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Chapter 1

Introduction

The measurement of the mass of the W boson (mW ) provides one of the most stringent tests of the
ability of the Standard Model of Particle Physics to describe the interactions between the fundamental
constituents of matter. This thesis describes the mW measurement performed by the CMS experiment
[1] at the Large Hadron Collider (LHC), which has been communicated in September 2024: the result of
this measurement is in agreement both with the Standard Model and with the world average of all the other
direct measurements [2], which has an uncertainty of 13.3 MeV. The CMS measurement has an uncertainty of
9.9 MeV, close to the relative precision of 10�4 from the Standard Model indirect prediction. This uncertainty
is compatible with the most precise measurement from a single experiment, as performed by CDF [3], which
is, however, in strong disagreement with the Standard Model. The CMS measurement is the result of an
effort that started more than ten years ago, making it long awaited, especially after the latest CDF result.

Measurements of theW boson mass at hadron colliders are performed by analyzing the leptonic decays
of W bosons, in which a charged lepton (muon or electron) and a neutrino, which escapes detection, are
produced. A proxy for the presence of a neutrino and its kinematic properties is the missing transverse
momentum pmiss

T , determined from the kinematic imbalance of all the particles measured in the event. The
measurement then relies on the precise reconstruction of the kinematic properties of the charged lepton in
the decay, which is also often combined with pmiss

T to determine the transverse mass mT . The redundancy
of observables sensitive to mW , albeit correlated, can be exploited to reduce the impact of theoretical or
experimental uncertainties. Most measurements rely on the reconstructed distributions of mT and of the
lepton transverse momentum p‘T used in template fits, in which p‘T andmT templates are built from Monte
Carlo simulation for discrete values ofmW , which is then determined by matching the simulated templates
with the measured p‘T and mT distribution. The precision of this approach is limited by the theoretical
modelling of the production mechanism of theW boson, which affects particularly the p‘T distribution, and
the experimental precision with which they are calibrated, affecting both mT and p‘T .

The CMS measurement employs an innovative approach to determine the theoretical modelling of the
production mechanism of the W boson. It improves upon the approach traditionally followed at hadron
colliders which exploits the similarity betweenW andZ production to tune theW boson production mech-
anism, as the kinematic properties of theZ bosons can be precisely measured, and then theoretical predic-
tions are used to port theZ�based constraints to the modelling of theW boson production. This approach
is limited by the assumptions made in this porting procedure, which might not take into account non-trivial
differences between the production of Z and W bosons. Indeed, different assumptions on the theoretical
uncertainties lead to different predictions on the total uncertainty in the extraction of mW . The measure-
ment performed by CMS is based on precise template fits of the two-dimensional pT � � distribution of
muons from the W boson decays, where � is related to the direction of flight the muon in the laboratory,
since it has been proved that the theoretical model can be constrained together with mW without using
external data from Z decays. The most precise theoretical calculations currently available are employed in
this analysis, together with a model for their systematic uncertainties based on the introduction of nuisance
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6 CHAPTER 1. INTRODUCTION

parameters that can be determined simultaneously withmW , without relying on external measurements.
For this to work, and to have a total competitive uncertainty, CMS relied on the largest dataset ever em-
ployed in anymW analysis, for a total number of1:2� 108 analyzed data events andO(4 � 109) simulated
events, requiring a complete overhaul of the software usually employed in most analyses in order to make
this measurement feasible.

From the experimental point of view, this measurement relies on the precise reconstruction and iden-
ti€cation of muons. The lepton transverse momenta need to be determined with a precision better than
10� 4 to reach the precision required: this required implementing a new software to re€t the trajectory of
tracks, from which the transverse momentum is determined, leading to a signi€cant reduction in the bias in
the reconstructed muon momenta, and the derivation of dedicated corrections to account for the remaining
biases. These corrections rely on a physics-driven model that takes into account different physical sources
of bias, where accuracy and robustness have been thoroughly validated. The analysis also relies on the pre-
cise knowledge of the muon reconstruction and identi€cation ef€ciencies, which are the probabilities that a
muon is successfully reconstructed passing a set of quality criteria, as a function ofpT � � , to avoid differ-
ences in the templates that could introduce arti€cial biases in the extraction ofmW . Muon reconstruction
and identi€cation ef€ciencies have been measured with an unprecedented level of granularity, similar to that
of the analysis, to be able to extract as much information as possible from thepT � � plane. Biases in the
standard muon reconstruction in CMS, which can have a non-negligible impact on the determination of the
muon reconstruction and identi€cation, were identi€ed and €xed also in the standard CMS muon reconstruc-
tion algorithm. The procedure to extract corrections on muon reconstruction and identi€cation ef€ciencies,
based on the tag-and-probe procedure usingZ ! �� events, was thoroughly validated to identify sources
of bias of physical nature, particularly those related to the production mechanism of theZ boson and its
differences with respect to theW boson, and to the recomputation of the quantities used to de€ne the
quality criteria required in this analysis with respect to what is done in CMS by default. This is the aspect of
the analysis in which I was mainly involved and is extensively documented in this thesis. The uncertainties
on the muon reconstruction and identi€cation ef€ciencies result in a contribution of 3.0 MeV to the total
mW uncertainty. This work was carried out with the €nancial support of the European Research Council,
under the Horizon 2020 research and innovation programme of the European Union (Grant agreement N.
101001205) [4].

Besides providing a fundamental input to the last measurement of the mass of theW boson, during
my Ph.D. I contributed to the CMS Tracking Physics Object Group (POG), by performing detailed studies of
tracking performances using Run 3 data collected by CMS: this work is essential for understanding the level
of agreement between data and simulation, supporting the tuning of the different algorithms that enter in
the reconstruction of the tracks, debugging of tracker conditions (alignment, bad components, etc.), and
commissioning of the track reconstruction software as it evolves, and to establish the quality of CMS data-
taking and the prompt identi€cation of problems in the detector or the reconstruction.

This thesis is structured as follows: chapter 2 provides a general overview of the Standard Model of
Particle Physics, summarizes the electroweak precision tests, and describes how the measurement ofmW

can be considered a stringent test of the Standard Model. Chapter 3 describes the Large Hadron Collider
and the experimental apparatus of CMS. Chapter 4 describes howtracking, i.e. the reconstruction of the
trajectories (tracks) of charges particles produced in proton-proton collisions, is performed in CMS, with
some details about the differences for data collected in Run 2, relevant for the measurement ofmW , and
data collected in Run 3, exploring some of the latest upgrades to the tracking software. This chapter also
contains the results of my work performed in collaboration with the Tracking POG, described in particular in
section 4.2. Chapter 5 describes the reconstruction and identi€cation of muons and their kinematic proper-
ties in CMS, with particular focus on the identi€cation criteria to select high purity muons employed by CMS
analyses in general, and for themW measurement in particular. The work I performed to validate the tag-
and-probe procedure used to extract ef€ciency corrections is described in section 5.2. Chapter 6 provides
an historical overview of the discovery of theW boson and the €rst measurements of its mass, providing a
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detailed description of the most precise measurements at lepton and hadron colliders, with a brief outlook
on the current projections on the results achievable at FCC. Chapter 7 describes in detail themW measure-
ment by CMS. Section 7.4 complements the report on my contributions to themW measurement started in
section 5.2, summarizing the ef€ciency corrections and their validation usingZ ! �� events. Chapter 8
explores possible directions and improvements for future measurements ofmW .
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Chapter 2

TheW boson in the Standard Model

This chapter describes the Standard Model of Particle Physics, our current best theory of the interaction
between the fundamental constituents of matter. The electroweak precision observables and their importance
in testing the Standard Model are discussed, together with a summary of the experimental tests and their
agreement with the predictions from the Standard Model. Particular care is dedicated to the Standard Model
prediction of the mass of theW boson and the comparison with the direct measurements, in the context of
possible extensions of the Standard Model.

