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1 Introduction

With the discovery of the the W and Z bosons as two massive particles that inter-

mediate the weak interaction, an answer was given to the possible merge between the

electromagnetic and weak interactions, known as the electroweak theory. The study

of particle physics in the electroweak sector continued to be carried out at increasing

the center-of-mass energy until it was possible to achieve new processes. One of these

processes was the production of two electroweak bosons W and Z simultaneously that

has been measured using proton-proton collisions at the LHC by the CMS and AT-

LAS experiments, showing excellent agreement with the Standard Model predictions.

Now, with the start in 2022 of a new period of operation in the LHC at a new energy

limit at a center-of mass of 13.6 TeV. The objective of this thesis is to provide a first

measurement of the cross section of the diboson WZ process using the available data

from the CMS experiment collected during the year 2022 at the center-of-mass energy

of 13.6 TeV.

This document is organized as follows: An introduction to the Standard Model theory

that describes particle physics, Sec. 2. Afterwards, there will be a description of the

experimental device used (Sec. 3) and the reconstruction of events both experimen-

tally (Sec. 4.1) and simulated according to the theory of the Standard Model (Sec.

4.2). Later we will describe the process that we are studying, its characteristics and

how to proceed to carry out the measurement (Sec. 5). Finally, the results (Sec. 6)

and the conclusions (Sec. 7) will be presented.
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2 Standard Model

The Standard Model (SM) is known for being the most accurate theory capable of

describing the physical reality of elementary particles and their interactions accord-

ing to the Quantum Field Theory (QFT) which unifies our knowledge of the Special

Relativity Theory and Quantum Mechanics. QFTs ared described by a Lagrangian,

a scalar function able to describe a discrete system of particles with a finite number

of degrees of freedom that allows us to extract equations of motion, conserved quan-

tities, and other important results. Over the last century and nowadays, experiments

have been designed with the goal of on providing new knowledge that can help probe

the veracity of this model.

The discover of Higgs boson in 2012 has generated the beginning of new unexplored

horizons of particle physics that the SM theory can not explain. These are englobed

as physics beyond the Standard Model (BSM) with conjectures such as: the possible

union of the quantum physics and gravity, the meaning of the Higgs boson mass, the

search for dark matter candidates, the existence of neutrinos masses and others.

The Standard Model is composed by three fundamental interactions: strong (S), weak

(W) and Electromagnetic (EM). The latter two can be merged in a single interaction

known as electroweak interaction (EW). In order to have a compatible model with the

Special Relativity, the universe is defined as a Minkowski-like spacetime, a combina-

tion of three-dimensional Euclidean space with time in a four-dimensional manifold,

whose lagrangian is invariant under gauge transformations. Such theories have the

characteristic of being invariant under local transformations of the SU(x). These are

called Local Gauge Symmetries, which are special unitary groups of different dimen-

sions depending of the interaction. The strong interaction is described by a SU(3)

group. Also, to describe the electroweak interaction, we use two different groups: the
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SUL(2) to describe the proper interaction and the UΥ(1) for the study of the weak

isospin and hypercharge.

Figure 1: Clasification of all the particles described by the Standard Model according

to their properties (spin, charge and mass), [45].

The Lagrangian of the Standard Model is composed of different terms associated

with the presence of fields and interactions that these generate on matter. As a whole

it describes the existence of 17 particles and their possible interactions between them.

All the fundamental particles that make up the Standard Model are included in Fig.

1. In it can be distinguish between twelve fermions, developed in Sec. 2.1. The

intermediate particles of the interactions are what we call bosons, Sec. 2.2. Make a

special mention of the Higgs boson, the basis of the Higgs mechanism that will be

explained in Sec. 2.3.

The characteristics of elementary particles determine their interaction with the fun-
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damental forces of our universe. Electrically charged particles will experience the

electromagnetic force. On the other hand, those that have another property called

color charge, will undergo the strong interaction. In addition, the weak interaction

is not defined by any quantity, however, it is closely (but not trivially) related to

characteristics such as: mass, particle stability or half-life.

2.1 Fermions

The fermions are the twelve elementary particles of the Standard Model with spin

s = 1/2. Depending on which of the fundamental interaction they suffer, we can divide

them between six leptons and six quarks. The leptons are the fundamental particles

which have no colour charge, so they only suffer the electroweak interaction and don’t

suffer the strong interaction. The charged leptons with qe = −11 are electrons (e),

muons (µ) and taus (τ) and the neutral leptons (qe = 0) that are the neutrinos: νe,

νµ and ντ . On the other hand, the quarks have colour and electromagnetic charge, so

they can be affected by both interactions, electroweak and strong. Also quarks are

classified in association with the electromagnetic charge: up-like quarks: u, c and t

which have qe = 2/3 and the down-like: d, s and b with qe = −1/3. The QFT that

describes the behaviour of fermions, uses a spinor representation of Lorentz Group.

The kinetic component of the lagrangian 2:

LDirac = Ψ̄γµ∂µΨ (1)

where the γµ are the representation of the Pauli matrices in the Clifford algebra

(Cl1,3, [36]) that build certain anti-commutation rules and the functions (Ψ, Ψ̄)

that represent the field of a fermionic particles and the Dirac adjoint of the field

1normalized with the charge of the electron in absolute value that correspond to

e = 1.602 · 10−19 C.
2See more in: [30], [42] or [32].
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(Ψ̄ = Ψ†γ0).

ΨL =
1− γ5

2
Ψ (2)

ΨR =
1 + γ5

2
Ψ (3)

where γ5 = iγ0γ1γ2γ3. It allow us to assume the presence of a mass term on the

lagrangian, that could be implemented like:

Lmass
Dirac = −m(Ψ̄LΨR +ΨLΨ̄R) (4)

2.2 Vector bosons

The SUL(2) group define three fields denoted as W i
µ where i = 0, 1, 2 and are

associated with vector bosons of spin s = 1. The lagrangian for a massless free fields

is defined:

LW = −1

4
W i

µνW
µν
i (5)

W i
µν = ∂µW

i
ν − ∂νW

i
µ + gεijkW

j
µW

k
ν (6)

If one proceeds to consider that the associated particles could have mass, it is found

that the fields cannot have an explicit mass term due to the rules of transformation

of the gauge group SU(2). In other words, it is not invariant under a Local Gauge

Transformation. The mass of boson particles will be discussed later in Sec.2.3.

On the other hand, the gauge group U(1) has associated a vector field B with a

Lagrangian similar to that represented for SU(2) in the Eq.5.

LB = −1

4
BµνB

µν (7)

Bµν = ∂µBν − ∂νBµ (8)

Analogous to the previous group, the theory does not allow a mass term in this field.

