grand nombre d’interactions
inélastiques simultanées, ou empilement, limitant les analyses aux désintégrations leptoniques des
bosons W, W — fv. Dans ces scénarios, les neutrinos ne peuvent pas étre détectés directement,
mais ils peuvent étre identifiés par un déséquilibre de I'impulsion mesurée dans le plan transverse au
faisceau. Cela introduit d’importantes incertitudes systématiques, notamment dans la modélisation

du moment transverse du boson W, pi¥'.

Pour déterminer my,, un ajustement des données aux différentes distributions cinématiques
obtenues par simulation dans les canaux de désintégration (canaux muoniques et électroniques)
et dans plusieurs catégories cinématiques est effectué. Ces distributions sont les distributions du
moment transverse des leptons chargés, p%, et de la masse transverse du boson W, my. D’autres

distributions peuvent étre considérées comme des régions de controle telles que 1’énergie transverse

i



manquante, EX le recul hadronique, ur ou la rapidité du lepton, n,. Ensuite, la valeur de my
peut étre obtenue directement a partir des données en utilisant la méthode des templates. Cette
méthode implique la génération d’échantillons simulés pour différentes hypotheses de valeurs de
my et la comparaison des distributions de ces échantillons avec celles observées dans les données.
L’échantillon qui correspond le mieux aux données est utilisé pour déterminer la valeur mesurée de

my.

Cette these discute de 1'état actuel et des perspectives pour la mesure de la masse et de la
largeur du boson W en utilisant les données du détecteur ATLAS au LHC. Deux lots de données,
correspondant a la premiére prise de données Run 1 a 7 TeV, et au Run 2 (2017 et 2018) a 5,02 TeV
et 13 TeV sont exploités. Le premier bénéficie d'une grande précision statistique avec un fort
taux d’empilement, tandis que le second correspond a un faible empilement, offrant une meilleure
résolution dans la mesure du recul hadronique au prix d’une statistique plus faible. Ceci permet

une modélisation précise du moment transverse du boson W contrairement a I’approche habituelle.

Diverses calibrations expérimentales, liées aux sous-détecteurs et au champ magnétique d’ATLAS,
ainsi que 1’étalonnage de la mesure de I'impulsion des muons, sont discutées. Une méthode statis-
tique, le profil de vraisemblance (PLH), est introduite pour la premieére fois dans I'estimation des
parametres du W, ainsi qu'une nouvelle approche pour évaluer les composantes d’incertitude dans
un tel ajustement. A cela s’ajoute une nouvelle modélisation pour le moment transverse du boson
W dans le faible empilement. Ces considérations contribuent de maniere significative a la précision

de la détermination de myy .

Le traitement statistique de ce travail repose sur le profil de vraisemblance, qui consiste a max-
imiser la fonction de vraisemblance par rapport aux parametres d’intérét (la masse et la largeur
du W) tout en profilant sur les parameétres de nuisance (les sources d’incertitude sytématique),
qui ne sont pas d’intérét direct mais affectent la mesure. L’interprétation du profil de vraisem-
blance est I'un des principaux défis de cette méthode statistique, ainsi que l'incertitude et ses
composantes statistique et systématiques. La premiere est évaluée dans le contexte des ajustements
de vraisemblance et une différence claire avec les ajustements purement statistiques est établie,

montrant que l'incertitude d’un ajustement purement statistique n’est pas égale a la composante

1ii



statistique d’un ajustement PLH compremenant des nuisance, et est strictement inférieure. D’autre
part, l'incertitude systématique et la contribution de chaque source systématique a l'incertitude

systématique totale sont I'un des points centraux du présent travail.

Dans la communauté de la physique des hautes énergies, la contribution d’une source systé-
matique est déterminée habituellement par la méthode dite “d’impact”, qui consiste a calculer
Iincertitude totale d’un ajustement, oiua, puis a retirer la source systématique pour recalculer
I'incertitude totale, of.,,; < Ttota. Si la contribution de cette source systématique est significative,
on s’attend a ce que oy, soit plus petit que oytal, €t la composante “d’impact” ou systématique
est déterminée comme la différence quadratique \/oiotal — 1ot Cette approche conduit a des in-
certitudes qui ne récuperent pas entierement 'incertitude systématique totale. Cette discussion non
seulement explique pourquoi le concept d’impacts est incorrect, mais propose également une méth-
ode précise pour évaluer les composantes d’incertitude réelles en utilisant la méthode des observables

décalées.

De plus, dans le contexte ou toutes les incertitudes sont distribuées selon une loi normale, la
solution analytique complete est discutée avec une décomposition directe de I'incertitude qui peut
étre utilisée dans les ajustements et combinaisons ultérieurs. Cette stratégie d’ajustement a été
mise en ceuvre non seulement pour les études de la masse du boson W mais aussi dans les études

de calibration des muons.

Pour réaliser une mesure précise de myy, une bonne calibration de pf est requise, principalement
influencée par la calibration des leptons chargés. Pour obtenir une bonne calibration, des résonances
connues sont utilisées pour ajuster la simulation, de sorte que les données observées soient bien
reproduites. En particulier, le présent travail se concentre sur la calibration des muons en utilisant
le méson J/v ainsi que le boson Z dans I’état final & deux muons, c’est-a-dire J/1» — pp et Z — pp.
Dans le détecteur ATLAS, les candidats muons sont reconstruits indépendamment en utilisant des
informations provenant du Détecteur Interne (ID) et du Spectrometre & Muons (MS). Ensuite, un
candidat muon combiné (CB) est obtenu par une combinaison statistique des pistes ID et MS. Pour
cette raison, garantir une bonne calibration MS/ID améliore la reconstruction CB, et donne par

conséquent une meilleure modélisation de la distribution de pf.
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La procédure de calibration commence par corriger les biais possibles liés a la fleche de la trace
des muons dans les données. Il s’agit d'un effet dépendant de la charge du muon et qui affecte le
moment transverse des muons et avant correction, & une valeur moyenne d’environ 0,05 TeV ™,
introduisant un décalage d’environ 80 MeV dans la masse de W. Pour le corriger, la fleche est
évaluée dans 'espace (7, ¢) en minimisant la variance de la distribution de masse invariante. Apres
correction, le biais est réduit & une valeur moyenne de 2 x 10~* TeV™!. Cela permet d’améliorer
les performances du moment transverse avec un gain en résolution dans les résonances telles que le

boson Z et le méson J/1.

L’alignement de I'ID est réalisé en utilisant une minimisation des résidus x? entre les traces
mesurées et les points de mesure. Cependant, certains biais systématiques peuvent échapper a cette
procédure, entrainant des biais résiduels connus sous le nom de modes faibles, qui nécessitent un
traitement différent. La reconstruction de pr dans I'ID peut étre affectée par différentes sources
telles que la connaissance incomplete de la quantité de matiere dans le détecteur, la mauvaise
modélisation du champ magnétique et les déformations géométriques résiduelles apres I'alignement
de I'ID. Ces distorsions peuvent étre soit des distorsions réelles du détecteur, soit des déformations

artificielles introduites par la procédure d’alignement elle-méme.