2.1 The Standard Model

The Standard Model of Particle Physics is a quantum €eld theory that describes the interactions be-
tween the fundamental constituents of matter, which can be divided into two main groups: fermions, with
half-integer spin, and bosons, with integer spin. The Standard Model can describe three different forces:
the strong force, which binds particles together inside nucleons (protons and neutrons) and is responsible
for the formation of atomic nuclei, the electromagnetic force, which governs interactions between charged
particles and is responsible for the formation of atoms and molecules, and the weak force, responsible for
the decay of many known particles, both fundamental and composite, as well as the interaction of neutrinos.

Table 2.1 provides a summary of key properties of fermions. The elementary fermions that interact via
the strong force are known asquarks. These are grouped into three doublets (or generations), with each
doublet consisting of an up-type and a down-type quark. Up-type quarks carry a charge of+ 2

3e, while down-
type quarks have a charge of� 1

3e, wheree is the magnitude of the charge of the electron. The doublets
differ in the masses of their up- and down-type quarks, as shown in the table. Theanti-quarks, which are
the antiparticles of quarks, follow the same structure but have inverted quantum numbers. According to
the CPT theorem [5], anti-quarks have the same masses as their corresponding quarks.

Fermions that do not interact via the strong force are calledleptons. Like quarks, leptons are organized
into three doublets. Each doublet contains an up-type neutral fermion, called aneutrino(denoted by� ), and
a down-type charged fermion with a charge of� e. While neutrinos were initially thought to be massless,
evidence from neutrino oscillation experiments [6] suggests that at least some neutrinos have mass, with
the most stringent limit from direct measurements of< 0:45 eV [7] on the mass of the electron neutrino.
The antimatter counterparts of leptons follow the same structure but with inverted quantum numbers. Ac-
cording to the CPT theorem, they have the same mass and lifetime as the corresponding particles. The table
displays the mass and some quantum numbers of the particles, including charge, isospin (I ), spin-parity
(JP), z� component of the isospin (I z), strangeness for quarks, charge and lifetime for leptons.

The Standard Model (SM) is a non-abelian gauge theory. This means that the SM Lagrangian is invariant
under local transformations, i.e. those that depend on space-time coordinates, as dictated by its gauge
symmetry group, and the generators of this group are not commutative. Each gauge symmetry requires

9



10 CHAPTER 2. THEW BOSON IN THE STANDARD MODEL

Quarks
Name Mass Charge I(JP) Iz Strangeness

u 2:16� 0:07MeV +2
3e 1

2( 1
2

+ ) +1
2 0

d 4:70� 0:07MeV -13e 1
2( 1

2
+ ) -1

2 0
s 93:5 � 0:8 MeV -13e 0(1

2
+ ) 0 -1

c 1:2730� 0:0046GeV +23e 0(1
2

+ ) 0 0
b 4:183� 0:007GeV -13e 0(1

2
+ ) 0 0

t 172:57� 0:29GeV +23e 0(1
2

+ ) 0 0
Leptons

Name Mass Charge �
e 0:51099895000� 0:00000000015MeV -e > 6:6 � 1028 y
� 105:6583755� 0:0000023MeV -e (2:1969811� 0:0000022)� 10� 6 s
� (1776:93� 0:09) MeV -e (290:3 � 0:5) � 10� 15 s

Table 2.1: Table summarizing some of the properties of the Standard Model fermions. The masses foru,
d, s are the so-called "current quark masses". Thet-quark mass is extracted from direct measurements,
following the approach in [8]. From [9].

the introduction of a speci€c number of gauge €elds, corresponding to the number of generators in the
symmetry group. These gauge €elds are physically interpreted as force carriers, mediating interactions
between matter €elds, and are known asgauge bosons. The Standard Model symmetry group is:

SU(3)C

O
SU(2)L

O
U(1)Y (2.1)

The strong force is described by theSU(3)C symmetry group, the electromagnetic force by theU(1)em

group (different from theU(1)Y group in equation 2.1, but with the same algebraic properties), and the
weak force by theSU(2)L group. The symmetry induced by theSU(2)L group is actually broken: the
electromagnetic and weak are uni€ed in one theory, called electroweak theory, withSU(2)L

N
U(1)Y as

its symmetry group.
In the Standard Model the interactions are described in terms of quantum €eld theory, which uses the

Lagrangian of a system to derive the equations of motion of the €elds.

Gauge Bosons
Name Mass Charge Lifetime/�


 (photon) < 1 � 10� 18 eV 0 Stable I(JPC )=0,1(1� � )
g (gluon) < O (1) MeV[*] 0 Stable I(JP) = 0(1� )

W 80:3692� 0:0133GeV � e 2:085� 0:042GeV J=1
Z 91:1880� 0:0020GeV 0 2:4955� 0:0023GeV J=1

Higgs Boson
Name Mass Charge Lifetime/�
H 0 125:20� 0:11GeV 0 3:7+1 :9

� 1:4 MeV[**] J=0

Table 2.2: Table summarizing some of the properties of the bosons. The upper limit quoted in [*] is the one
derived from high-energy experiments as described in [10]. The value in [**] assumes equal on-shell and
off-shell effective couplings. From [9].
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In the context of the path integral formalism, the scattering amplitude from initial statej� I i at time
t = 0 to €nal statej� F i at timet = T is obtained as:

h� F jeiHT j� I i =
Z

D� exp
�

i
S
~

�
(2.2)

whereH is the Hamiltonian of the system,D� is the integration measure for all possible "paths" the system
can take at each in€nitesimal step andS is the action of the system:

S[� ] =
Z

d4xL (�; �� ) (2.3)

which is the integral of the Lagrangian densityL over the space-time volume for a generic quantum €eld�
and its derivatives�� . The Lagrangian density can be divided as:

L = L 0 + L int ; (2.4)

whereL 0 is the Lagrangian density for a free quantum €eld, andL int is the part of the Lagrangian density
that describes the interactions between particles.

Using the formulas in 2.2 and 2.3 is analytically unfeasible for the Standard Model. What is usually done
is to expand the calculation of the scattering amplitude as a perturbative series in the interaction part:

h� F jeiHT j� I i =
Z

D� exp
�

i
Z

d4x(L 0 + L int )
�

=
Z

D� exp
�

i
Z

d4xL 0

�
exp

�
i
Z

d4xL int

�

=
Z

D� exp
�

i
Z

d4xL 0

� �
1 + gM (1)

F I + g2M (2)
F I + :::

�

(2.5)

where the amplitude is broken down into terms proportional to the €rst power of the coupling constantg, the
second power ofg, etc. Ifg � 1, the lowest order terms are the most important, and the higher orders enter
in the calculation when an increase in precision is desired, while ifg � 1all the terms of the series have the
same weight, and the perturbative approach no longer holds. While performing higher-order calculations,
unphysical in€nities appear due to the presence of "loops". These in€nities are dealt with using the so-called
renormalization techniques. The Standard Model has been shown to be a mathematically renormalizable
theory [11, 12]. When only the lowest order in the theoretical calculation is used, the computation is said to be
atleading order, also referred to as tree-level calculation. As contributions with higher orders of precision are
included, it is said that the calculation is atnext-to-leading-order(NLO),next-to-next-to-leading-order(NNLO),
and so on. As explained in the following, the Standard Model describes multiple interactions, characterized
by different coupling constants: when performing theoretical calculations at a given order one must keep
all contributions from the different interactions with similar weight.