In addition, studying the conserved quantity of the system known as hypercharge,
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allows us to study the charge associated with fermions that is consistent with that

shown in the previous section. Finally, the electroweak interaction can be described

by a single total Lagrangian that takes into account bosons and possible interactions

with fermions.

LEWK = −1

4
BµνB

µν − 1

4
W i

µνW
µν
i + ēRγ

µDeR
µ eR + ūRγ

µDuR
µ uR+

+ d̄Rγ
µDdR

µ dR + q̄Rγ
µDqL

µ qL + l̄LD
lL
µ lL (9)

where DX
µ represents the covariant derivative and is define in terms of weak isospin,

hypercharge and the original partial derivative.

DX
µ = ∂µ − igIX3 σiW

i
µ − ig′ΥBµ (10)

The Eq.9 shows that a theory of fermions interacting through the SU(2) gauge field

exists only if the fermions are massless.

2.3 Electroweak symmetry breaking

Although SM theory predicts that fermions and bosons are massless, the exper-

imental evidence obtained shows that both, bosons and fermions have the property

of non-zero mass. That is why it was necessary to define a mechanism that would

make this possible. The Higgs-Brout-Englert mechanism [38], [31] which proposes the

addition of a scalar field in the Lagrangian that explains how these particles acquire

mass by interaction with the new proposed field. It allows to relate the vector bosons

explained from the Standard Model theory with those observed in the reality: W±,

Z and γ. Defining a complex scalar field such as:

Lϕ = DµϕD
µϕ− µ2ϕ†ϕ+

λ

2
(ϕ†ϕ)2 (11)

where µ and λ are free parameters of the model. The general expression of the scalar

field, Eq. 11, must be modified for implementation in 9 and explain the presence of
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mass that is measured experimentally. For this, the lagrangian term of the scalar

field is described with a both triple and quadruple self-coupling interactions. The

associated particle to this field is the called the Higgs boson:

LH = DµHDµH − µ2

2
H2 +

√
2µH3 +

λ

2
H4 +O(vH) +O(v2) (12)

where the covariant derivatives shows the coupling with the gauge bosons and at least

three fields are needed and the last term is in association with the presence of mass

in this bosons. This last element of the lagrangian that are independent of the Higgs,

could be extended like in the next expression:

LHindep
=

v2

2
(W 1

µ , W
2
µ , W

3
µ , Bµ)



−g2

4
0 0 0

0
−g2

4
0 0

0 0
−g2

4

−gg′
4

0 0
−gg′
4

−g2

4




W 1

µ

W 2
µ

W 3
µ

Bµ

 (13)

This couplings generate the mass terms for the Wµ bosons. The matrix is diag-

onalizable and a total of four different eigenvalues of the mass can be obtained.

Diagonalizing the upper part, it is possible to get the first two massive bosons:

W+
µ =

1√
2

(
W 1

µ + iW 2
µ

)
(14)

W−
µ =

1√
2

(
W 1

µ − iW 2
µ

)
(15)

which represents the charged W boson of opposite sign with a mass term mW =
gv

2
.

In the other hand, diagonalizing the lower part of the matrix, it can be found others

two different mass eigenstates:

Z0
µ =

1√
g2 + g′2

(
gW 3

µ + g′Bµ

)
(16)

A0
µ =

1√
g2 + g′2

(
g′W 3

µ + gBµ

)
(17)
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where they represent the no charged Z boson with massmZ=
v

2

√
g2g′2 and the neutral

and massless electroweak boson, called photon (γ).

The Standard Model does not define a value for the Higgs boson mass and the µ, λ

parameters of the mechanism, which must be determined from experimental results.

The mass of the gauge bosons and the strengths of the electroweak interactions are

highly dependent and linked to each other. These can be related through a Standard

Model parameter called Weinberg angle or weak mixing angle (θw):

mW

mZ

=
g√

g2 + g′2
= cos(θw) (18)

which is of great relevance for experimental studies of the bosons mass properties and

their couplings.

2.4 Yukawa coupling

Previously, it was said that the theory of fermions interacting through the SU(2)

group exists only if the fermions have no mass. With the possible interaction of these

with the Higgs mechanism, it is possible to explain the presence of mass in fermions

as experimentally observed.

LY ukawa = −yl l̄LϕeR − ydq̄LϕdR − yuq̄Lεϕ
†uR (19)

where the terms yX are free parameters of the model called Yukawa couplings. Speci-

fying the system with the mass and parameter values associated with the Higgs boson,

we obtain:

LY ukawa =
ylv√
2
ēLeR − ydv√

2
d̄LdR − yuv√

2
ūLuR +O(Hff) (20)

where the associated mass for all the charged leptons and quarks are mf =
yfv√
2

and the uncharged leptons (neutrinos) still massless. According new generations

of fermions called flavours are include in the Standard Model, the definition of the
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Yukawa coupling and fermions mass become more difficult to estimate.

The connection between the electroweak interaction from different families of quarks,

are determinate by the Cabibbo-Kobayashi-Maskawa matrix (CKM-matrix) which

encodes the coupling of the W± bosons to a pair of quarks.

VCKM =


Vud Vus Vub

Vcd Vcs Vcb

Vtd Vts Vtb

 (21)

2.5 Boson polarization

Analogous to photon polarization in classical physics, it also occurs in Quantum

Field Theory. When dealing with massless bosons such as the photon, the longitudi-

nal polarization is parallel to the momentum of the particle so they can not interact.

On the other hand, the massive bosons shows longitudinally-polarized modes as a

consequence of the scalar field mechanism, where the vector boson absorbs an addi-

tional polarization degree of freedom.

Different observations made in the production of the vector bosons W and Z, show

polarized final states even when the particles of the collision did not show polariza-

tion. For different polarization fractions: left polarization (fL), right polarization

(fR) and the longitudinally-polarized state (f0). Redefining the Weinberg angle, its

possible to create a relation between the polarization an the differential cross section

for W and Z bosons:

dσ

σd cos θW± =
3

8

[
(1∓ cos(θW±))2fW

L + (1± cos(θW±))2fZ
R + 2sin2(θW±))fW

0

]
(22)

dσ

σd cos θZ
=

3

8

[
(1 + cos2(θZ) + 2c cos(θZ))fZ

L + (1 + cos2(θZ)− 2c cos(θZ))fZ
R + 2sin2(θZ)fZ

0

]
(23)
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where σ is the production cross section of a generic process which involves any vector

boson depends of the massive boson polarization.

2.6 Beyond Standard Model physics

The Standard Model is not able to explain everything in the particle physics.