Ces biais sont présents dans les données, produisant un effet d’échelle global et des modulations
dans la masse invariante du systeme dimuon par rapport a la simulation, avec une différence de
0,2%. Pour corriger cela, différents modeles de distorsion géométrique sont proposés. Ceux-ci
prennent en compte les distorsions radiales et longitudinales possibles du détecteur ainsi que les
erreurs de modélisation du champ magnétique. Le modele radial affecte uniquement la composante
transverse du moment, pr, produisant des modulations dans la masse invariante. Le modele de
distorsion longitudinale affecte uniquement la composante longitudinale du moment, pz, générant
une échelle globale et des modulations. Le modele de distorsion du champ magnétique affecte
les deux composantes du moment, entrainant un effet d’échelle globale dans la masse invariante.
Ces modeles ont été simulés pour produire des modeles a appliquer sur les données a travers un
ajustement analytique dans des intervalles de rapidité. Les résultats ont montré que pour décrire

les données, un modele a deux parametres est requis. Dans ce travail, un modele de distorsion



magnétique-radial a été considéré dans chaque ajustement, permettant la création d’une carte de
biais en fonction de la rapidité du J/v¢, menant & un biais relatif final dans la région centrale de
(eg) = —1.5x1073 et (eg) = 1.0 x 1073 pour les distorsions magnétiques et radiales, respectivement.
Apres correction, un accord entre données et simulation au niveau du pourmille a été trouvé pour

ces facteurs d’échelle.

Pour le Spectrometre a Muons (MS), l'alignement est effectué par un systeme d’alignement
optique qui surveille la position des chambres a muons les unes par rapport aux autres et par
rapport aux marques fiduciaires dans le détecteur. Cependant, le systeme d’alignement optique
corrige l'alignement interne du MS mais ne voit pas de déplacement global entre le MS et I'ID.
Cela introduit des résidus entre les parametres des trace ID et MS, d’environ 1,5 millimétres dans
le parametre d’impact longitudinal, zy, et de quelques milliradians dans ’angle polaire, 6, en plus
d’un effet de charge lié au champ magnétique toroidal. Pour 'effet dépendant de la charge, une
correction de la force du champ magnétique d’environ 25% dans la région du calorimetre tile est
proposée, corrigeant avec succes les asymétries de charge tandis qu’une carte de correction détaillée
a également été obtenue. Pour corriger le biais associé aux secondes coordonnées, (z, #), une carte
des premieres coordonnées, (dy, @), a été calculée et injectée comme fonction de correction de la

trace. Apres les corrections, un bon accord entre données et simulation a été trouvé.

Une fois les distorsions de I'ID traitées dans les données, une calibration dédiée du moment des
muons (MMC) a été implémentée dans la simulation. Cela vise a corriger les effets d’échelle et de
résolution liés aux imprécisions dans la description de I'intégrale du champ magnétique et des effets
de diffusion multiple. Cela a été réalisé en classant les muons dans différents intervalles de rapidité
et en effectuant un ajustement de la masse invariante des dimuons pour les parametres d’échelle
et de résolution, ot le bruit de fond a été modélisé a I'aide de fonctions analytiques et considéré
comme une source systématique. Les résultats de I'ajustement ont été traités par un ajustement
analytique pour récupérer les parametres de calibration finaux en fonction de la rapidité du muon.
Apres correction, un accord au niveau du pourmille a été trouvé entre données et simulation. Le
résidu apres correction entre données et simulation est considéré comme une source d’incertitude

systématique.
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Le présent travail présente enfin une étude détaillée de la masse du boson W, my,, a différentes
énergies de centre de masse et la premiere mesure de la largeur du boson W, I'y,, réalisée par
ATLAS. Les premieres études a 7 TeV ré-évaluent le résultat publié en 2017 avec un ajustement de
profil de vraisemblance, au lieu de la méthode utilisée initialement, ce qui donne une amélioration
de la précision. Un ajustement analytique dans la limite gaussienne a été mis en ocuvre, permet-
tant une évaluation correcte des composantes d’incertitude et la décomposition des incertitudes de
I’ajustement dues aux sources systématiques, une amélioration par rapport aux “impacts” habituels.
La valeur de my, a été évaluée avec différents ensembles de PDF, avec une forte dépendance. Cet
effet est réduit lorsque les incertitudes pré-ajustement sont suffisamment agrandies. Pour la largeur
du boson W, la méme stratégie d’ajustement et de décomposition des incertitudes a été mise en
ceuvre ainsi qu’une étude dédiée de la dépendance PDF. Contrairement a myy, la largeur ne montre
pas une forte dépendance avec les incertitudes de PDF. La valeur finale pour my, est cohérente avec
le résultat précédemment publié par ATLAS avec une amélioration de la précision et est donnée
par,

my = 80366.5 & 9.8(stat.) £ 12.5(syst.) MeV = 80366.5 + 15.9 MeV. (1)

La largeur mesurée,

Cy = 2202 + 32(stat.) & 34(syst.) MeV = 2202 + 47 MeV. (2)

est en accord avec 'attente du Modele Standard dans la limite de deux déviations standard.

Actuellement, la collaboration ATLAS travaille a améliorer la précision de myy et les perspectives
de la nouvelle mesure ont également été évaluées en utilisant les jeux de données a faible empilement
a 5.02 TeV et 13 TeV. L’intérét pour ces jeux de données réside dans les conditions expérimentales
qui permettent d’optimiser la résolution sur le recul hadronique tout en maintenant un signal im-
portant. A cet effet, une campagne de simulation dédiée a été menée pour émuler les conditions
a faible empilement. Différentes sources systématiques ont été évaluées, certaines extrapolées du
régime a fort empilement au régime a faible empilement, et le bruit de fond multijet a été estimé par

une méthode basée sur les données. Une différence remarquable dans cette analyse est la nouvelle
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modélisation de p!¥, qui représente I'une des plus grandes sources d’incertitudes. Communément,
cette quantité est modélisée en extrapolant le moment transverse du boson Z, pZ, ce qui introduit
des incertitudes théoriques. Dans le cas a faible empilement, une mesure directe de p¥' a été réalisée
en implémentant une déconvolution itérative des effets de détecteur, améliorant cette source sys-
tématique. Deux observables, pf et mp sont considérées et une stratégie d’ajustement conjointe a
été mise en ceuvre ou les corrélations statistiques sont prises en compte par des pseudo-expériences

dans leurs catégories cinématiques respectives. Le résultat conjoint final donne une précision de,

m32 BTV — XY 7 +12.0(stat.) & 7.7(syst.) MeV = XY Z + 14.3 MeV. (3)

ou la valeur centrale est cachée par la procédure d’ajustement. La précision future a également été

étudiée en exploitant tous les jeux de données ATLAS a fort et faible empilement, c¢’est-a-dire 5.02
+ 7+ 13 TeV. Cet ajustement conjoint tient compte des corrélations systématiques possibles entre

les différents jeux de données fournissant un résultat final,

mi2 TT BTV — XY Z +8.0(stat.) &+ 6.5(syst.) MeV = XY Z 4+ 10.3 MeV. (4)

On s’attend a ce que ce résultat soit encore amélioré une fois que le jeu de données a faible em-

pilement prendra en compte d’autres sources systématiques et de nouvelles variables qui pourraient
potentiellement aider a réduire la précision finale.

Finalement, la compatibilité et la combinaison entre le nouveau résultat d’ATLAS & 7 TeV (ce
travail Eq. (1)) et les autres mesures (LHCb, CDF, DO et LEP) ont été étudiées avec différents
ensembles de PDFs, avec le PDF CT18 comme référence. Deux combinaisons de toutes les mesures,
incluant CDF (w/ CDF) et sans CDF (w/o CDF), ont été réalisées. La combinaison donne les

moyennes suivantes,

mi “PF = 80388.4 + 10.3 MeV, 5
5
my® “PF = 80366.1 + 11.7 MeV.

ot une compatibilité de 0.2% est obtenue lorsque CDF est inclus, et une compatibilité de 92% est

obtenue lorsque CDF est retiré, avec une différence de 3.80 par rapport a CDEF.
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Chapter 1

Theoretical framework

One of the main objectives of physics is to develop a theory of everything that is capable of describing
the world from the sub-atomic scales to the large scales of the universe encoding the four fundamental
interactions: electromagnetic, weak, strong, and gravity. However, up to now, our understanding of
reality can be modelled by two remarkable theories: the General Relativity (GR) and the Quantum
Physics. GR is one of the most sophisticated theories capable of describing the universe at large
scales, predicting exotic objects like black holes and supernovas. The theoretical framework of GR
is based on classical field theory, where space and time are combined into a single concept called
space-time. Its dynamics are described by Einstein’s field equations, which involve a not necessarily

flat metric.