De€ning� (x � ) the €eld of a fermion, the Lagrangian of the free fermion is:

L = i � (x � )
 � @� � (x � ) � m� (x � )� (x � ) (2.6)

where
 � are the Dirac matrices:


 0 =
�
I 0
0 � I

�
; 
 i =

�
0 � i

� � i 0

�
; (2.7)

whereI is the2 � 2 identity matrix,0 is the2 � 2 null matrix, and� i are the Pauli matrices:

� 1 =
�
0 1
1 0

�
; � 2 =

�
0 � i
i 0

�
; � 3 =

�
1 0
0 � 1

�
: (2.8)
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The auxiliary
 5 matrix is added as it separates nominal left and right chiral representations in electroweak
theory:


 5 = i
 0
 1
 2
 3 =

2

6
6
4

0 0 1 0
0 0 0 1
1 0 0 0
0 1 0 0

3

7
7
5 : (2.9)

Gauge symmetries are introduced by modifying the €eld of the fermion:

� 0(x � ) = ei� a T a
� (x � )

� 0(x � ) = � (x � )e� i� a T a (2.10)

with � a the parameter of the transformation andTa the generators of the transformation. To conserve
gauge symmetry, the Lagrangian must remain invariant under transformations of the symmetry group. What
has been described so far implements global gauge symmetries. However, the Standard Model exhibits
invariance underlocalgauge symmetries, where the transformation parameters� a are arbitrary functions
of the space-time coordinatex � . To maintain the invariance of the Lagrangian under these local gauge
symmetries, it becomes necessary to modify the partial derivatives with respect tox � in the following way:

@� ! D � = @� + igT aW �
a (x � ) (2.11)

whereg is the coupling constant for the particular gauge symmetry that is applied to the Lagrangian,Ta are
the generators of the transformation,W �

a (x � ) are the €elds corresponding to gauge bosons, introduced to
maintain the gauge symmetry. The €elds corresponding to the gauge bosons must transform according to
the gauge symmetry, and the Einstein notation is used to sum overTaW �

a (x � ). The sum runs over the total
number of gauge €elds related to the symmetry group.

Electromagnetism, as already mentioned, is described by theU(1)em symmetry group. This acts on
the €elds in the following way:

� 0(x � ) = eiq� (x � ) � (x � ) (2.12)

whereq is the electric charge. One new gauge €eld,A � (x � ), is introduced, and it transforms as:

A0� = A � + @� � (x � ) (2.13)

The kinetic energy of this new Gauge boson is:

L kin = �
1
4

F �� F�� , withF �� = @� A � � @� A � (2.14)

to be added to the Lagrangian of the fermion.
In weak theory, fermions are paired in doublets:

�
� e

e�

�

L
;
�

� �

� �

�

L
;
�

� �

� �

�

L
;
�

u
d0

�

L
;
�

c
s0

�

L
;
�

t
b0

�

L
(2.15)

whered0, s0 andb0 are linear combinations ofd, s andb. The coef€cients of this linear combination are
the elements of the Cabibbo-Kobayashi-Maskawa matrixVCKM [13, 14, 15], commonly expressed using the
Chau-Keung parameterization [16]:
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VCKM =

2

4
1 0 0
0 c23 s23

0 � s23 c23

3

5

2

4
c13 0 s13e� i�

0 1 0
� s13ei� 0 c13

3

5

2

4
c12 s12 0

� s12 c12 0
0 0 1

3

5

=

2

4
c12c13 s12c13 s13e� i�

� s12c23 � c12s23s13ei� c12c23 � s12s23s13ei� s23c13

s12s23 � c12c23s13ei� � c12s23 � s12c23s13ei� c23c13

3

5

(2.16)

wheresij = sin � ij , cij = cos � ij , and� is the phase responsible for all the phenomena in •avor-changing
processes in the SM that are not invariant under combined charge-conjugation and parity transformations
(CP violation). The angles� ij can be chosen to lie in the €rst quadrant, sosij , cij � 0.

The absolute values of theVCKM elements, obtained from €ts to data from several experiments [9]
are:

jVCKM j =

2

4
0:97435� 0:00016 0:22501� 0:00068 0:003732+0 :000090

� 0:000085
0:22487� 0:00068 0:97349� 0:00016 0:04183+0 :00079

� 0:00069
0:00858+0 :00019

� 0:00017 0:04111+0 :00077
� 0:00068 0:999118+0 :000029

� 0:000034

3

5 (2.17)

from which the values in eq. 2.16 are determined to be:

sin � 12 = 0 :22501� 0:00068 sin� 13 = 0 :003732+0 :000090
� 0:000085

sin � 23 = 0 :04183+0 :00079
� 0:00069 � = 1 :147� 0:026:

Particles within each doublet share the same weak isospinIW , which is the quantity conserved by the
SU(2)L symmetry. This conservation allows particles to change type only within their respective dou-
blets. Particles within the same doublet only differ, as far as weak interactions are concerned, by the
z� component of the weak isospin: particles in the €rst row haveIW

z = 1
2 , while those in the second

row haveIW
z = � 1

2 . Importantly, this arrangement applies exclusively to particles withleft chirality, or
left-handed particles, hence theL subscript in theSU(2)L symmetry group. In contrast, particles withright
chirality, orright-handed particles, are represented as singlets:

� R
e ; e�

R ; � R
� ; � �

R ; � R
� ; � �

R ; uR ; d0
R ; cR ; s0

R ; tR ; b0
R : (2.18)

Under the transformations generated by theSU(2)L group, the €elds transform in the following way:

 0(x � ) =
�

u0
q(x � )

d0
q(x � )

�
= ei

P 3
i =1 � i (x � )T i (x � )  (x � ) (2.19)

whereTa(x � ) are the three generators of theSU(2)L group. This results in the introduction of three new
gauge €eldsW �

a (x � ), with kinematic energy term:

L kin = �
1
4

F a;�� F a
�� ; F a;�� = @� W a;� � @� W a;� � g�abcW b� W c� (2.20)

where� abc is the Levi-Civita tensor and the Einstein notation is used. The kinematic term forSU(2)L

is similar to that ofU(1), but with an additional term arising from the different commutation relations
between these groups. WhileU(1)em (and alsoU(1)Y ) is an Abelian group (its gauge symmetry generators
commute),SU(2)L is non-Abelian. This non-Abelian nature results in self-interactions among theSU(2)L

vector bosons. The €eld and generators are described using the basisT+ , T � , andT3, whereT � =
T 1 � iT 2

2 . This basis gives rise to two charged particles,W � = W 1 � iW 2
p

2
. The choice of this basis is

signi€cant because theT � operators facilitate movement up and down within theSU(2)L doublets, while
T3 leaves the particle unchanged.
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As mentioned above, electromagnetism and weak theory are uni€ed in electroweak theory [17, 18, 19],
described by the symmetry groupSU(2)L � U(1)Y . TheU(1)Y symmetry has the same structure as
U(1)em, but the associated conserved charge is thehyperchargeY . This is the same for particles in the
same doublet, while they still have different electric charge. In this case the Gauge €eldsB � , associated
to U(1)Y , andW 3, associated toSU(2)L , are mixed:

�
Z �

A �

�
=

�
cos� W � sin � W

sin � W cos� W

� �
W �

3
B �

�
(2.21)

This uni€cation preserves the charged currents (interactions involving charged vector bosons) while the
neutral current also involves particles with right chirality and anti-particles with left chirality. Consequently,
the couplings involve both chiralities, expressed in terms ofcL andcR at the coupling vertices. This interac-
tion can also be described using vectorial and axial components. Left-handed particles exhibit pureV � A
interactions, while right-handed particles have pureV + A interactions. As a result, the interaction vertices
are decomposed into these components, characterized by an axial componentaf and a vectorial compo-
nentvf for each fermion type. Figure 2.1 shows the couplings of fermions to vector bosons described by
SU(2)L � U(1)Y . The vertices also show the coupling constants and the vertex structure in each case.
The relation between the electric chargeQ, hyperchargeY and third component of the weak isospinT3 is
Q = T3 + Y=2, which together with equation 2.21 gives the decomposition of the coupling intovf andaf ,
as summarized in table 2.3. For leptons, a consequence of the above discussion is that the interactions
described bySU(2)L � U(1)Y involving neutral bosons do not change the •avour of the fermions involved
(this is actually true also for quarks), while those involving charged bosons change fermion •avour only
within the same doublet for leptons. This is calledlepton •avour conservation. Furthermore, all of the lep-
ton doublets couple in the same way as ofSU(2)L � U(1)Y , and the interactions are identical for all the
doublets. This is calledlepton •avour universality.