There is a lot of things that do not have an explanation and is needed to be explain

with alternative theories that build upon the SM to complement the model. These are

the Beyond Standard Model theories which includes dark matter, neutrinos physics,

supersymmetry and others.

2.7 Diboson production

The massive boson pairs production are processes in which the final state is coming

from a gauge diboson state like WW, WZ and ZZ. This kind of processes are really

important for the study of the electroweak sector, Higgs understanding and the search

for new physics.

Figure 2: Triple gauge coupling processes of ordered vector bosons in production of

WW, WZ and ZZ.

Massive diboson production channels can produce triply coupling processes. This

type of processes gives access to a precision study on the physics of massive vector

bosons and on the theory of the Standard Model in the electroweak sector. These
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type of diagrams can be seen at leading order (LO)3 in QCD and next to leading

order (NLO) in Fig. 13, and will be explain in Sec. 5.2. These processes are closely

related to the non-Abelian structure of the electroweak sector of Eq. 5 and Eq. 6. In

addition, the Eq. 18, relates the masses of the W and Z bosons to the strength of a

triple coupling.

3LO and NLO refer to the first and second order terms of the production contributions of a given

process in perturbation theory.
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3 Experimental device

3.1 LHC particle accelerator

The Large Hadron Collider (LHC) is a particle accelerator located at the CERN

(European Organization for Nuclear Research) complex in Geneva, Switzerland. It is

known for being the biggest and most powerful accelerator ever made. The LHC is a

circular accelerator with a longitude of 27 km, built under the ground. The goal of this

accelerator is to study high energy physics (HEP) in order to measure the properties

of particles and have a more precise understanding of the Standard Model parameters.

Figure 3: Schematic representation of CERN accelerators and their detectors [34].

This accelerator was planned and built between 1998 and 2008. It has been op-

erating since 2010 until today at different energies and data taking periods usually
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referred to as Runs. The first (Run 1) was during the year 2010 at a center-of-mass

energy of
√
s = 7 TeV until 2013. The second (Run 2) was longer-lasting, from 2016

to 2018 with an energy of
√
s = 13 TeV. As of July 5th 2022, the LHC started the

so-called Run 3 at a brand new energy regime of
√
s = 13.6 TeV that this implies an

energy of 6.8 TeV in each beam before the collision.

LHC collides protons, so different variables must be taken into consideration as will

be discussed later. These collisions take place at different points of the accelerator

where detectors are located to collect data and information about the events. In the

LHC, there are a total of four detectors: CMS, ATLAS, LHCb and ALICE. CMS and

ATLAS are general purposes detectors for the study of different high-energy physics

processes. On the other hand, ALICE is dedicated to the study of heavy ions, and

LHCb’s study focuses on the analysis of the b quark.

The LHC has been designed to accelerate protons in a chain of circular accelerators,

see Fig. 3. The direction followed by the particles is controlled by a set of supercon-

ducting dipole magnets capable of creating a magnetic field of 8.33 T placed along the

circumference of the LHC. The function of accelerating the particle bunches is also

due to the presence of eight radiofrequency cavities at a temperature of T = 4.5 K

that induce an oscillating electric field with a frequency of ν = 400 MHz. Addition-

ally, there is a compression of the bunches in order to reduce their area and increase

the collision probability using quadrupole and hexapole magnets.

3.1.1 Luminosity at the LHC

The protons that travel through the LHC move in bunches containing around 1011

particles. The distance between these bunches and their number has been optimized

in order to obtain the highest possible number of collisions to be studied and stored.

Therefore, it is interesting to know the overall number of collisions that occur. Particle
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beams travel at speeds close to the speed of light in a ring of a given length (l), where

the bunches have an ellipsoidal shape assumed to be a Gaussian distribution that

can describe the collision surface using two parameters: Σ = 4πσxσy. If each particle

beam consists of a fixed and controlled number of bunches (nb), and each bunch has

a number of particles N1 and N2 in each beam respectively, it is possible to define

a quantity that allows us to compute the number of particles traveling through the

accelerator; this quantity is known in particle physics as instantaneous luminosity

which allows to measure the number of particles that are likely to undergo a collision

per unit area and time:

L = nb
N1N2

Σ
fcoll = nb

N1N2

4πσxσy

l

c
(24)

which is in units of cm−2s−1. Generally, in particle physics, it is of interest to study

this quantity over a certain time interval. This magnitude is called integrated lumi-

nosity and is calculated as:

L =

∫
L dt (25)

It is usually expressed in units of barns (with equivalence of 1 barn = 10−28m2).

The recorded data so far from Run 3 in the CMS detector at the LHC is a total of

40.52 fb−1 from the delivered luminosity of the accelerator, which was 44.23 fb−1 as

shown in Fig. 4.
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Figure 4: Cumulative delivered and recorded luminosity versus time during 2022 and

2023 [12].

In addition to this, another important duty is to recognize that these particles

come from the main collision, which represents the more energetic collisions found

in a event. In the LHC, with an instantaneous luminosity of L ≈ 2 · 1034 cm−2s−1,

a separation between the bunches collisions ν ≈ 40MHz, an inelastic cross section

for protons in the bunches of σpp
inel = 80.0mb at an energy of

√
s = 13.6TeV, it is

expected that for each event would be around N ≈ 40 simultaneous collisions with

different interaction vertices as is observed in Fig.5.

The goal of identifying all pileup collisions formed in each event is one of the most

difficult challenges to study in any hadron collisions. That is why it is necessary to

carry out a highly precise study to end up with a single collision vertex that we call

the primary vertex.
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Figure 5: Distribution of the average number of interactions per crossing (pileup) for

pp collisions in 2022 (red) and 2023 (light purple). The overall mean values and the

minimum bias cross sections are shown, [14].

3.1.2 Cross section in hadron physics, QCD, and partons

The production cross-section is a crucial quantity in particle physics that can be

related to the probability of a specific production process occurring during the study

of experimental particle collisions. This probability depends on two fundamental

variables: the collision energy and the type of particle undergoing the interaction.

In recent years, hadrons are being used as the collision tool for experiments related

with the particle physics. These are not elementary particles, but are compose of

different states of quarks and gluons linked by the strong interaction described by

quantum chromodynamics (QCD).