On the other hand, the subatomic world is governed by the Quantum Physics, which has evolved
from Quantum Mechanics to the well-tested Quantum Field Theory (QFT). In particular, several
QFT models are studied and proposed by the theoretical community. However, the most well-
tested theoretical framework to date is the so-called “Standard Model (SM) of Particle Physics”.
The Standard Model encapsulates all the interactions seen in daily lives into three interactions
between particles, resulting as perturbations of quantum fields. The SM has been tested over
many years by collaborations around the world, such as LHC, LEP, Tevatron, etc., demonstrating
a precision never seen before. Despite its numerous successes, intriguing questions persist, with

particular emphasis on the elusive Dark Matter, which constitutes approximately a quarter of the



universe’s composition.

This chapter is organized as follows, section 1.1 provides a brief review of the Standard Model
theoretical framework providing insights of the latest developments in particle physics. Section 1.2
covers the the W and Z boson production in colliders such as the W boson cross section and different
Parton Distribution Function (PDF) sets. Finally, section 1.3 presents the current results of the W

boson mass, the prediction in the SM and physics beyond the SM.

1.1 The standard model

The Standard Model (SM) [1-4] is probably the most successful theory that describes the fundamen-
tal particles in nature and the interactions between them. The SM encapsulates three interactions,
the electromagnetic and weak interactions are well understood through the electroweak theory (EW)

while the flavour and colour dynamics is modelled by the quantum chromodynamics theory (QCD).

The main elements of the SM are the particles that exchange and carry the interactions that are
found in two kind, the fermions and the bosons. Fermions are particles with half-integer spin values
that obey Fermi-Dirac statistics, which govern their distribution in a system of particles. At the
same time, they are considered the basic building blocks of matter which are divided in two types:
quarks and leptons. Quarks are particles that carry two types of charges, the electric charge and the
color charge, which allows them to interact via the electromagnetic, weak, and strong interactions.
At the same time, they can form composite particles called hadrons, such as protons and neutrons.
On the other hand, leptons are another type of fermions that can interact by electroweak interaction.
Here particles like the electron, muon, neutrinos, etc., are present. Fermions consist of six quarks,
six leptons, and their corresponding antiparticles, organized into three generations with different
masses. Fach generation includes three charged leptons (electron e, muon pu, tau 7) with neutral
neutrinos (v, v, v-). Additionally, there are two sets of quarks: those with a positive charge (+2/3,
namely up, charm, and top) and those with a negative charge (-1/3, namely down, strange, and

bottom).

As an addition to the fermions, the SM also predicts the existence of elementary bosonic particles.



For the electromagnetic interaction there is one massless vector boson known as photon () that
carries a zero electric charge and with spin 1. For the strong interaction, there exist 8 massless
vector bosons known as gluons with colour charge, spin 1 and they are the responsible of binding
the quarks to form hadrons (mesons and baryons). Finally, for the weak interaction, several studies
lead to the Glashow, Weinberg and Salam (GWS) theory that predicts the existence of three massive
vector bosons known as Z°, W+ and W~. One of the greatest successes of the GWS theory was its
unification of the electromagnetic interaction with the weak interaction, forming the Electroweak
(EW) theory. Moreover, to give mass to the bosons W+ and Z, the inclusion of a new Gauge field was
needed with a new boson of spin 0 known as the Higgs boson which arises by the Brout-Englert-Higgs
mechanism known as the Spontaneous Symmetry Breaking (SSB). However, the masses predicted
by the theory were so large that powerful colliders were required to study these new particles. The
W and Z bosons were discovered at CERN in 1983 by the UA1 and UA2 collaborations with masses
of about 80 GeV and 91 GeV, respectively. On the other hand, The Higgs boson was the last piece of
the Standard Model puzzle and it was finally discovered at CERN in 2012 by the ATLAS and CMS

collaborations with a mass of 125 GeV [5, 6]. The elementary particles of the SM is summarized in

Fig. 1.1.
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Figure 1.1: Elementary particles of the Standard Model (SM) with their respective mass, electric
charge and spin [7].



1.1.1 The SM lagrangian

The SM is a Quantum Field Theory (QFT) that encompasses three symmetry groups,

SUB3)e @ SU2), @ U(L)y (1.1)

where SU(3)¢ is the special unitary group that generates the Quantum ChromoDynamics (QCD)
and is the responsible of the strong interactions from which the gauge fields are known as gluons
that carry colour charge. On the other hand, the SU(2), ® U(1)y is the group that generates
the Electromagnetic and Weak (Electroweak, EW) interactions mediated by four gauge bosons, one
massless (7 photon) and three massive (W=, Z). In a general landscape, the SM can be summarized

as the sum of the Lagrangians of each interaction, given by,

Lsm = Lqoep + Lew + Liggs, (1.2)

where the first two Lagrangians corresponds to the QCD and EW interactions and Lpyiges (de-
scribed in subsection 1.1.2) is the Higgs boson Lagrangian. For an arbitrary symmetry group, the

Lagrangian can be expressed as,

1 a apuv
‘C:_EF/“/FM

+ ’il/;’)/“Dulﬁ + h.c.
+ zziyz-jdzjgzﬁ + h.c.

+(Du) (D"9) = V(9),

(1.3)

with F}j, the field strength tensor given by,

Fi, =0,A, —0,A, + gfee Al AC (1.4)

ptvs
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where A7 are the gauge fields, g is the coupling constant and faeb¢ are the structure constant of the

group. * are the gamma matrices and D, is the covariant derivative given by,
D, =10, —igT* A}, (1.5)

where I and T are the identity matrix and the generators of the Lie group, respectively. The
covariant derivative shows that Gauge bosons are coupled directly with the fermions to the so-
called tree level Feynman diagram while Eq. (1.4) shows that for more than one generator of a

non-abelian group the gauge field can interact with itself.

In Eq. (1.3) the first term describes the dynamic of the gauge bosons with a running over all
the gauge fields, the second term is the kinematics of the fermions that encodes also the interaction
between the matter(anti-matter) fields ¢ (¢) and the gauge bosons. The third term is the so-called
Yukawa sector that describes the interaction between the Higgs field ¢ and the fermions ¢ and is
the responsible to give the mass to the fermions via the SSB. Finally, the fifth term corresponds to

the kinematics of the Higgs field while the last one is the potential term of the Higgs through which

it acquires its mass and is given by,

V(g) = —p*lo* + Alol*, 11,2 >0 (1.6)

From Eq. (1.3) all the interactions can be obtained by setting the appropriate groups. For example,

the electromagnetism can be described by the abelian group U(1),

1 oy
£QED = _EF;WF“V + w(Z’Y“Du - m)w (17)
with only one generator and that is invariant under a local gauge transformation,

Y — @y A, A, +0,0(x), (1.8)

that at the same time, it imposes the condition to a massless gauge boson, this is, the photon.