Figure 2.1: Couplings of fermions to electroweak vector bosons.

u; c; t d; s; b �e; � � ; � � e� ; � � ; � �

vf
1
2 � 4

3 sin2 � W � 1
2 + 2

3 sin2 � W
1
2 � 1

2 + 2 sin2 � W

af
1
2 -1

2
1
2 � 1

2

Table 2.3: Table summarizingvf andaf for each of the couplings between fermions andZ .

Quantum Chromodynamics (QCD) describes the strong force, employing theSU(3)C symmetry group.
This group features eight generators, each corresponding to a gluon €eldGa. QCD introduces the concept
of colour charge, of which there are three types. Quarks transform as triplets underSU(3)C , therefore
can exist in three different colour states. Antiquarks carry complementary anticolour charges. In contrast,
leptons areSU(3)C singlets, meaning they do not participate in strong interactions and are colourless.
Gluons, the force carriers of QCD, uniquely possess both a colour and an anticolour charge. This prop-
erty enables gluons to interact not only with quarks but also with each other, resulting in self-interactions
between gluons. The QCD Lagrangian, for a single quark, is:

L = i  i (x
�
i ) [
 � (D � ) ij � m]  j (x �

j ) �
1
4

Ga
�� G��

a (2.22)
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where(D � ) ij = @� � ij � igS(Ta) ij Ga
� , withgS the strong coupling constant,Ga

� the gluon €elds, andTa are
theSU(3)C generators in the fundamental representation. An explicit representation of these generators is
given byTa = � a=2, where the� a are the Gell-Mann matrices [20], and the sum overa runs onNC � 1 = 8
gluon €elds (Einstein notation is used, the sums overi andj run on the three colours of the quarks). The
gluon €eld strength tensorGa

�� is given by:

Ga
�� = @� Ga

� � @� Ga
� + gSf abcGb

� Gc
� (2.23)

wheref abc are the structure constants ofSU(3)C [20]. FromgS � S � g2
S

4� can be de€ned. Quantum
chromodynamics exhibits two crucial properties that affect its phenomenology:

ˆ Colour con€nement. As two colour charges are pulled apart, the force between them remains con-
stant, unlike the other forces, which instead diminish with distance. This unique property leads to
an increase in energy as the separation grows. Eventually, this energy becomes suf€cient to spon-
taneously create a new quark{antiquark pair. This process results in the formation of two separate
hadrons, i.e. combinations of quarks and gluons that are colour singlets underSU(3)C , from the
original one, instead of having the initial colour charges separately.

ˆ Asymptotic freedom. The strength of the interactions between quarks and gluons, which can be de-
scribed by� S, decreases as the energy scale of the interaction increases. This allows the quarks
to interact directly at high energy. This is opposite to what happens for electromagnetism, where
� = e2

4� increases as the interaction energy increases.

Figure 2.2: Strong coupling constant ad a function of the energy scaleQ (from [21]).

As a consequence of these two properties, QCD can be treated as a perturbative theory only at very
high energies, while non-perturbative QCD (such as lattice QCD [22]) is required to give accurate predic-
tions at low energies. In particular, €gure 2.2 shows the strong coupling constant as a function of the
energy scaleQ. In particular, it can be seen that� s increases steadily moving towards lower energies,
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and it formally diverges at� QCD � 100� 300MeV. Colour con€nement implies that quarks and gluons
cannot be observed as freely propagating particles. When these are produced in particle collisions, such
as proton-proton collisions, thehadronizationprocess occurs, i.e. the production of hadrons as a result of
the colour con€nement, resulting in a shower of colour singlets. These showers, calledjets, are those that
are reconstructed in high-energy physics experiments.

The electroweak sector requires 3 massive vector bosons, two charged and one neutral (W � andZ ),
and one massless neutral boson (
 ) to implement the observed currents. Moreover, also the observed
quarks and charged leptons are massive. The presence of the mass terms in the Lagrangian breaks the
SU(3)C

N
SU(2)L

N
U(1)Y symmetry. This is restored by adding two terms,L H andL Yukawa , to the

Standard Model Lagrangian, which require the introduction of the complex scalar €eld corresponding to the
Higgs €eld.L H describes the interaction of the Higgs boson €eld with the gauge €elds and with itself:

L H = ( D � � )y(D � � ) � V (� ); where V (� ) = � 2� y� + �
�

� y�
� 2

(2.24)

where� = 1p
2

�
� +

� 0

�
is the Higgs €eld, complex doublet underSU(2)L , resulting in four degrees of

freedom. The Higgs potential has a degenerate minimum (assuming� 2 < 0 and� > 0) for:

� y� = �
� 2

2�
�

v2

2
(2.25)

and� assumes a non-zero vacuum expectation value (VEV):

h0j� j0i =
1

p
2

�
0
v

�
(2.26)

This induces the spontaneous breaking of theSU(2)L � U(1)Y symmetry (Electroweak Symmetry Break-
ing, EWSB), but still keeping theU(1)em symmetry (conservation of electric charge). Three of the four
degrees of freedom of the Higgs €eld give rise to three Goldstone bosons, corresponding to excitations
in directions which do not change the Higgs potential. These three Goldstone bosons can be reabsorbed
through an appropriate gauge transformation, known asunitary gaugetransformation, so that the degrees
of freedom corresponding to the Goldstone bosons are replaced by those related to the longitudinal po-
larization of three of the generators ofSU(2)L � U(1)Y , and the corresponding particles are now the
massive bosons of the Standard Model. The remaining degree of freedom results is the physical Higgs bo-
son, a scalar, uncharged, colourless boson. The Higgs potential is approximately quadratic for excitations
corresponding to this degree of freedom.

The masses of the electroweak bosons and the Higgs boson are related to the VEV, charge of the elec-
tron, andsin2 2� W (at lowest order in perturbation theory) through the relation:

mZ =
ev

2 sin� W cos� W
; m�

W =
ev

2 sin� W
= mZ cos� W ;

m
 = 0 ; mH =
p

2�v = 2 j� j

The Yukawa termL Yukawa describes the interaction between fermions and the Higgs €eld:

L Yukawa = � yd
ij QL i

�d R j � iy u
ij QL i

� 2� � uR j � ye
ij L L i �e R j + h:c: (2.27)

whereQL i =
�

ui
L

di
L

�
, L L i =

�
� i

ei

�
, yf

ij is the Yukawa coupling matrix forf = up, down, or charged lepton

fermions, and the indicesi , j run on the 3 generations. After the electroweak symmetry breaking, theyf
ij

matrix can be diagonalized using the fermion mass eigenstates basis, and all the fermions acquire a mass
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mf
i = 1p

2
yf

i v (yf
i being the eigenvalues ofyf

ij ). To reproduce the phenomenology of the Standard Model,

after EWSBQL i =
�

ui
L

di
L

�
should be replaced withQ0

L i
=

�
ui

L
d

0i
L

�
anddR withd0

R , wheredL;R are the same

linear combinations as in equation 2.15.
The electroweak Lagrangian is fully reproduced after EWSB, and an additional term describing the in-

teraction between fermions, bosons and Higgs boson is added to the total Lagrangian:

L add = �
X

f

 f
mf H

v
 f +

1
2

e2

cos2 � W
vW �

� W + � H +
1
4

e2

cos2 � W
W �

� W + � HH; (2.28)

whereH is the €eld corresponding to the Higgs boson1. Table 2.2 summarizes some of the properties of
bosons [9].