The particles that compose a hadron are called partons. In the LHC, it is used
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proton as a source of collisions. The cross section of a certain process in which two

components (a and b) interact, obtaining a final state (X) such that a + b → X, is

described by:

σX =
∑
a,b

∫ 1

0

dxidxjf(xi)f(xj)σ̂(ab → X) (26)

where σ̂ represents the probability with which a parton of each colliding hadron will

interact, xi =
p⃗i

p⃗proton
characterizes the ratio of the parton’s momentum respect to

the total from the hadron. A Parton Distribution Function (PDF), showed as f(xi),

is an object that describes the probability to find a parton of the given flavour and

momenta. The value and ratio of this functions for different flavours depends on the

energy. This is shown in Fig. 6. In the collisions carried out at the LHC with energies

that reach 13.6 TeV, we can see by observing the previous Fig. 6, that they will be

mostly gluon-gluon collisions.

Figure 6: Parton distribution functions generated at next-next-to-leading order

(NNLO) in QCD proton study at an scale 10GeV and 104GeV with the confidence

level, [39].
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3.2 CMS detector

The Compact Muon Solenoid (CMS) is a cylindrical detector installed at the LHC

with dimensions of 21.6 in length, 14.6 m in diameter and weighing 14 · 103 tons. It

is possible to divide the detector in two main sections. The first is the so-called bar-

rel, located around the cylinder and covers almost the entire detector surrounding a

superconducting solenoid. The second part is the endcap that is in the bases of the

cylinder being the part corresponding to the orthogonal plane to the direction of the

collision.

Figure 7: Schematic view of the CMS detector compared to the size of a person where

the dimensions and the different sub-detectors are indicated [35].

The CMS is composed of four sub-detectors, each with a certain technology, func-

tion and responsible for the detection and identification of different particles. These
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are the tracker, electromagnetic calorimeter (ECAL), hadronic calorimeter (HCAL)

and muon system. Also, there is a solenoid magnet that lies between the hadronic

calorimeter and the muon system and which is known for being the largest supercon-

ducting solenoid ever built and reaches a magnetic field of 3.8 T. All these components

can be identify in Fig.7 and will be described in detail later.

The choice of a compact design for CMS aims to maximise detector geometrical accep-

tance, which is defined as the geometrical region in which particles can be identified.

This allows for CMS to reach great efficiencies in particle identification.

3.3 Coordinates system

For the study of the interactions that take place in the CMS detector, the origin

is defined as the nominal positions where the collisions take place. Observed from the

point of view of a Cartesian system and orthogonal axes, the z-axis is defined in the

direction in which the proton beam circulate. The normal plane to this axis is formed

by the x, y-axes. But, due to the structure of the detector, a non-Euclidean coordi-

nates are used to describe the trajectories of the particles formed in the interaction.

The usual spherical coordinates (r, θ, ϕ) are not convenient to measure the properties

of the particles, so they are re-defined as: r → pT , θ → η and the azimuth angle

(ϕ) does not change. The pT is the four-momentum in the transverse plane (XY ) of

the particle and η is just a Lorentz invariant transformation of the polar angle called

pseudorapidity.

pT =
√
p2X + p2Y (27)

η = −ln

[
tan

(
θ

2

)]
(28)

ϕ = arctg
(y
x

)
(29)

27



It is also possible to define a variable that measures the angular distance between

two particles in terms of these angles such that: ∆R =
√

(η1 − η2)2 + (ϕ1 − ϕ2)2.

The limit between the barrel and the endcap can be set around at η ≈ 1, where the

domain of this coordinate system angles are η ∈ [0,∞) and ϕ ∈ [0, π]. According

with the CMS geometry it is η ∈ [0, 3] and ϕ ∈ [0, π].

3.4 CMS sub-detectors

3.4.1 The silicon tracker

The tracker is the innermost sub-detector of the CMS. It is the responsible to get

a precise reconstruction of the charged particles trajectories (tracks). The tracker is

made up of 66 · 106 small silicon pixels with a very high granularity which provides

a transversal precision of 10µm and a longitudinal one of 20µm. This works by

receiving and measuring an energy signal received from the emitted electrons due to

the ionization of silicon atoms after charged particles pass close to them. The tracker

covers a section of |η| ∈ [0, 2.4]. The high number of pixels and sensors makes the

system have a high granularity and sensitive to the identification of pile-ups and the

main collision. For more information: [20].

3.4.2 Electromagnetic calorimeter

After the tracker, the second sub-detector is the electromagnetic calorimeter. It

is designed to absorb the majority of electromagnetically interacting particles that

travels through it such as photons or electrons. In the CMS detector, the ECAL is a

solid scintillator composed with high density crystals of lead tungsten oxide (PbWO4).

This material have a greatly radiation resistance making it ideal for an ECAL situated

relatively close to the collisions, thus avoiding possible residual radiation.

It is made up of 7 ·103 crystals in the endcap and 6.12 ·104 in the barrel. There is also
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another element installed in the ECAL-endcap, called preshower. This is composed

of silicon and lead and validates the detection and differentiation of some particles

with a significant kinetic component in the z axis. For example, to identify the decay

mode of a neutral pion (π0 → γγ). More information about preshowers could be

found in [46]. The large number of crystals allows the calorimeter to have a great

precision measuring the energy of this particles.

The electromagnetic calorimeter covers a section of 1.4 < |η| < 3.0 and a distance of

4 m in the endcap and |η| < 1.4 and 160 cm in the barrel. For more information: [21].

3.4.3 Hadronic calorimeter

As the ECAL, the hadronic calorimeter is the responsible to absorb the energy of

hadrons or particles made with quarks or gluons. It occupied a region of |η| < 1.3

and a distance of 2.8 m in the barrel, and 1.3 < |η| < 5.0 with a distance of 15.6 m

in the endcaps. This two parts are made up of alternated brass layers which absorbs

and detects the energy. Also, in this sub-detector, a new region has been include

covering the possibility of detecting hadrons with higher values of the pseudorapidity,

with 3.0 < |η| < 5.0 and 11.2 m in the Z axis. This part is composed by steel layers

that is more resistant for radiation. For more information: [22].

After the HCAL, there is a last scintillator to absorb the possible residual hadronic

radiation before the muon chamber.

3.4.4 Muon system

The muons are particles that have a good penetrative capacity. They pass through

all the CMS sub-detectors, leaving only a few hits on the tracker and depositing only

a small amount of energy in the calorimeters. The muon system is able to identify

muons with an extraordinary efficiency.
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The muon system covers a detection plane of 25 ·103 cm2 is a system made up of three

different types of technologies: Drift Tubes (DT), Cathode Strip Chamber (CSC),

Resistive Plate Chamber (RPC). This entire system of muon chambers is integrated

into 4 different layers within a large iron structure called iron yoke whose function is

to limit the magnetic field (Sec. 3.5) and stop all remaining particles. The only ones

that are not stopped by this structure are muons and neutrinos.

Figure 8: Representation of a section of the CMS muon detector where the different

chambers can be differentiated according to the colors, [43].