>



The QCD lagrangian can be obtained by introducing a non-abelian Lie group SU(3) leading to,

1 y
Lacn = = ;G G + 617" (Dy)yy = dm)v- (19)

where 1);(x) is the quark field in the fundamental representation of the SU(3) gauge group with i
running 1 to 3. In this case, the generators are given by 7% = \*/2 with \* the Gell-Mann matrices
for a = 1,2,...,8. This leads to 8 massless gauge fields A}, known as gluons. Since this is a non-
abelian theory the strength tensor involves the terms AZAﬁ which imply self-interactions between
the gluons and the kinematic term also implies the triplet and quartic self-interactions. QCD also
predicts the coupling to be small at short distances such that the quarks behave as free particles
within hadrons. In the perturbative regime, it is possible to establish QCD Feynman rules, while

for the non-perturbative regime, the lattice QCD studies are implemented.

The ElectroWeak (EW) interaction can be obtained by introducing the SU(2), x U(1)y symme-
try. Here the U(1) has only one generator, Y, corresponding to the weak hypercharge while SU(2)
has three generators T, = 0,/2 (a = 1,2,3) where o, are the Pauli matrices. Then, the lagrangian

is given by,

1”r Y@ 1 v
Z (g uv ZF# F/U/
(1.10)

+ @Z;LZ.’YHD/A@DL + &RiquuwR

Lyw = —

where Wi, = 0,A} — 0,A; + ¢ f“bcAZA,ﬁ and F* = 0,B, — 0,B,, are the field strength tensor
for the SU(2) and U(1) gauge fields, respectively. Notice that W, is non-abelian and it contains

self-interaction terms between the weak gauge bosons.

Different results [8-10] have shown that the weak interaction has a chirality nature, leading to
the differentiation of left-handed and right-handed particles. Then vy, ¥ g are the left-handed and

right-handed lepton doublet and charged lepton singlet, respectively, as follows,

VY — Ep = , Qr= , (1.11)

L L



with Y = —1/2 and Y = +1/6, respectively. While for the right-handed field there are er and
up with Y = —1 and Y = +2/3, respectively. This implies that the right-handed and left-handed
particles do not transform in the same way, such that the mass term ¥.vg + ¥gi, is no longer

invariant under SU(2),, x U(1)y and is necessary a new mechanism to provide mass to the fermions.

1.1.2 Spontaneously Symmetry Breaking

The described EW lagrangian works only for massless bosons which is not the case according to the
experimental observations. To fix this, the electroweak symmetry should be spontaneously broken
from SU(2), x U(1)y to U(1)gm group by the so-called Brout-Englert-Higgs mechanism [11, 12].
For this, a SU(2) doublet ¢ is introduced,

¢ = ; (1.12)

where ¢ and ¢° are positive and neutral electric charged fields. The lagrangian for ¢ is given by,

Lyiiges = (Du¢)T(DM¢) - V(9), (1.13)
with
. Oq a . /Y
D,=0,— zg?A“ —1ig §Bu- (1.14)

Where ¢, ¢ are the coupling constants to A? and By, respectively. The potential V() is given
by Eq. (1.6) with a non-trivial minimum of value v ~ 246GeV called “vaccuum expectation value
(v.e.v)” such that ¢ can be expanded around the v.e.v giving place to a physical particle known as

the Higgs boson with mass,

my = V2\w. (1.15)
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Figure 1.2: Different couplings between the Higgs boson and the EW Gauge bosons predicted by
the SM [13].

From the covariant derivative, the mass of the Gauge bosons can be obtained to be,

mw+ = %7
my = g /92 +gl2. (116)
m~ = 0.

This not only predicts the existence of the Higgs boson but also how it interacts with the electroweak
gauge bosons (W%, Z) and itself as shown in Fig. 1.2. To provide mass to the fermions via this

mechanism, an extra term needs to be introduced, this is, the Yukawa lagrangian given by,

Eyuk7e = —Y;EL : ¢€R + h.c. (117)

for the leptons while for the quarks,

Lvuey = —YaQr - ¢dr — YuQyr - dug + h.c. (1.18)

where ¢ is the conjugate of the Higgs doublet. In this way, the mass of the fermions is given by,

€
V2
8

mf = va. (1.19)



The Higgs field, through spontaneous symmetry breaking (SSB), is the mechanism responsible for
providing mass to the particles in the Standard Model (SM), and they are coupled to the Higgs
boson through Yukawa couplings. These phenomena have been experimentally verified by the
ATLAS and CMS collaborations, which officially announced the discovery of the Higgs boson in
2012 [5, 6]. Since its discovery, the SM has undergone extensive testing, particularly regarding the

coupling of the Higgs boson to SM particles. These findings are illustrated in Fig. 1.3.

L SRS L T S gk g
(O] r | Higgs (m = 125.09 GeV) > F ATLAS and CMS
To) C . . 7 b - LHC Run1
] 50_H—>ZZ — 4l A — L
o 13 TeV, 36.1 b B Z+jets, t G
w #2% Uncertainty 8 ~1] b
E £ [> 107 ;
0 Y
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(a) (b)

Figure 1.3: (a) Distribution of candidate Higgs events in H — ZZ* — 4¢ at 13 TeV. The excess of
events around 125 GeV is consistent with SM predictions for the Higgs boson [14] (b) Measurements
of the coupling of the Higgs-boson to fermions and vector bosons as a function of the particle mass
compared to the SM expectation [15].

Despite numerous experimental tests and predictions still awaiting discovery, the Standard Model
(SM) remains incomplete. Eq. (1.3) fails to explain all observed natural phenomena. For example,
the mechanism detailed above do not explain why the particles have the mass they have, the origin
of the neutrino mass and the order of magnitude, dark matter candidates, matter anti-matter

asymmetry, etc. Furthermore, it cannot be reconciled with General Relativity.
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1.1.3 The W-boson mass in the SM

The SM lagrangian predicts the massive electroweak bosons originated after Spontaneous Symmetry
Breaking with a mass resulting from the Higgs sector. A simple relation among the Z and W boson

is known as the custodial symmetry,

myg = mw/ COS ew, (120)

where 6y is the Weinberg angle given by tanfy, = ¢'/g. The significance of custodial symmetry
lies in its role in constraining the masses of the W and Z bosons relative to each other. In theories
where custodial symmetry is exact, the masses of the W and Z bosons are degenerate, meaning they
are equal. However, in reality, custodial symmetry is broken by quantum corrections. Nevertheless,
the degree to which custodial symmetry is broken can still provide insights into physics beyond the
Standard Model. Taking into account the quantum corrections, the W boson mass can be expressed

as,

2 1 1 aT
2 (p_Tw) Y A s 2 =2 (= s = 1.21
M ( m2Z> V2Gr ( ) Mw =Mz 2 4 ﬂGFmQZ(l — Ar) ( )

where « is the fine-structure constant, G is the Fermi constant and Ar represents radiative correc-
tions to the electroweak interactions. Notice that my at the leading order depends in well known
parameters that have been measured with high precision such as mz = 91.1876+0.0021 GeV [16, 17,
Gr = 1.1663787(6) x 107> GeV~2(0.5ppm) [18] and o' = 137.035999206(11) [19] as shown in
Fig. 1.4.