2.2 Electroweak precision tests

In the context of the Standard Model it is possible to calculate with very high precision several different
quantities, which are compared to the most precise experimental measurements. Differences between the
predicted and measured values of these observables could be hints of Physics Beyond the Standard Model.
As of this thesis, no evidence of Physics Beyond the Standard Model has been found from these tests.
However, the Standard Model appears to be incomplete, as there are phenomena that it cannot currently
explain, some of which will be described in the following.

It has been already mentioned that in the Standard Model the neutrinos are predicted to be massless,
but the phenomenon of neutrino oscillations has been €rst observed by the Super-Kamiokande experiment
[6], and this requires that at least some of the neutrinos have mass. The KATRIN experiment has put an
upper limit on the mass of the electron neutrino of< 0:45eV [7], and measurements on neutrino oscillations
provide values on the difference of the squared masses� M 2 between neutrino generations ofO(7� 10� 5)
eV2 between electron neutrino� e and� � neutrino andj� M 2

32j = O(10� 3) eV2 (only the absolute value is
known in the case) [9]. If neutrinos acquire mass through the Higgs mechanism, they would have to couple
very weakly with the Higgs boson, see equation 2.28, where it can be seen that the coupling is proportional
to the mass (for fermions). This means that the Yukawa coupling the Higgs €eld should be very small.
Another possibility is that neutrinos are actually Majorana particles, meaning that� and� are the same
particle. In this case, the masses are generated directly by the Majorana operator, without involving the
EWSB, and this would also break the conservation of lepton •avour.

The Standard Model is not currently able to explain the existence ofdark matter[23] anddark energy
[24] and the way in which they interact. These two ingredients are crucial to explain several cosmological
observations regarding the matter content of galaxies and the evolution of the universe. Ordinary matter, i.e.
the one that has been observed by experiments and that the Standard Model is able to describe, is estimated
to account for approximately 5% of the total matter content of the universe,dark matteris estimated to
account for approximately 27% of the total matter content, with the remainder beingdark energy. This means
that the Standard Model is able to explain the existence and interactions of a relatively small fraction of the
universe.

All of the cosmological observations show that the known universe is prevalently composed of matter,
with only a small component of antimatter. One could expect that equal amounts of matter and antimat-
ter were produced after the Big Bang, which should re•ect in the same amount of matter and antimatter
observed today. It was discussed in the previous chapter that the Standard Model, particularly the elec-
troweak sector, is not symmetric with respect to combined charge-conjugation and parity transformations,

1After EWSB, the Higgs €eld becomes� (x � ) =
�

0
v + H (x � )

�
.
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which could in principle lead to an asymmetry between matter and antimatter. However, the CP violation in
the Standard Model does not appear to be suf€cient to explain the actual amount of matter compared to
antimatter [25], so that the Standard Model appears to be incomplete also in this respect.

Another open problem is the so callednaturalnessor hierarchy problem[26]. Using the relationships
between the fundamental parameters predicted by the Standard Model, the vacuum expectation valuev
can be determined using the measured value of the Fermi constantGF to bev � 246GeV, also referred to
as electroweak scale. The Standard Model appears to be complete (apart from the open problems already
mentioned) at least for energy scales up to theM Planck scale (M Planck �

p
~c=G � 1019 GeV, where

G is the gravitational constant), the energy scale at which the effects of quantum gravity can no longer be
ignored in other fundamental interactions [27]. However, taking into account radiative corrections, the mass
of the Higgs bosonmH can be expressed as:

m2
H = ( m0

H )2 + ( �m H )2; (�m H )2 �

 
X

i

mi + �

!

� 2; (2.29)

wherem0
H =

p
2�v is the Higgs mass at lowest order in perturbation theory, while�m H are the corrections

from higher-order interactions,i runs over the particles coupling to the Higgs and� is an arbitrary scale.
If � = O(M Planck ) it can be seen that(�M H )2 � (M H )2: a very €nely tuned cancellation must occur
betweenm0

H and�m H to keep the variations in the value ofmH below, for example, 1 TeV. Another solution
could be the presence of new particles that appear at intermediate energies that modify the relationship in
equation 2.29, potentially protecting the predicted value ofmH from radiative corrections.

All of these phenomena could lead to the existence of new particles that couple to the ones in the
Standard Model. However, as already mentioned, all the comparisons between the theoretical predictions
and the experimental measurements are in agreement. This could mean that the coupling between these
new particles and the Standard Model could be very small, or that the masses of these new particles can
be higher than those that can be produced, for example, at the LHC. Indirect evidence of these particles
could still be provided if they entered in the radiative corrections of quantities that can be predicted and
measured very precisely. An example of these tests are the electroweak precision tests.

The theoretical predictions for the electroweak precision observables (EWPO) are simultaneously €tted
to several experimental measurements, in so-calledglobal electroweak €ts[9, 28, 29]. This can be performed
for the following reasons:

ˆ Test the internal consistency of the Standard Model. The experimental information for all the EWPO
is included and the Standard Model parameters are €t simultaneously.

ˆ Test BSM models. The Lagrangian of the Standard Model is extended to include terms that parame-
terize the BSM contributions, typically through the addition of effective €eld theory (EFT) operators,
which modify the EWPO dependence from the parameters, and thus test the model with the measure-
ments of all the EWPO. A similar approach was used before the discoveries of the top quark and the
Higgs boson to predict their masses, assuming the Standard Model relations.

ˆ Provide anindirect determinationof a given EWPO. This is similar to the €rst approach, except that
the experimental measurement of the EWPO under study is removed, so that apredictionthat is
completely independent can be derived in the context of the Standard Model.

The Standard Model has 19 free parameters: 9 are the Yukawa couplings of the charged fermions, 4
are the parameters of the CKM matrix, 1 is the QCD vacuum angle to account for a possible CP-violation
in QCD [30], the remaining 5 describe the electroweak sector. At lowest order in perturbation theory, all
of the EWPO can be predicted in terms of three quantities, chosen to be those measured with the highest
precision:� , the €ne structure constant, known to a relative precision of1:6 � 10� 10 [31],GF , the Fermi
constant, known to a relative precision of5 � 10� 7 [32], and the mass of theZ boson,mZ , measured with
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a precision of 2 MeV (2� 10� 5 relative precision) in the scan of theZ resonance ine+ e� collisions at LEP
[33].

To compute higher-order corrections, additional inputs are required: the strong coupling constant� S,
the running of the €ne-structure constant at theZ boson mass� � , the mass of the Higgs boson, and the
masses of the fermions. In practice, only the top quark massmt plays a signi€cant role, as it is signi€cantly
larger (at least two orders of magnitude) than the masses of other fermions, and the corrections increase
with mass.

The latest global electroweak €t results obtained by theGfitter group are contained in [34] and shown
in €gure 2.3. The €t incorporates a set of measured observables, including the Higgs boson mass, the top
quark mass, the masses and widths ofW andZ bosons, the weak mixing anglesin � W , the strong coupling
constant� S at theZ pole, and measurements of various asymmetries. Several theoretical observables have
been computed at next-to-next-to-leading order (NNLO), and they include the full two-loop EW contributions
forZ boson production [35, 36], so the theoretical uncertainties are now smaller than the experimental ones
in all observables entering the EW €t. The experimental inputs in the €t include the updated version of the
mass of theW bosonmW performed by ATLAS [37], by the LHCb collaboration [38], the measurement of
the Z pole observables by LEP [33] corrected for beam-beam effects on the luminosity measurement [39],
a combination of the most precise kinematic top quark mass from ATLAS and CMS [40, 41], a combination
of several measurements ofsin2 � l

ef f performed at LEP [33] and at hadron colliders [42, 43, 44, 45]. In
addition to the electroweak precision data from LEP and SLD [33], other experimental inputs to the €t are
the hadronic contribution to the electromagnetic coupling strength [46],mH [47] and the masses of theb
andc quarks [48].