The Drift Tubes are located on the detector barrel. These are focused on tracking

muons with very high momentum for their identification and reconstruction. The

DTs are usually associated with central pseudorapidity values.

The CSC chambers were chosen to be located in the endcaps due to their efficiency

in areas where the magnetic field is not uniform, covering a pseudorapidity of 0.9 <
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η < 2.4.

Finally, the resistive plate chambers are gaseous parallel-plate detectors that are used

in both: barrel and endcap, as a complementary sub-detector. The RPC have a high

detection efficiency and works faster than the others chambers. The presence of a

gas in its interior causes that after a muon go across the chamber, ionized electrons

are emitted in a cascade. These can be distinguished in the Fig. 8 in blue color. For

more information: [23].

3.5 The solenoid magnet

One of the most representative parts of the CMS is an iron solenoid magnet

situated between the hadronic calorimeter and the muon chambers. This manages

to create a nominal magnetic field of B = 4.2 T with the idea of using the Lorentz

forces (F⃗ = q(E⃗ + v⃗ × B⃗)) to bend the trajectory of the particles and through the

curvature obtain the momentum of the particles.

3.6 The trigger system

According to what we explained in Sec. 3.1.1, in the CMS experiment, bunches

of 1011 protons collide every ∆t = 25 ns , which is the delay between two differ-

ent bunches. This means that collisions occur with a frequency of 40 MHz. Large

amounts of data are produced every second for which there is not enough physical

storage for them.

Therefore, a quick selection of those events with relevant information for the study

of physics is made. This useful tool to reduce the amount of data that is going to be

stored and discard those processes that are of no interest, is called a trigger.

The trigger designed in CMS has two different levels. The first, called Level 1 Trig-
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ger (L1T) is hardware-based and reduce the information to 100 kHz. The second,

High Level Trigger (HLT), is based on a software system. This is capable of storing

information with a frequency of 1 kHz with criteria such as:

• The detection of specific particles of interest.

• High energy absorbed in the calorimeters.

• Some kinetic requirements of the particles (momentum, pseudorapidity,...).

First of all, the L1T studies the information provided by the calorimeters and the

muon system. Using an algorithm, the trigger reduce the generated information to

around 1/400. The events selected as favorable by the L1T are sent to the HLT. This

trigger makes a more strict selection using all the information provided by all the

sub-detectors. The HLT use an algorithm to make a basic object reconstruction. The

accepted events are stored to be reconstructed and analyzed.
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4 Event reconstruction and simulation

The events from the CMS experiment that pass the trigger selection criteria, ex-

plained in Sec. 3.6, are stored as what is called raw data. Once safely stored, so that

this data is not lost, a less urgent process begins. This process consist in a more

detailed and careful reconstruction of the particles that participate in the event to

provide a complete description of the kinematic properties of the particles produced

in the collision and other subsequent evolution processes.

4.1 Event reconstruction

For the reconstruction of different events in charge of identifying candidates for

physical objects using the information provided by the sub-detectors, is used an al-

gorithm called Particle Flow (PF). The algorithm is based on the kinematic and

geometric reconstruction of the event to finally relate this physical objects with par-

ticles such as: photons, electrons, charged hadrons, neutral hadrons or muons. For

more detailed information on the PF algorithm, see [13].

First, the tracks of charged particles that have been deposited in the tracker (Sec.

3.4.1) are studied. For this, an iterative algorithm is used that reconstructs the tra-

jectory of a particle for each iteration, eliminating the previously reconstructed whats

makes it easier and allows for less strict identification criteria as the algorithm ad-

vances. After the identification of the hits of charged particles, the vertices of the

interactions are reconstructed. The vertex with the highest quadratic sum of momen-

tum, will be considered the main vertex. The rest are interactions that we associate

with the pile-up.

After this, the next step is to observe the tracks in the muon chambers and finally
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to examine the energy deposited in the two calorimeters (ECAL and HCAL). Next,

it will be explained how the different particles are identified. In addition, the Fig 9

outlines the energy depositions of the different particles in the sub-detectors.

Figure 9: Representation of the trajectories obtained from each type of particle that

are observed, measured and reconstructed in the CMS detector and the different

interactions with the sub-detectors, [28].

4.1.1 Muon reconstruction

These are reconstructed from the signals deposited in the tracker (Sec. 3.4.1) and

in the muon chambers (Sec. 3.4.4). According to what information is used to identify

and reconstruct them, there are three types of muons:

• Standalone muons: Use only the depositions in the muon chambers (DT,

CSC, RPC).

• Tracker muons: Reconstructed from the tracker but matching with the depo-

sitions located in the muon chambers.

34



• Global muons: Standalones muons candidate whose track is matched to an-

other in the tracker, but in this cases, it is made a global fit to recalculate the

trajectories using the both sub-detectors information.

To discriminate muons arising from the prompt decay of boson from those produced in

the decay of a hadron, the amount of deposited energy around the muon, or isolation,

is defined in [13] as:

I lepPF =
1

plepT

Nh±∑
i

piT +

Nγ∑
j

pjT +

Nh0∑
k

pkT

 (30)

where the sum run over all the PF candidates without pile-up events: the charged

hadrons (h), photons (γ) and neutral hadrons (h0). This is going to be really impor-

tant in the study of leptons produced in the electroweak decay of massive particles

like Z or W bosons and for reject the leptons produced in jets decay. The isolated

muons are those around which there is an energy deposited of less than 10% of its

energy.

The muon reconstruction in CMS is very efficient. In Run 2 it was observed that this

was an efficiency of essentially 100% in the tracker and more than 99% in the muon

chambers.

4.1.2 Electron reconstruction

The electrons are reconstructed using the tracks of the tracker (Sec. 3.4.1) and

the energies that have been deposited in the ECAL (Sec. 3.4.2). The intrinsic diffi-

culty in the study of these particles is that electrons emit a large amount of energy

as Bremmstrahlung radiation (photons) due to their low mass. For this reason, the

emitted radiation must be recovered to reconstruct the initial transverse momentum

of the electrons.
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The so-called isolated electrons are reconstructed using the ECAL with the electron

shower and those photons that appear to have been irradiated from the electron. All

the showers are grouped together in what is called a supercluster.

The possible superposition of the electrons with other particles (non-isolated elec-

trons) makes more difficult to reconstruct due to the possible existence of hadrons

or photons that do not come from the electron. To do this, the trajectories of the

tracker are used and associated them with ECAL clusters. To adjust the parame-

ters coming from the tracker and the ECAL, an algorithm called Gaussian-sum filter

(GSF) is used. Electrons are differentiated from isolated photons by looking for a

no association between both sub-detectors (tracker and ECAL) information with the

GSF algorithm. On the other hand, charged hadrons are differentiated by looking for

energy depositions in the HCAL (Sec. 3.4.3).