This means that the main source of uncertainty is carried in the radiative corrections Ar that
accounts for quantum corrections in the SM (and extensions of it) arising from virtual particle
loops in Feynman diagrams, particularly those involving the exchange of photons v and Z bosons.
These corrections can arise from the renormalization of parameters and can affect the predictions

of certain observables in electroweak processes. At the one loop level, the quantum corrections
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Figure 1.4: Precise measurements of my, muon lifetime and fine-structure constant: (a) Z— peak
cross section observed by LEP in ete” — hadrons and compared with the complete Standard
Model prediction [17]. (b) Time dependence of the muon arrival rate (upper panel) and decay

positron counts (lower panel) to determine G [18]. (c) Precision measurements of the fine-structure
constant [19].
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involving fermionic contributions in Ar allows to find the expression,

2
Ar = Aq - B30

Sin 62, Ap+ .. (1.22)
where Ao oc logmy is the shift in the fine-structure constant, Ap involves contributions coming
from the leading contribution to the p = mj,/m?% cos? Oy parameter, which relates to the isospin
symmetry breaking in the Higgs sector of the Standard Model. It represents the difference between
the measured value of sin? Oy and its tree-level prediction in the Standard Model. In other words,
it accounts for quantum corrections higher order corrections (beyond the tree-level approximation)
that are quadratically dependent on the top quark mass, m;, and Higgs mass my effects. The
leading order terms in Ap for my < my is given in Eq. (1.23) [20].

2 2 2 2
Ap— 3G rm¥, [mt _sin® Oy (ln <mf> _ 5) +] (1.23)

822 |m¥,  cos? Oy

However, up to date, Higher QCD corrections in O(aay), O(aa?) and O(aa?) are known [21-24].
While the full electroweak two-loop contribution in Ar has been fully calculated [25-28] and beyond
the two-loop up to four-oop only fermionic contributions are known [29]. Most recent calculations for
the leading three-loop contributions of O(G%m¢) and O(G%asm}) have been obtained for arbitrary

values of the Higgs mass (expansions around my = m; and my < my) [30].

In this way, the calculation of Ar = Ar(mw,mz, mg,my,...) to obtain the W boson mass
needs to be obtained by iterative procedures since it depends of myy itself. This allows to not only
obtain the W mass but also to set constraints in the Higgs boson mass that can be modified due
to the uncertainties in the experiments, physics modelling, theory prediction, etc. Taking this into
account, the prediction of the W boson mass has been carried out by the GFitter group [31, 32]
using the least squares x? method considering NNLO theoretical predictions, prospects for the LHC
and ILC, new kinematic of the top quark and W boson mass measurements from the LHC, sin? 6%;

(effective leptonic weak mixing angle) result from the Tevatron, and a new evaluation of the hadronic
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contribution to a(M%). This leads to an updated result in 2018 of the W boson mass to be,

my = 80.3535 £ 0.0027,,,, £ 0.00306¢he0m,
£ 0.0026,,, 4= 0.002604
(1.24)
+ 0'0024A6¥had + OOOOlMH + 0.0040(5th60]\/jw GeV

= 80.354 £ 0.007 oy GeV,

that corresponds to a numerical approximation of the theoretical expression with the largest un-

certainties due to m; and my, respectively. Result from the GFitter group is shown in Fig. 1.5
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Figure 1.5: Contours at 68 and 95% CL obtained from scans of myy versus m, for the fit including
(blue) and excluding the Higgs boson mass my measurement (grey), as compared to the direct
measurements (green vertical and horizontal 1o bands, and two-dimensional 1o and 20 ellipses)
and compared to the direct measurements of my, and m, [31].

1.1.4 Physics Beyond the SM

Even though the W boson mass can be predicted with high precision in the SM framework, this is
not fully complete since several limitations to current problems are still open like neutrino mass,

matter anti-matter asymmetry, dark matter, etc. For this reason, several scenarios propose new
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alternatives to the SM like Grand Unified Theories (GUTs), Loop Quantum Gravity, String Theory
and Extra Dimensions, etc. While others are extensions of the SM like SUpersymmetry (SUSY),

Dark Matter, Composite Higgs, etc.

In particular, SUSY is an extension of the Standard Model that proposes a symmetry between
fermions and bosons, introducing supersymmetric partners to each particle in the SM. Since these
new particles are out of the SM and they are so massive, they cannot be observed with the current
experiments. However, in the current energy regime indirect effects of SUSY could be manifested
through radiative corrections, Ar, that potentially could affect the running of the Higgs boson mass

parameter affecting the W boson mass indirectly.

SUSY has been largely studied through the years with well established theoretical results. The
simplest one is known as the Miniminal Super Symmetric Model (MSSM) in which each particle has a
superpartner with a spin differing by 1/2, such as electrons with selectrons and quarks with squarks.
The model also includes two Higgs doublets, resulting in five physical Higgs bosons. To prevent
rapid proton decay and stabilize the lightest supersymmetric particle (LSP), often the neutralino
and a dark matter candidate, R—parity is introduced. Supersymmetry is broken through soft
SUSY-breaking terms, allowing sparticles to have distinct masses. The MSSM addresses issues like
the hierarchy problem and unifies forces, with potential observable signatures at particle colliders
and implications for cosmology. In this framework, the radiative corrections to the my, include
contributions from sfermions, charginos, neutralinos and the Higgs bosons that enter at one-loop
level. Recent study in Ref. [33] evaluates the W boson mass in the MSSM considering a full one-loop
calculation, all available MSSM two-loop corrections as well as the full Standard Model result. The

mass shift dmy arising from changing Ar by the amount ArSUSY is given by,

ref

2
Mw _ Sw SUSsY

A . 1.25

2 & — s, " (1.25)

(5mW:—

with ArSUSY the MSSM contribution and mif = 80.425 GeV. In the MSSM the higgs field and
the scalar superpatners are related through the triliniear Higgs-Z, b coupling Ay and the different

Higgs are mixed through the Higgs mixing parameter p. To these, physical phases ¢4, + ¢, and
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Figure 1.6: Contour lines of the squark contributions to dmy, in the plane of (¢4, + ¢,) and |y,
where ¢4 = ¢4, = ¢a, [33].
¢4, + ¢, can be associated such that the variation of ¢4 + ¢, can affect the shift in my by more
than 20 MeV as shwon in Fig. 1.6. As in the SM, my has a dependency with the top quark mass
and the MSSM can be scanned to see the values of my  as shown in figure 1.7

SUSY is not the only BSM extension that has studied the indirect search through myy, since
other scenarios such as Dark Matter (DM), shed light on the W boson mass anomalies. One
scenario is to consider the U(1) dark sector as an extension of the SM [34] in which DM candidates
with mass ranging from several hundred GeV to TeV can mix up with the SM particles. These
new particles are capable of producing shifts in the W mass value for at most 10 MeV while more
complex extensions can easily shift my, by 77 MeV. These extensions allow the Z boson to mix up
with the DM candidates giving place to a massive Z’ gauge boson that can shift my by,

Am3, = M (523%,[,0?,[,) (E)Q, (1.26)

2 2

with d the kinetic mixing parameter [35]. These parameter allows to scan the DM impact in the W

boson mass as shown in Fig. 1.8 in which the red region is ruled by experimental constraints while
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Figure 1.7: Prediction for my, in the MSSM and the SM as a function of my in comparison with
the experimental results for my, and mr for Tevatron / LHC and the ILC. [33].

for achieving dmy, ~ 77 MeV larger values of the kinetic term are required leading also to a more
massive Z'.

Although the MSSM and DM are good candidates, they are not the only one. Other models
that extend the SM can provide new signatures that can potentially affect my, such as Axion-like
particles, vector-like leptons, leptoquarks, etc [36-38|. These hypothetical particles could contribute
into higher order loops and modify the radiative corrections in Ar that could be measured in
experiments. However, many of these new candidates are currently out of the range of detection
that experiments like the LHC can achieve but probably new experiments such as FCC or CEPC

could potentially detect [39-41].