Figure 2.3 shows the pulls, de€ned as the difference between the quantity measured experimentally and
the €tted value from the global €t divided by the experimental uncertainty. The €t converges on a minimum
� 2 value of 13.8 for 15 dof, corresponding to ap-value of 0.55. The largest contribution to the� 2 originates
from the forward-backward asymmetry fromb quarks,AF B , which shows a deviation of2:4� from the
value obtained in the global €t. The leptonic left-right asymmetryA ` from SLD has a deviation of� 2:1� ,
while that derived from LEP has a deviation of0:1� . This is a result of the well-known discrepancy between
the measurements of theLR asymmetry with polarized beams at SLAC and theb-quark forward-backward
asymmetry at LEP [33]. The best-€t value of the strong coupling strength at the mass of theZ boson,
aS(m2

Z ), is 0:1196� 0:0029, to be compared to the PDG value from 2022 of0:1179� 0:0009[48], not
included in the €t, resulting in a pull value of2:0� . The pull ofmW also decreased with respect to the
previousGfitter result, that is, from� 0:8� to � 0:5� . TheGfitter also provides an indirect determination
of mW , which is80:354� 0:007GeV.

Another set of results is the one obtained by the Particle Data Group in 2024 [9]. Although most results
are in agreement with the ones shown above, there are a few differences: the PDG €t includes inputs from
low-energy parity-violation data and the muon magnetic moment, the set of input data, the implementation
of radiative corrections, and the €tting tools used are different. The experimental inputs to the €t are: for
mt the combination of CDF and D0 measurements at Tevatron in [49], the Run 1 data from LHC mentioned
above and the Run 2 measurements [50, 51, 52, 53, 54, 55], formH [56, 57], for� H [58, 59], formW the
measurement already mentioned from ATLAS [37] and the combination of measurements in [2], for� W [60,
37, 61],B ! hadrons [60, 62], for the weak charges of the electron [63], the proton [64], cesium [65, 66] and
thallium [67, 68], for the weak mixing angle extracted from eDIS [69],� � (�� � ) � escattering [70, 71, 72], the
� lifetime, and the� anomalous magnetic moment [73], and the principalZ pole observables at LEP 1 [33].
These are shown in tables 2.4 and 2.5, together with the result from the global electroweak €t and, when
available, the indirect prediction removing the experimental information on the observables shown.

The agreement is generally very good. The global electroweak €t describes the data well, with a very
good� 2=dof of 49:5=47. The probability of a larger� 2 is 37%, and onlyg� � 2 is currently showing a

larger(3:2� ) con•ict. In addition,ALR
0 (SLD) from hadronic €nal states,A (0;b)

F B (LEP 1),� W (ATLAS) and

QW (Cs) deviate at the2� level.Ab extracted fromA (0;b)
F B Ab = 0 :885� 0:017, is2:9� below the global
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Figure 2.3: Pull values of the global electroweak €t described in [34], de€ned as deviations between mea-
surements and predictions evaluated at the best-€t point, divided by the experimental uncertainties.

electroweak €t and also1:4� belowAb = 0 :923 � 0:020 obtained fromAF B
LR (b) at SLD. The left-right

asymmetry,A0
LR = 0 :15138� 0:00216[76], from hadronic decays at SLD, differs by2:3� from the value

from the global €t of0:1463� 0:0003. The combined value ofA ` = 0 :1513� 0:0021from SLD (using
lepton-family universality and including correlations) is also2:4� above the value from the global, but there
is experimental agreement between this SLD value and the LEP 1 value,A ` = 0 :1481� 0:0027, obtained
from a €t toA (0;` )

F B , Ae(P � ), andA � (P� ).

2.3 The SM prediction formW

The mass of theW bosonmW depends on the other parameters of the Standard Model according to
equation 2.30:

m2
W

�
1 �

m2
W

m2
Z

�
=

�� (mZ )
p

2GF (1 � � r )
; (2.30)



2.3. THE SM PREDICTION FORmW 21

Quantity Value Electroweak Fit Pull Indirect Prediction
mt [GeV] 172:61� 0:58 172:85� 0:55 � 0:4 175:2 � 1:8
mH [GeV] 125:10� 0:09 125:10� 0:09 0:0 97+18

� 16
� H [MeV] 3:5 � 1:5 4:09� 0:05 � 0:4
mW [GeV] 80:376� 0:033[60] 80:356� 0:005 0:6 80:353� 0:006

80:355� 0:016[37] � 0:1
80:347� 0:033[38] � 0:3
80:372� 0:026[74] 0:6
[80:432� 0:016][3]

� W [GeV] 2:195� 0:083[60] 2:089� 0:001 1:3
2:198� 0:049[37] 2:2
2:059� 0:049[61] � 0:6

B(W ! hadrons) 0:6736� 0:0018 0:6751� 0:0001 � 0:8
g�e

V � 0:040� 0:015 � 0:0395� 0:0001 0:0
g�e

A � 0:507� 0:014 � 0:5063 0:0
QW (e) � 0:0403� 0:0053 � 0:0469� 0:0002 1:3
QW (p) 0:0719� 0:0045 0:0705� 0:0002 0:3

QW (Cs) � 72:41� 0:42 � 73:26� 0:01 2:0
QW (Th) � 116:4 � 3:6 � 116:93� 0:01 0:1
ŝ2

Z (eDIS) 0:2299� 0:0043 0:23129� 0:00004 � 0:3
� � [fs] 290:75� 0:36 288:59� 2:31 0:9

1
2

�
g� � 2 � �

�

�
(4510:86� 0:35) � 10� 9 (4509:73� 0:03) � 10� 9 3:2

Table 2.4: Non-Z pole observables, compared with the global electroweak €t value (and the pull) and, when
provided, the indirect prediction obtained removing the experimental information on the observable. The
values ofmW and� W from [37] reported here are obtained from the simultaneous €t to extract both the
mass and width of theW boson.B(W ! hadrons) is a combination of [60, 62]. The world average results
for g�e

V;A are dominated by the CHARM II results [70]. The� � value is the� lifetime world average computed
by combining the direct measurements with values derived from the leptonic branching ratios [75]. From
[9].

where

� r = �
3GF m2

t

8
p

2� 2

cos2 � W

sin2 � W
+

11GF m2
W

24
p

2� 2
log

m2
H

m2
W

+ � r rem: (2.31)

It can be seen that at lowest order in perturbation theory, i.e. with� r = 0 , mW is a function of onlyGF ,
� andmZ . � r encapsulates the contribution of radiative corrections: the €rst term, the dominant one, is
the contribution from the top quark massmt , the second one contains the dependence on the mass of the
Higgs bosonmH , the third one encapsulates the additional corrections (e.g. the running of� , terms of
orderO(�� S); O(�� 2

S), etc.).
In the previous section it was discussed how the EWPO are used to test the internal consistency of the

Standard Model, in particular the latest results from theGfitter group and Particle Data Group were dis-
cussed. When the experimental information onmW is not included in the electroweak €t,mW is predicted
to be:

mW = 80354 � 7 MeV [G€tter]

mW = 80353 � 6 MeV [PDG]
(2.32)

while the most recent combination of experimental measurements [2] is:

mW = 80369:2 � 13:3 MeV (2.33)

which differs from the electroweak €t predictions at about1� . It can be seen that the experimental uncer-
tainty onmW is about twice as large as the one from the indirect measurement. BSM physics can contribute
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Quantity Value Electroweak Fit Pull
mZ [GeV] 91:1876� 0:0021[33] 91:1884� 0:0019 � 0:4

91:192� 0:007[3] 0:6
� Z [GeV] 2:4955� 0:0023 2:4940� 0:0009 0:7
� had [nb] 41:481� 0:033 41:481� 0:009 0:0