The reconstruction efficiency of electrons is worse than that of muons. Using the

tag-and-probe method, an efficiency of around 96% is observed.

4.1.3 Tau reconstruction

The tau (τ) is the heaviest Standard Model lepton and has a very short half-life

of τ = (290.3 ± 0.5) · 10−15 s, due to which this particle decay before reaching the

detector. To study or reconstruct these particles, the result of their decay must be

observed, which can be leptonic or hadronic.

In the case of the leptonic decay (τ → l + νl), it will be possible to identify a light

lepton (e or µ) easy to reconstruct and a missing energy (MET) associated with the

neutrino. On the other hand, there are many cases in which the decay channel is

hadronic, which is called a hadronic tau, whose final state is made up of two quarks

(two jets), such that τ → q + q′. This final state is difficult to reconstruct because

these tau jets can appear to come from a direct quark or gluon decay. In order to
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identify them, it is used hadron-plus-strips algorithm, [15].

4.1.4 Jets reconstruction

Due to the strong interaction and color confinement phenomenon, coloured parti-

cles can only be found in bound states called hadrons. This type of grouping process

is called hadronization. They form particles known as hadrons that are composed of

quarks and the particle responsible for the strong interaction called gluon (g) which

are the particles that suffer the strong force.

That’s why this particles will produce a cascade of multiple strongly interacting par-

ticles along its propagation through the detector until the system reaches a state of

equilibrium and with no isolated particles. For their study, physical objects called

hadronic jets are created, which are formed of collimated particles. Jets include the

leptons or photons produced as a result of a possible hadron decay. To analyze and

study these jets, the anti-kT algorithm is used.

This algorithm is based on the reconstruction of the jet in a cone with base radius R.

The reconstruction criterion several variables into account, such as the energy ratio,

the number of elements in the jet, and the number of charged and neutral particles

in it. Once the general identification requirement is reconstructed, only those with

R ≥ 0.4 and the kinematic properties: pT > 25 or pT > 30 GeV (depending on

analysis) and |η| < 2.4, are selected. For more detailed information on the anti-kT

algorithm, see [10].

4.1.5 Missing tranverse energy

It is a reality that some particles cannot be detected by the CMS, even with the

complexity and completeness of its components. Among them can be considered:

neutrinos or others unknown particles.
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According to the conservation principle, the four-momentum in the initial state of

a collision between two partons is expected to be conserved in the final state. By

reconstructing the momentum of all the particles formed in the final state, it can be

observed that the sum of all is different to zero. When that happens, it is associated

with the presence of invisible particles that have not been detected. Mathematically it

can be defined as the opposite of the sum in the transverse momentum of all particles

formed in the final state:

p⃗T
miss = −

∑
i

pT (i) (31)

This missing transverse momentum of the events have to be measure clearly dependent

on the reconstruction of all other event particles. It is usually called missing tranverse

energy (MET).

4.2 Event simulation

The objetive of the measurement is to compare the experimental results obtained

with the theory of the Standard Model to check if they have consistency with the

theory, or also, if it is necessary to define new physics. For this, statistical studies of

the Standard Model are used, based on simulations with MonteCarlo (MC) methods.

All the setup used for MC generation is very complicated and has been prepared by

the CMS. Simulations are performed in three different steps: generation, simulation

and reconstruction. Below, will be explained how each of the processes is performed

and what toolkits and programs are used for it.

For the generation of events, it is creates the initial conditions in which the collision

occurs. Among this, it includes the PDFs (Sec. 3.1.2) and the theoretical cross

sections of the different physical processes that want to be studied. Within the

collision processes in the accelerator, interaction processes of physical interest (hard-

process) or interactions of elastic collisions (soft-scattering) can occur. The generators
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are responsible for define a collision and keep in mind the probability of different final

states according to the Standard Model. These randomly create the processes with the

particles of the final state and their physical properties (momentum, pseudorapidity

...).

The main generators used are Madgraph aMCNLO [4], Powheg [2], and Pythia [44]. The

first two are responsible for generating hard-scattering events, while Pythia is the one

that generates soft-scattering, hadronization, showers and possible radiations both in

the initial state (ISR) and in the final state (FSR). Also, there is a toolkit called

Geant, [1] for the simulation of the passage of particles through matter. It is used to

simulate the transit of the generated particles across the different sub-detectors.

After generating the events according to the theory of the Standard Model and their

passage through the different sub-detectors, the reconstruction of the physical objects

and the event is carried out in a similar way to that proposed for the experimental

data in Sec. 4.1.

Process Tools

WZ Pythia8

ZZ Pythia8

Non-prompt DY Madgraph aMCNLO, Powheg and Pythia8

Non-prompt TT Madgraph aMCNLO, Powheg and Pythia8

Non-prompt VV Pythia8

Table 1: List of processes that are going to be in this measurement with the tools

used for their event simulation.
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Figure 10: Schematic representation of a event simulation in proton-proton collisions.

The red and blue circles represent hard scattering events and underlying events,

respectively. The green dots, on the other hand, indicate showers as a consequence

of hadronization.
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5 Measurement of the WZ cross section

This section will explain the process used for the measurement of the cross section

of the WZ production process using the experimental data obtained during the first

year of Run 3 (2022) at an energy of
√
s = 13.6 TeV with a total luminosity of

L = 29.36 fb−1.

5.1 Historical introduction

In the 1950s decade, with the approach of quantum electrodynamics, theoretical

physicists dreamed on possible theories of unification between electromagnetic and

weak interaction. The first indication of a possible merge of both forces was in 1973,

when observations of neutrinos in cloud chambers concluded that it could only be

explained by an intermediate particle that needs to be virtual, massive and electrically

neutral. At that time particle accelerators did not reach energies so high as to generate

these particles, so it was not until ten years later, that they were found.

In 1983, experiments performed UA1 and UA2 by proton-antiproton collisions at

CERN’s SPS accelerator would discover these particles. The mass of two mediator

particles of the weak interaction could be predicted and measured for the first time.

First, an electrically charged massive particle (W±), subsequently, another massive

neutral charge named by the grapheme Z. The processes observed in these experiments

are those presented in Fig. 11. These studies gave strength to the theories that

proposed a unification of both interactions.

These discoveries, in addition to being awarded the Nobel Prize in Physics in 1984,

were a test that confirmed the hypothesis of a theory of unification of electromagnetic

and weak interactions. In the last forty years, the study of the parameters of these

particles and this theory have been an important discipline to study for particle
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physicists. These measurements and the discovery of the Higgs particle, [11], allow

us to construct an electroweak theory within the Standard Model.