1.2 W and Z boson production in colliders

The SM shows that the weak vector gauge bosons couple to the fermions at the tree level such that

they can be produced by quark anti-quark annihilation,

aqd =W, qq— Z/7. (1.27)
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Figure 1.8: W boson mass enhancement generated by the dark U(1) extension of the SM with the
Z'" dark boson [35].

However, due to the QCD confinement, it is not possible to have quarks independently and for
that reason is necessary to use hadrons, h, to generate the processes as in (1.27). For this, hadron
colliders such as the LHC, play a crucial role by colliding proton beams at high energy leading to

the production of vector bosons, V', plus several other particles, X, in the final state,

with p; and p, the momenta of the hadrons. A difficulty of the colliders is that hadrons are composite
objects with quarks and gluons commonly called partons. In the case of the LHC, this implements
protons as hadrons. Protons are composite states of two up quarks and one down quark (uud)
known as the valence quarks that interact by the gluon exchange. However, the complexity of the
QCD nature inside the proton leads to the gluon-gluon self-interaction producing more gluons but
also the production of quarks known as sea quarks. To describe the internal structure of the proton,

the so-called Parton Distribution Functions (PDFs) are used.
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1.2.1 Parton Distribution Functions

To understand the proton-proton collisions is necessary to disentangle the dynamic inside of the
composite states as a function of its partons. Several studies [42—45] have performed lepton-proton
Deep Inelastic Scattering (DIS) to study the distribution of proton’s momentum among the partons
through the so-called DGLAP evolution equations [46-50] as a function of the energy scale Q2.
These equations are given by,

af; %) Ld
o =2 [ Thua@s (5.¢7). (1.20)

Where f;(x, Q?) is the so-called Parton Distribution Function (PDF) that represents the probability
density to find a parton ¢ carrying momentum fraction x at energy scale Q. In Eq. (1.29), =,
runs over all possible parton types j. It indicates that the evolution of the PDF for parton type

1 depends on contributions from all other parton types j. Bgl(fb%Q) represents the evolution of the

parton distribution function (PDF) for parton type i with respect to the logarithm of the momentum
transfer scale Q*. The integral [, ! % is taken over the variable z, which represents the fraction of
the parton’s momentum after splitting. The integration limits are from x to 1, covering all possible
values of z such that x/z remains a valid fraction (between 0 and 1). P;;(z, as(Q?)) are the splitting
functions (or kernels) which describe the probability of a parton of type j splitting into a parton
of type i carrying a fraction z of the original parton’s momentum. The splitting functions depend
on the strong coupling constant as(Q?), which varies with the scale Q?. f; (f, QQ) is the parton

distribution function for parton type j evaluated at the scaled momentum fraction x/z and the

same scale Q2. Tt represents the distribution of parton j before splitting [47-50].

Due to the complexity of the problem, an exact analytical solution cannot be found to study
the dependence of z as a function of Q?. However, some perturbative analytical solutions for small
values of x can be obtained in the Mellin space as shown in [51-53] that is not only useful for

particular scenarios but it also allows to constrain the uncertainties analytically.

In the general case, several PDFs sets [54—62] can be generated by performing global fits to the

data from a wide range of high-energy particle collisions, such as deep inelastic scattering (DIS),
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inclusive jet production, vector boson production and hadron collider experiments. They aim is to
directly extract the parton distributions that best describe the experimental measurements, such
that the experimental uncertainties are propagated through the fitting procedures to provide the
uncertainties in the PDF. For this, a function form with free parameters at the starting scale (low
(%) is chosen and the evolution is performed using the DGLAP equations to evolve the PDFs to
the scales of the data adjusting the free parameters to have an agreement with it. Examples include
the NNPDF (NNPDF3.0, NNPDF3.1) PDF [61, 62] that implements neural networks to efficiently
fit and interpolate PDFs from a wide range of experimental data, the CTEQ (CTEQ6, CTEQG6.1)
PDF [59] which utilizes perturbative QCD calculations and parameterizations based on specific

models, among others.

The PDFs fitting machinery is described in Fig. 1.9 while in Fig. 1.10 the PDFs for Q? = 10 GeV?
and Q% = 10* GeV? are shown. These plots illustrate the behavior of parton distribution functions as
a function of the momentum fraction  at different energy scales Q2. They show how different parton
species contribute to the internal structure of the proton, with gluons and sea quarks dominating at
low x and valence quarks being more significant at higher . The evolution of these distributions with
(Q)? is governed by the DGLAP equations, reflecting the changing dynamics of parton interactions

at different energy scales.

EXPERIMENTAL DATA

STATISTICAL FRAMEWORK
PROPAGATION, MINIMISATION... GLOBAL FIT

COMMON INTERFACE FOR
USERS (LHAPDF)

A. Buckley et al
EPJC75 (2015)

THEORETICAL CALCULATIONS .
PDF sets by various groups

IN HOUSE BITS: EXTERNAL BITS:

+ NNLO DGLAP EVOLUTION « FAST INTERFACE:

+ DIS STRUCTURE FUNCTIONS APPLGRID FASTNLO,...

+ INCLUSIVE DRELL-YAN * NNLO K-FACTORS, EW K-FACTORS

1

Figure 1.9: Scheme of the PDF fitting machinery scheme [63].
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MSTW 2008 NLO PDFs (68% C.L.)
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Figure 1.10: MSTW2008 parton distribution functions for Q% = 2 GeV? and Q? = 10* GeV? [64].

1.2.2 W and Z boson cross section

The cross section (o) is a measure of the probability that a particular interaction will occur when
two particles collide. It represents the effective area presented by a target particle for an interaction
to take place. Two types of cross section are of interest: the total cross section, o, represents
the probability of any interaction happening between the colliding particles including all possible
outcomes. On the other hand, the differential cross section, do, gives the probability of a specific
outcome occurring within a certain range of angles, energies, or momenta. It provides more detailed

information about the interaction process.

In hadron colliders, two QCD regimes can take place, known as hard QCD and soft QCD. The
hard QCD regime typically refers to processes involving high momentum transfers or high-energy
collisions. In these processes, the momentum transfer Q? between the initial and final-state particles
is large, typically on the order of the energy scale of the process itself. For that reason, perturbative
QCD (pQCD) calculations are usually applicable in the hard regime, where the strong coupling
constant is small, allowing for reliable perturbative expansions.

On the other hand, the soft QCD regime, involves processes with low momentum transfers or
low-energy interactions. This means, the momentum transfer is small compared to the energy scale

Q? of the process, and particles typically have momenta comparable to or smaller than the QCD
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scale, Aqcp. These regime often involve non-perturbative effects of QCD, where the strong coupling

constant is large and perturbative methods are not applicable.