Re 20:804� 0:050 20:736� 0:010 1:4
R� 20:784� 0:034 20:736� 0:010 1:4
R� 20:764� 0:045 20:781� 0:010 � 0:4
Rb 0:21629� 0:00066 0:21583� 0:00002 0:7
Rc 0:1721� 0:0030 0:17221� 0:00003 0:0

A (0;e)
F B 0:0145� 0:0025 0:01606� 0:00006 � 0:6

A (0;� )
F B 0:0169� 0:0013 0:6

A (0;� )
F B 0:0188� 0:0017 1:6

A (0;b)
F B 0:0996� 0:0016 0:1026� 0:0002 � 1:8

A (0;c)
F B 0:0707� 0:0035 0:0732� 0:0002 � 0:7

A (0;s)
F B 0:0976� 0:0114 0:1027� 0:0002 � 0:4
�s2

l 0:2324� 0:0012[33] 0:23161� 0:00004 0:7
0:23148� 0:00033[45] � 0:4

0:23145� 0:00028 � 0:6
Ae 0:15138� 0:00216[76] 0:1463� 0:0003 2:3

0:1544� 0:0060[77] 1:3
0:1498� 0:0049[33] 0:7

A � 0:142� 0:015 � 0:3
A � 0:136� 0:015[77] � 0:7

0:1439� 0:0043[33] � 0:6
0:144� 0:015[78] � 0:2

Ab 0:923� 0:020 0:9347 � 0:6
Ac 0:670� 0:027 0:6674� 0:0001 0:1
As 0:895� 0:091 0:9356 � 0:4

Table 2.5:Z pole observables, compared with the global electroweak €t value (and the pull). The third value
of �s2

l is a combination of [79, 42, 43, 80, 44]. From [9].

to mW through additional radiative corrections in equation 2.31, so reaching a level of precision similar, if
not better, to the theoretical predictions is crucial to test the Standard Model.

The combination ofmW measurements in [2] does not include the reanalysis of
p

s = 7 TeV data
published by ATLAS in 2024 [37] ofmW = 80366:5� 15:9MeV, in agreement with the most recent average
of measurements, and does not include the measurement by the CDF Collaboration [3]mW = 80433:5� 9:4
MeV. The CDF measurement was considered in combination with the other measurement and removed from
the combination due to poor agreement with the other experimental measurements: the combinedp� value
of allmW measurements is0:5%when the CDF measurement is included. Thisp� value increases to91%
when the CDF measurement is removed. A measurement ofmW from the CMS experiment might shed light
on this disagreement. If the result from CDF is con€rmed, this could be a hint towards the presence of BSM
physics.

The value ofmW is very important as it also affects the determination of other EWPO. For example,
the uncertainty on the indirect prediction ofmt is directly affected bymW , and, prior to its discovery,mW

was used to provide a con€dence interval of the mass of the Higgs bosonmH . In these cases, global
electroweak €ts can be used to provide simultaneous predictions on pairs of EWPOs that are compared
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with the direct measurements. This is shown in €gure 2.4, where the simultaneous prediction onmH and
mt is shown on the left, while the simultaneous prediction onmW andmt is shown on the right, together
with the experimental measurements. These are shown with several sources of uncertainty, indicated in the
€gures. It can be seen that the agreement between the experimental measurements and indirect predictions
is good, except for the CDF II measurement ofmW .

Figure 2.4: Left: €t result and one-standard-deviation uncertainties inmH as a function ofmt for vari-
ous inputs, and the 90% CL region allowed by all data. Right: One-standard-deviation regions inmW as a
function ofmt for the indirect data from the €t (green), the direct data formt andmW without the CDF II
measurement (blue and black contour, respectively, for two differently treatments of theW boson width),
and the combination thereof (red). For the combination, the 90% CL region is also shown as a red dashed
contour. The grey region uses only themW value from CDF II. From [9]

As mentioned above, global electroweak €ts can be exploited to constrain BSM models. One possible
strategy to model the presence of BSM physics is to include oblique parametersS, T, andU [81]. In this
parameterization, the contribution of new physics is considered only in the electroweak radiative correc-
tions, which are assumed to be •avour universal. Direct vertex or box corrections to the SM Lagrangian are
not included, and therefore the new physics is only weakly coupled with SM fermions. The symmetry group
is still SU(2)L � U(1)Y . It is assumed that the BSM physics described by this parameterization appears
only at energy scales signi€cantly higher than the electroweak scale. The new physics will be encoded in six
corrections to the
 , Z , W self-couplings. The parametersS, T, andU are de€ned by subtracting the SM
component from the radiative corrections of the electroweak boson, and the remaining three corrections
are reabsorbed in the renormalization of� , GF , andmZ . The SM prediction isS = T = U = 0 . The
effect of non-vanishing oblique parameters is the following:

ˆ T is proportional to the difference between theW andZ self-energies atQ2 = 0 (i.e., vector SU(2)-
breaking), mainly constrained by precision measurements of� Z

ˆ S (S + U) is associated with the difference between theZ (W ) self-energy atQ2 = M 2
Z;W and

Q2 = 0 (axialSU(2)-breaking).S is mainly constrained by precision measurements ofmZ .

ˆ U modi€es directly the radiative corrections onmW , and is therefore strongly related tomW and
� W .

mW can be rewritten as:

m2
W =

m2
W;SM

1 � GF m2
W;SM (S + U)=2

p
2�

(2.34)
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The results of the global electroweak €t performed by the Particle Data Group [9] are shown in €gure 2.5,
where it can be seen that the values are in agreement with the Standard Model prediction ofS = T = U =
0. The €gure also includes the oblique parameters obtained when the CDF II measurement is included, and
a deviation from the Standard Model prediction can be observed.

Figure 2.5:1� constraints onS andT (forU = 0) from various inputs combined withmZ . S andT represent
the contributions of new physics only. Data sets not involvingmW or � W are insensitive toU. The yellow
dot indicates the Standard Model valuesS = T = 0 . From [9].

An alternative approach to probe the existence of BSM Physics is to extend the Standard Model La-
grangian in the framework of Effective Field Theories (SMEFT). In SMEFT, the leading effects of the BSM
physics above the EW scale are parametrized with a set of dimension-6 (6D) operators:

L e� = L SM +
X

i

ci

� 2 Oi (2.35)

whereL SM de€nes the SM Lagrangian andci and� denote dimensionless Wilson coef€cients and the
cutoff scale of the BSM physics, respectively. This approach was employed in [82] to explain the discrepancy
between the CDF measurement and the Standard Model prediction onmW . In particular, they considered
only the key 6D operators that are closely related to theW boson physics. By €tting to the data, they
showed that an upward shift inmW is driven by the operatorOT = 1

2(H y !
D � H )2 with a coef€cient

cT (TeV=�) 2 & 0:01. This suggests that the new physics scale favored by the CDF data should be multiple
TeV for tree-level effects and sub TeV for loop-level effects.



Chapter 3

The CMS experiment at the LHC

The €rst part of this chapter contains a description of the Large Hadron Collider (LHC) at CERN. The sec-
ond part of this chapter is devoted to the Compact Muon Solenoid (CMS) experiment at CERN, with particular
attention to the functioning of its subdetectors.