Figure 11: Feynman diagrams which show the different W− and Z decays channel

that was observed in their discoveries.

5.2 W, Z and diboson production

From an experimental point of view, the production processes of single W or Z

have been studied in detail throughout the twentieth century. The W boson can have

charge qe = ±e. That is why, according to the conservation of the charge, in its decay

is expected to have the same electric charge. In addition, a quantity called lepton

number is conserved. The final state of the decay can be two quarks or a charged

lepton and a neutrino.

On the other hand, in the case of Z boson it is expected to have a final state with a

neutral charge, conservation of lepton number and, in addition, the conservation of

flavour. Therefore, the final state of the decay of a Z boson will be constituted by a

fermion and its corresponding antifermion. The decay channels of W and Z can be

seen in the Feynman diagram in Fig. 12.
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Figure 12: Feynman diagrams showing the possible decays of massive vector bosons.

Although not explicitly included, charge and lepton number must be conserved in

both processes. In addition, in the case of Z, the flavor must be conserved.

Nowadays, with the increase of the center-of-mass energy and the beginning of

the study of proton-proton collisions, it has been possible to consider the access to

new production channels of two vector bosons where we consider: WW, WZ and ZZ.

The importance of these channels lies in a high sensitivity to new couplings to which

a single vector boson does not have access. These are very important for studying

Standard Model physics or accessing new physics.

For the study and reconstruction of events of these particles, final states formed

by fermions will be obtained. Charged leptons (electrons and muons) are easy and

precise to reconstruct in a detector, as they can be very well identified and their

kinematic properties measured very accurately. On the other hand, quarks, due to

the hadronization and hadronic showers (jets) produced, make their reconstruction

difficult, which includes their identification and the measurement of their character-

istics, not being as precise as they can be measured in charged leptons. For the study

of the W and Z bosons, only the final state channels of leptonic decay will be studied

in order to make the most reliable and precise measurement as possible. It is called:

multileptonic final states.
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5.3 WZ diboson production

This measurement focuses on the study of the production of WZ. This process,

although it is not the one with the largest cross section, it has a relatively clean final

state that will include three charged leptons, two coming from the Z and one from

the W.

Furthermore, it is very interesting to suggest that it is possible to identify and tag

the mother boson of the two leptons. The decay of Z occurs on-shell, so by observing

the momentum of the leptons in the final state, flavour and charge, one can observe

that two of them rebuild the mass of Z and have same flavour and opposite charge.

The remaining lepton corresponds to W. This allows to reconstruct a very precisely

final state and measure the properties of both bosons simultaneously.

Some of the contribution process of WZ production at leading order and next-to-

leading order are shown in the Feynman diagrams of Fig. 13.

Figure 13: Representation of the Feynman diagrams of different WZ production con-

tributions. The first two are diagrams at leading order (LO) in QCD in proton-proton

collisions. The last shows a WWZ triple coupling (red dot) in a NLO in QCD, [32].

A characteristic of the WZ production is that it is sensitive to the charge as-

symetry. This channel can occur in two different ways: W+Z and W−Z depending

on the sign of the charged boson. Due to interferences between the particles during

the production of the event, processes can take place by which these two forms do not
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occur symmetrically, but there is a dominant state over the other. In other words, it

can be appreciated if the distribution of events in processes W+Z and W−Z is not

symmetric. Due to charge conservation in the production process, this asymmetry is

associated with that of the initial state of the parton-parton collision, which allows

us to access more information about the initial state of the process.

As described in 2.3, the masses of the W and Z particles are determined by the cou-

pling with the Higgs boson. It is therefore interesting to consider what information

about the Higgs we can extract from this process. By being able to make a simultane-

ous reconstruction of both W and Z bosons, it is possible to obtain information about

their polarization state. The longitudinal polarization modes of massive bosons are

a consequence of the Higgs scalar field. This is why, by studying the simultaneous

polarization of both particles, the degree of polarization can be studied by observing

the final state.

As mentioned above, dibosonic production channels are sensitive to some new cou-

plings that cannot be studied in single boson processes. These channels can give rise

to triple gauge coupling channels as shown in Fig. 2 and explained in Sec. 2.7. This

WZ production channel allows obtaining information about the masses of the bosons

by studying their coupling according to the equation Eq. 18. This type of coupling

also allows the study of new physics.

To access this new physics and new particles proposed in theories such as SUSY, the

energies that must be reached are too high to be accessible at the present. For this,

the so-called Effective Field Theory (EFT) is used, a formalism that allows us to

access this new physics and its effects through experiments at lower energies. This is

based on the search of anomalous vertices and couplings that would not be allowed

by the Standard Model or variations in expectations of SM existing channels. The

triple coupling represents an access portal to the study of this type of process.
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As partially mentioned in 3.1.2, the cross section is related to energy. This becomes

visible in Fig. 14 where one can see the increase of the cross section of dibosonic

processes with energy. The rate of increase of this amount can also be related to

the partons distribution functions (PDFs) explained in 3.1.2. This type of process

is purely electroweak, so cannot be given to leading order (Fig. 13) with gluons as

partons in the initial state (gg), only with quarks (qq′). Production processes of two

vector bosons with an initial state gg can only be given at next to leading order with

an intermediate quark loop.

That is why these processes rarely occur like: gg → WZ. Looking at the PDFs of

Fig. 6 we see that at higher energy gluon collisions are favored while qq′ suffer slower

growth. This is why the growth of the cross section for dibosons production processes

is more subtle than others that grow more rapidly with energy such as the production

of a quark top or a Higgs boson.

In addition, it is observed in Fig. 14, how this varies with the energy, adjusting a

increasing curve. The cross section measurements comes from the results of different

experiments put together.

Observing Fig. 15, it is possible to see the cross section ratios at different energies

of these processes by comparing the experimental value obtained with the theoretical

value. In the WZ process, the results obtained by the CMS at different center-of-mass

energies are found in Tab. 7.
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Energy Cross section measurement (pb)

√
s = 7 TeV 20.14 ± 1.32(stat.) ± 0.38 (theo) ± 1.06 (exp) ± 0.44 (lumi)

√
s = 8 TeV 24.09 ± 0.87 (stat) ± 0.80 (theo) ± 1.40 (exp) ± 0.63 (lumi)

√
s = 13 TeV 50.6 ± 0.8 (stat) ± 1.5 (syst) ± 1.1 (lumi) ± 0.5 (theo)

Table 2: Representation of all the measurement of the WZ cross section at different

center-of-mass energies by CMS ( [17], [27]). The uncertainties are included.