To produce vector bosons like the W boson in hadron colliders, the large momentum transfer
Q? between the partons is needed, i.e. hard QCD. For this, the ability to separate the short
distance physics and the long distance physics is the key to study the perturbartive QCD known as
factorization theorem. This establishes that it exists a “factorization scale ur” (that separates
the hard QCD and soft QCD regimes) for which the cross section can be factorized into separate
parts containing the long distance effects in the PDFs and the hard scatter process of the partons on
its sub-cross section o4_,. The sub-cross section 6, is computable at a renormalisation scale
pr. Taking this into account, the cross section of the hadron-hadron collision process in (1.28) can

be written as,

1
Ohyhy—V4+X = Z/O dzadTy fom (fﬁa, ,U2F> Jo/n2 (xb, M%) Gab—sv (1rs HR), (1.30)
ab

where f,, and fyp, are the PDFs of the parton a in hadron h; and parton b in hadron hs, respec-
tively. Moreover, due to the factorization theorem the parton cross section can be expressed in terms
of the strong coupling, pg. Both PDFs and the 04,1 can be computed at Leading-Order (LO),
Next-to-Leading-Order (NLO) or Next-to-Next-to-Leading-Order (NNLO). For this, is convenient
to express the partonic cross section as a series in the strong coupling constant, oy, and choosing
the factorization scale equal to the renormalization scale and equal to the vector boson mass, i.e.

pr = jir = my,z. In this way, the cross section can be express as follows,

ab—V’

(1.31)

Ohihys VX = Z/Ol dxqdry fa/m (%Jﬁ:) Jo/h2 (Ib“u%) X [50 + (Hi‘,{) 61+ a? (,u2p> Gy + }
ab

Several experiments have measured the cross sections of different particles and processes. The
results performed by the ATLAS collaboration are shown in Fig. 1.11 while the SM cross section

prediction at different centre-of-mass energy /s is shown in Fig. 1.12.

It is convenient to express the cross section as a function of kinematic variables such as the
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Standard Model Production Cross Section Measurements Status: May 2017
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Figure 1.11: cross-section measurements in pp collisions at /s = 7,8,13 TeV for a variety of SM
processes by the ATLAS collaboration [65].

rapidity, y, of the boson given by,

1 E+p.
=—1 —_— 1.32
y=glos| m— (1.32)
and the parton momentum fraction,
M M
T, =—F=€, 1, =—F=e Y, (1.33)

where M is the boson mass and /s the centre-of-mass energy of the colliding hadrons. Therefore,
different values of M and y probe different values of # and Q2. Using this, the lowest order of the
differential cross section in the perturbative expansion can be expressed as a function of the boson
rapidity to be,

do

1 N
v s > Jaym (l‘a,M2) Josn2 (va, M2) X Go(M)l gy » (1.34)
ab

in which the rapidity distribution at LO depends directly to the PDFs. In this way, by measuring
Eq. (1.34) for Q* = M? the PDFs can be constrained for a given x. Similarly, using the boson

rapidity distributions could also provide additional information to constrain the parton density

functions. Fig. 1.13 shows the theory predictions of the rapidity distributions at LO, NLO and
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Figure 1.12: Standard Model cross sections at the Tevatron and LHC colliders as function of the
centre-of-mass energy /s [66].
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NNLO for the W* and Z bosons at /s = 14 TeV. The significant reduction in the uncertainty
bands from LO to NNLO indicates that higher-order corrections greatly enhance the precision of
these predictions. This increased precision is crucial for reducing theoretical uncertainties in the

cross-section measurements, thereby allowing for more accurate comparisons with experimental

data.
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Figure 1.13: Theory predictions at LO, NLO and NNLO of the rapidity distributions for (a) W
and (b) Z boson production in proton-proton collisions at /s = 14 TeV. The bands indicate
the factorization and renormalization scale uncertainties, obtained by scale variations in the range
mwyz/2 < p < 2myyz [67].

Next to the rapidity, one of the interesting quantities to look at is the boson transverse momen-
tum, pr. At the Leading Order (LO) the pr of the boson with respect to the beam axis is expected
to be zero. However, in the Next-to-Leading-Order case the partons can contribute to the pr in two
scenarios. The low pr scenario is generated by multiple soft or almost collinear partons, while the
high pr scenario is dominated by the emission of one or multiple hard partons. The relevant NLO
processes are qq — Vg,qqg — Vq, etc. Similarly, the NNLO processes like the gluon fusion can be
included and convoluted with the PDFs to obtain the differential cross section as shown in [68].

In particular, for large momentum scenario pr > M the differential cross section can be obtained
while for the low pr case several divergences appear that can be treated in perturbation theory by

the resummation formalism. In this way, an expression can be found but without including the
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emission of multiple gluons.

In practice, to model the transverse momentum of the vector bosons, p¥., numerical approaches
are required. For example, the modelling of the low pr regime can be carried out by RESB0S [69, 70]
by resumming the next-to-next-to-leading-logarithms (NNLL). Another approach is by the tunning
of the parton shower Monte Carlo generators and analytical resummation free parameters to match
the pr in data through programs like DY TURBO [71], PyTHIA [72], HERWIG [73] and SHERPA [74].
Recent study in Ref. [75] developed by the ATLAS collaboration have performed the precise mea-
surement of the transverse momentum of the W and Z bosons at /s = 5 and 13 TeV with low

pile-up.

1.3 Status of W-boson mass measurements

The W boson mass, my, can be measured by different statistical methods and using different
observables. One of the usual approaches is through the lepton transverse momentum, pf, as it is
less sensitive to the pile-up and provides a good resolution. However, p% is sensitive to the modelling
of the W boson transverse momentum p'¥. An alternative observable and directly related to the W
boson mass is the transverse mass, my, that is less sensitive to the plt’ variations but its statistical is
more sensitive to the pile-up. Other observables as the lepton rapidity, 7., and the hadronic recoil,
ur, can also be included to constrain the fits and to reduce the systematic uncertainties such as
the ones related to the PDFs. Other approaches include simultaneous fits to the ¢/pr distrbutions
of the boson candidates. In principle, a good determination of my would exploit all the possible
variables to reduce the systematic uncertainties that could possible bias the final result. However,
it is well known that each experiment has its own limitations and it can only access to specific
information. Fig. 1.14 shows the p%, m¢ and q/pr distributions in W — pv decay channel used
by the ATLAS [76], LHCDb [77] and CDF [78] collaborations, respectively to determine the most
accurate values of the W boson mass.

The first experiments that measured the W boson mass were the UA1 and UA2 collaborations

located at CERN’s Super Proton Synchrotron (SPS) using proton anti-proton collision pp — W*+X
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Figure 1.14: The (a) p%, (b) ¢/pr and (c) my distributions for W events in the muon decay channel
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during the 1980s. These experiments were crucial in the discovery of the W and Z bosons, which
confirmed the electroweak theory and led to Nobel Prizes for Carlo Rubbia and Simon van der Meer
in 1984. However, while these experiments played an important role in establishing the existence of
the W and Z bosons, they did not measure the W boson mass with the precision achieved by later

experiments, their result was [79],

myt = 8172 GeV. (1.35)

After UA, The LEP (Large Electron-Positron Collider) experiments, including DELPHI, ALEPH,
L3, and OPAL, were conducted at CERN from 1989 to 2000. LEP was a predecessor to the LHC
and operated at energies up to 209 GeV, making it the most powerful electron-positron collider of
its time. While the LEP experiments focused on a wide range of physics topics, including precision
tests of the Standard Model, searches for the Higgs boson, and studies of electroweak interactions,
they also made measurements of the W boson mass. The primary method LEP used to measure
the properties of the W boson involved the process of “radiative return” in the production of W
boson pairs. In ete™ collisions at high energies, the electron and positron can annihilate to produce
a virtual photon (v*), which subsequently decays into a pair of particles, such as a W= boson or
Z boson. This process is known as radiative return because the virtual photon is radiated off the
initial eTe™ pair. In the case of W boson studies, the aim is focused on the virtual photon decay
into W™ pairs that later on produce observable final states, such as charged leptons (electrons,
muons, or taus) and their corresponding neutrinos, or quarks. LEP detectors, such as those in
the ALEPH, DELPHI, L3, and OPAL experiments, were designed to measure the properties of
the particles produced in the WTW ™~ decay allowing them to reconstruct the kinematic properties
of the W bosons, such as their momentum and energy. The primary type of measurement LEP
performed regarding the W boson production was the measurement of its production cross section
oww. By comparing the observed production rate of W W™ pairs to theoretical predictions based
on the Standard Model, LEP experiments could extract information about the W boson’s mass,