3.1 The LHC

The Large Hadron Collider (LHC) [83] is a circular proton-proton collider located at the European Or-
ganization for Nuclear Research (CERN). It is hosted in the 26.7 km long LEP tunnel and it is designed to
accelerate and perform head-on proton-proton (pp), nuclei (heavy nuclei such as Lead and Xenon, but also
lighter ones such as Oxygen) and proton-nuclei collisions. The design center-of-mass energy in proton-
proton collisions is

p
s = 14 TeV and the design instantaneous luminosity is1034 cm-2 s-1. The LHC

construction ended in 2008 and the €rst physics run, Run 1, took place between 2010 and 2013, with a beam
energy of 3.5 TeV (4 TeV in 2012) in pp collisions. After the Long Shutdown 1, in which several upgrades
were implemented on the LHC and its experiments, the Run 2 started in 2015 and ended in 2018. The beam
energy in pp collisions was increased to 6.5 TeV. Further upgrades were implemented during the Long Shut-
down 2, and Run 3, the current physics period, started in 2021, and will end in 2026. In 2022 the proton beam
energy was increased to 6.8 TeV, with an unprecedented total center-of-mass energy of 13.6 TeV. After Run 3
the LHC will undergo a major upgrade, the High-Luminosity Large Hadron Collider (HL-LHC) [84], with the
aim of achieving instantaneous luminosities a factor of 5 to 7.5 larger than the LHC nominal value, and the
center-of-mass energy should be increased to 14 TeV.

The Large Hadron Collider is the latest addition to the CERN accelerator complex [85], €gure 3.1. First,
protons are injected in the Linear Accelerator 2 (Linac2), then they are passed to the Proton Synchrotron
Booster (PS booster), then to the PS ring, and €nally to the Super Proton Synchrotron (SPS), where they
reach a beam energy of 450 GeV, before the injection to the LHC, where they are accelerated to the €nal
energy and where the proton beams €nally collide. The LHC is composed of two rings, with four interaction
points (IPs), which host the four experiments of the LHC: ATLAS [86], CMS [87], ALICE [88] and LHCb [89].
The €rst two are general purpose experiments, covering the largest range of physics possible, and being
responsible for the discovery of the Higgs boson in 2012, LHCb studies the properties of charm and beauty
hadrons and ALICE analyses the data from relativistic heavy-ion collisions to study the hadronic matter in
extreme temperature and density conditions.

The particles are accelerated by 8 radiofrequency cavities per beam operating at a frequency of 400
MHz and providing an accelerating €eld of 5 MV/m. The bending of the beams is realized with 1232 su-
perconducting dipole magnets that provide a magnetic €eld of 8.33 T. A total of 392 quadrupole magnets
provide the focusing of the beams and additional steering. The two rings of the LHC are located inside the
superconductive magnets and the ultrahigh vacuum is achieved with a cryopump system.

25
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Figure 3.1: The CERN accelerator complex, the grey arrows follow the path for pp collisions (from [85]).

The LHC beams are bunched with a spacing of 25 ns, withO(1011) protons per bunch. The LHC was
designed to have 2808 circulating bunches, each with a roughly Gaussian-shaped distribution in the trans-
verse plane with� x = � y = 16� m at IPs and a longitudinal dimension of about 7.5 cm. These parameters
are fundamental as they determine the collision rateR for a speci€c process:

R = L � � (3.1)

where� is the cross section of the speci€c process andL is the luminosity. The luminosity (in the case of
head-on collisions) is related to the beam parameters through the following:

L =
fN 1N2k
4�� x � y

(3.2)

wheref = 40 MHz is the bunch-crossing rate,N1 andN2 are the number of protons per bunch for each
beam,� x and� y are the transverse dimensions of the bunches andk is the number of bunches. The inte-
grated luminosityL int =

R
Ldt = N=� , whereN is the number of events for a given process characterized

by the cross-section� , is usually quoted to show the amount of data available for the analyses. Figure 3.2
shows the peak and integrated luminosities for each year of data taking until 2024. In 2017 LHC was able to
deliver an instantaneous luminosity which doubled the design one, and delivered even higher luminosities
in the later years. The total integrated luminosity delivered to CMS (not all of this used for physics analyses)
is roughly 30 fb-1for Run 1, roughly 163 fb-1for Run 2 and roughly 196 fb-1for Run 3 as of 2024 (122 fb-1were
delivered in 2024 alone).

Protons are composite objects. When a proton-proton collision occurs, it is the quarks and gluons, also
referred to as partons, that collide. The proton-proton interaction is described in terms of the parton model:
at large transferred momentumq2 = ( p1 � p2)2, wherep1 andp2 are the four-momenta of the colliding
partons inside the protons, the process is calledhard scattering(for this regimejq2j & 10 GeV2). The
process can be interpreted as the collision of the two isolated partons, each of which carries a fraction
x i of the total proton momentum. The center-of-mass energy of this collision is

p
ŝ =

p
x1x2s. Each of

the partons is characterized by a parton density function, or PDF, which quanti€es the fraction of the total
proton momentum a parton carries. Figure 3.3 on the left shows the PDFs for each of the partons as a
function ofx and as a function ofQ2 = � q2. The total hard-scattering cross section for a proton-proton
collision can therefore be written as:
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Figure 3.2: LHC luminosity (upper plot) and integrated luminosity (lower plot) delivered to CMS experiment
between 2010 and 2024 in pp collisions (from [90])

� pp =
X

i;j

Z Z
f i (x1; Q2 = � 2

F )f j (x2; Q2 = � 2
F )�̂ i;j (x1p1; x2p2; � F ; � R )dx1dx2 (3.3)

where�̂ i;j is the cross section for the interactions of partonsi andj , f i andf j are the parton density
functions,� F and� R are the factorization and renormalization scales, which arise from €xed-order calcu-
lations, but the cross section must not depend on these parameters at all orders. The integral runs over all
the range ofx for both partons (between 0 and 1) and the sum runs over all the possible pairs of partons.
Figure 3.3 on the right shows theppcross-sections for some processes as a function of the center-of-mass
energy. The interaction of the proton remnant is calledunderlying event, which involves lowq2 interaction
between partons, initial and €nal state radiation. Due to colour con€nement, these objects must combine
to create colourless bound states, the so-calledhadrons. This is a complex process, since it requires non-
perturbative QCD, and is described in terms of dedicated simulations.

Given the high luminosity at the LHC, multiple proton-proton collisions occur when two bunches collide.
In addition to the hard scattering (and the underlying event), there is a (large) number of collisions with
lower transferred momentumq2, they are usually referred to as minimum bias events, and a lot of low-
momentum particles are produced. The additional collisions are referred to as pileup (PU) collisions, which
are often a source of background in the event and must be properly described and controlled, as they have
a large impact on some the reconstructed quantities in the event. Figure 3.4 shows, on the left, an example
of a high-pileup proton-proton collision at the LHC. In orange, the reconstructed vertices can be seen, and
in yellow some of the charged particles passing a dedicated selection are shown. Figure 3.4 on the right
shows the distribution of the number of interactions per bunch crossing for all the years of data taking up to
2024. The increase in instantaneous luminosity can be clearly seen, as the distributions are systematically
shifted to the right.
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Figure 3.3: Left: €gure showingx� PDF(x) for the various proton constituents (partons) (from [91]). Right:
Standard Model process cross sections at hadron colliders as a function of centre-of-mass energy (from
https://twiki.cern.ch/twiki/bin/view/LHCPhysics/HiggsEuropeanStrategy)

Figure 3.4: Left: a high-pileup event with 86 reconstructed vertices, here given by the orange circles (from
https://cds.cern.ch/record/2241144). Right: distribution of the average number of interactions per crossing
(pileup) for pp collisions in 2011 (red), 2012 (blue), 2015 (purple), 2016 (orange), 2017 (light blue), 2018
(navy blue), and 2022 (brown). The overall mean values and the minimum bias cross sections are also
shown (from [90]).

3.2 The CMS experiment

The CMS experiment [87] is one of the four experiments at the Large Hadron Collider. It is one of
two general-purpose detectors at the Large Hadron Collider (LHC) at CERN, alongside ATLAS [86]. CMS
played a crucial role in discovering the Higgs boson in 2012, con€rming the Higgs mechanism that explains
electroweak symmetry breaking in the Standard Model. As a general-purpose experiment, CMS conducts
a wide range of research, including studying Higgs boson properties, conducting precision tests of the
Standard Model, and exploring phenomena like extra dimensions, supersymmetry, and dark matter.
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