coupling strengths, and other properties. The result from LEP [80] was,

myrt = 80375 4 25(stat.) 4 22(syst.) MeV = 80376 4 33 MeV (1.36)
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The next W mass measurement was carried out by the Tevatron collaboration, which consisted
primarily of the CDF (Collider Detector at Fermilab) and DO experiments that made significant
contributions to the measurement of the W boson mass using proton-antiproton collisions. This
collider at Fermilab accelerated protons and antiprotons to high energies and collided them head-
on at the center of the CDF and DO detectors. These collisions produced a variety of particles,
including W bosons. The primary production channels for W bosons involved quark-antiquark
annihilation (¢q¢ — W). The most common decay modes of the W boson are into a charged lepton
(electron or muon) and a neutrino (W — fv). These leptonic decay channels were particularly
useful for the measurement of the W boson mass because they provided clean and well-identified
final states. Since neutrinos are weakly interacting particles that escape detection, their presence
was inferred indirectly from the missing transverse momentum in the detector. By balancing the
momentum in the transverse plane (perpendicular to the beam direction), researchers estimated
the momentum of the neutrino and thus reconstruct the full kinematics of the W boson decay.
CDF and DO employed sophisticated event reconstruction algorithms to identify and reconstruct
the decay products of the W boson in their detectors. By analyzing large datasets of collision events,
researchers selected candidate events consistent with the production and decay of W bosons and
applied statistical techniques to extract the "W boson mass. The Tevatron experiments measured
the production cross section of W bosons and compared it to theoretical predictions. Additionally,
they performed template fits to the observed kinematic distributions of W boson decay products,

such as the transverse mass distribution, to extract the W boson mass and its uncertainty to be [81],

mpe O = 80387 4+ 16 MeV, (1.37)

that including measurements obtained in electron-positron collisions at LEP yields the world average

myy "4 A8 = 80385 4+ 15 MeV. (1.38)
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In 2017 the ATLAS collaboration performed the W boson mass measurement at /7 TeV [76] to be,

miy #AS 2007 — 80370 4 19 MeV. (1.39)

followed up by the LHCb my, measurement in 2022 [77],

mEICP — 80354 4 32 MeV. (1.40)

However, the most precise my, measurement published up to date is the CDFIT 2022 [78] result,

m$PH = 80434 4+ 9 MeV, (1.41)

which is in tension with the SM prediction up to 7o.

The compatibility and combination of the world W-boson mass measurements using ATLAS,
LHCb, CDF, and DO results have been largely studied in [82] where for all my, values available up

to date are combined to obtain the following my, value,

my = 80395 + 12 MeV. (1.42)

with a 0.5% compatibility while a 91% compatibility is obtained when the CDF measurement is
removed, leading to,

my = 80369 + 13 MeV. (1.43)

which differs by 3.60 from the CDF result. The latest my, obtained by the global analysis of
electroweak data in the Standard Model [83] using state-of-the art experimental and theoretical
results, including a determination of the electromagnetic coupling at the electroweak scale based on

recent lattice calculations leads to a SM value of,

mip- = 80355 & 6 MeV. (1.44)
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Figure 1.15: Current status of the W boson mass including the latest world average with and
without CDF II (2022) result.

The current status of the W boson mass is shown in Fig. 1.15. Another parameter of the W boson
that, unlike the W boson mass, has not been extensively measured by different collaborations is
the W boson width, I'y;,. This can be calculated in the SM and the GFitter group computed the
predicted value [31] to be,

Iy =2091 +£ 1 MeV. (1.45)

While the latest global electroweak fit [83] provides the SM value to be,

M = 2088 4 1 MeV. (1.46)

The value of my in (1.44) and I'yy in (1.46) are taken as the SM reference value for the present
work. Recently, the ATLAS collaboration has performed the measurement of both my and I'y

using the /s = 7 TeV dataset [84] and the results are largely discussed in section 6.6.
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Chapter 2

The ATLAS detector at the CERN LHC

The Large Hadron Collider (LHC) stands as the most advance machine of particle acceleration
developed by the European Organization for Nuclear Research (CERN) and currently with a large
worldwide network in several countries of the world [85]. Based near Geneva, it occupies an average
depth of 100 meters within a 26.7 km circumference tunnel originally constructed for its predecessor,
the Large Electron-Positron Collider (LEP). The LHC is engineered to accelerate protons to energies
reaching 7 TeV and heavy ions to 2.56 TeV per nucleon. Within its structure, particles are collided
at four distinct interaction points, where specialized detectors are located: the Large Ion Collider
Experiment (ALICE) [86], the Large Hadron Collider beauty (LHCb) [87], the Compact Muon
Solenoid (CMS) [88], and the A Toroidal LHC ApparatuS (ATLAS) [89]. ALICE’s is focused on
several heavy ions studies from which the quark-gluon plasma is probably one of the main core of
studies. The LHCb is devoted to flavour physics such as those with b—quarks to unravel the matter-
antimatter asymmetry, lepton flavour universality violation, etc. On the other, CMS and ATLAS
are considered as multipurpose and versatile instruments, with a broad spectrum of research such

as precision measurements of the standard model (SM), physics Beyond the SM (BSM), etc.

The following chapter is organized a follows, section 2.1 provides a description of the CERN
accelerator complex. Section 2.2 describes the ATLAS detector and its sub-detectors such as the
Inner Tracker Detector (ID), Muon Spectrometer (MS), magnetic field system, calorimeters and

trigger system and data acquisition. Finally, Section 2.3 introduces the concept of luminosity, low
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pile-up and a quick description of the events suitable for physics recorded by ATLAS.

2.1 CERN accelerator complex and the LHC

The CERN accelerator complex is responsible for guiding protons through a series of accelerators
that will collect data for future analyses. This begins with the ionization of hydrogen atoms and the
initial boost to 750 keV using Radio Frequency (RF) cavities, the protons progress through LINAC 2,
reaching around 50 MeV. From there, they are guided to the Proton Synchrotron Booster (PSB),
where their energy increases up to 1.4 GeV. Subsequently, they enter the Proton Synchrotron (PS)
and the Super Proton Synchrotron (SPS), boosting their energy to 26 GeV and 450 GeV, respec-
tively. Finally, they are into the LHC all this with one of the most complex magnetic fields systems
and superconducting technologies that include an array of magnets, such as dipole magnets for
bending the accelerated beams along curved trajectories and quadrupole magnets for precise focus-
ing, ensuring optimal collision probabilities. Approximately 80% of the arc sections are occupied by
dipole magnets, augmented by sextupole, octupole, and decapole magnets strategically positioned
to correct for nonlinear beam dynamics. These superconducting systems among others, are sup-
ported by cryogenics constant supply of liquid helium to maintain its operational temperature of 1.9
K (-271.3°C), rendering it the largest cryogenic facility worldwide. The dipoles themselves, crafted
from niobium-titanium (NbT1i) alloys, boast a novel 2-in-1 design, accommodating two separate
beam apertures within the existing tunnel infrastructure. The LHC CERN complex is shown in

Fig. 2.1.

2.2 The ATLAS detector

The ATLAS (A Toroidal LHC AparatuS) detector [89] is a multipurpose particle detector with a
forward-backward symmetric cylindrical geometry. It consists of an Inner Detector (ID), electro-
magnetic and hadronic calorimeters, and a Muon Spectrometer (MS) plus one of the most complex
magnetic systems in the world.

ATLAS uses a right-handed coordinate system with its origin at the nominal interaction point
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