Figure 14: Measurement of the diboson production cross section at different center-

of-mass energies for the CMS, ATLAS, CDF and D0, [18].

47



Figure 15: Measurement of diboson cross section and ratio comparison to the theo-

retical value, with measurement values taken at 7 TeV, 8 TeV and 13 TeV, [19].

5.4 Background description

In the SM there are different processes that recreate a final state that imitates the

one we want to study from WZ. In this section, the processes that have been taken

into account will be explained, but because for Run 3 many event simulation samples

of some SM processes are not available, they will not be taken into account in this

measurement. For more information about backgrounds in other WZ studies, could

be consulted in [27].

48



5.4.1 ZZ background

This is a dibosonic process with a cross section of production lower than that of

WZ production. Its main production channels are described in Fig. 16.

Figure 16: Feynman diagrams of ZZ diboson production process at leading order

(LO) and next-to-leading order (NLO).

Similarly, the multileptonic final state will be made up of four leptons in total,

two for each Z boson. Even so, there is the possibility that its final state is made up

of only three leptons, according to what is expected in the final state of the WZ and

may cause confusion. This could be due to the fact that one of the leptons of the

decay of Z have low energy and does not reach the acceptance (assuming its energy

as part of the MET) or it does not reach the selection requirements. Also, it could

be that one of the bosons decays to a lepton τ and it decays into a light lepton and

MET mimicking the final state of WZ.

5.4.2 Non-prompt background

There is the possibility of misclassifying particles due to a wrong interpretation

of the results in the detector. For this reason, it is possible to take into account some
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processes in which, in a first moment, are associated with two leptons in the final

state but there may be the presence of a non-prompt lepton. Among these processes

we can include Drell-Yan (Fig. 17), tt̄ pair production (Fig. 18) or VV production

(with V a general vector boson W or γ).

The Drell-Yan process describes the production of lepton pairs in high-energy hadron-

hadron collisions. This is achieved by quark-antiquark collision in which a very ener-

getic γ or Z generates two leptons in the final state. Of course, there is the possibility

that secondary radiations occur within the process, generating particles that can be

identified as an extra lepton in the final state. These are what we call DY-Non-prompt.

Figure 17: Feynman diagram of a general DY process where two quarks annihilate

and create a pair of oppositely-charged leptons, [7].

On the other hand, the case of the production of top-antitop pairs is considered,

see Fig. 18. This process has a high cross section and is easy to recognize due to its

characteristic and well-defined final state. The top quark, due to the CKM matrix,

Eq. 21, it is known that it practically always decays into a bottom quark (b) such

that t → b+W+ where the boson W can have a final state of decay into two quarks

or a lepton with a MET. Based on the decay channel of the W in the pair production

process, we can consider: that both bosons decay into quarks (hadronic), that one

decays into quarks and the other into leptons (semileptonic) and that both bosons

decay in leptons (dileptonic).
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If we consider the final lepton state, we have two leptons, 2 b-jets and some MET in

the final state. If there is any non-prompt lepton and/or a bad identification of the

b-jets can have a final state that mimics a WZ process. Although most top-antitop

production cases would reconstructed correctly, but due to its high cross-section it

must also be added as a background process.

Figure 18: Feynman diagrams of tt̄ production process at leading order (LO) with

some different initial states.

5.5 Event selection

Events are selected using a trigger which requires some specific characteristics of

the reconstructed objects to eliminate possible mis-identifications or to ensure a high

efficiency of the measure.

5.5.1 Lepton identification

Leptons fulfilling certain quality criteria are used. Such criteria are chosen to

achieve an identification efficiency of 96% in electrons and 99.8% in muons4. The

criteria are summarized in Tab. 3 for muons and Tab. 4 for electrons.

4See more about electrons and muons efficiencies in [25] and [26].
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Muon identification

Observable Requirement Observable Requirement

pT > 10 GeV d/σd < 8

|η| < 2.4 |dz| < 0.1 cm

|dxy| < 0.05 cm Deep Jet of nerby jet < WP-medium

Isolation < 0.4× pT PF muon > WP-medium

Table 3: All the object selection criteria for the case of Tight muons.

Electron identification

Observable Requirement Observable Requirement

pT > 10 GeV σiηiη < {0.011/0.030}

|η| < 2.5 H/E < 0.10

|dxy| < 0.05 cm 1/E − 1/p > −0.04

|dz| < 0.1 cm Conversion rejection ✓

d/σd < 8 Missing hits < WP-medium

Isolation < 0.4× pT — —

Table 4: All the object selection criteria for the case of Tight electrons.

The criteria are based on the measured values of pT and the |η| in the tracker.

Furthermore, the distances |dxy| and |dz| will measure the distances to the vertex of

the collision in the XY plane and in the Z axis respectively. It is also observed if

these leptons are isolated according to what is explained in Sec. 4.1.1 and Sec. 4.1.2.

There are also other criteria such as the width of the hits in the ECAL (σiηiη), the

deposited momentum in the tracks of the tracker (1/E− 1/p) or the ratio of energies

deposited between the HCAL and the ECAL (H/E).
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5.5.2 Jet identification

Although the jets do not have a directly important role in the WZ process when

studying channels with a multilepton final state, it is interesting to identify these

objects and classify them for the study of other processes. In this case, it is important

for the study of background events. The reconstruction of jets, as mentioned in Sec.

4.1.4, is carried out with an algorithm called anti-kT in charge of collecting all the

particles coming from the showers and within a cone-shaped cluster.

Its identification is very complicated, but it is interesting to know from which particles

certain showers come from, which will allow us to separate certain backgrounds. First

of all, pile up clusters are removed by a new algorithm introduced in Run 3 called

Pileup Per Particle Identification (PUPPI), [8]. On the other hand, the jets coming

from b quarks are identifiable by the DeepCSV algorithm [24]. The jets identification

efficiencies is approximately 90%. The b-tagging algorithm is around 70%.

5.5.3 Signal Region

In order to study a specific process of the Standard Model, it is considered a set

of event selection criteria that allows us to identify and select all the events of the

given process. These requirements will consist of a amount of characteristics of the

final state of the WZ process that was reconstructed in the detector. When working

with selected events in the production channel, it is called Signal Region (SR).

The signal region will be defined by the final state of the production process of two

WZ vector bosons. As mentioned in Sec. 5.2, this will be defined by three leptons in

the final state and one missing transverse energy.

The three leptons will use the tight leptons (consult Tab. 4 and Tab. 3) criterion

in order to make their identification very precise. It is also known that two of these
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leptons come from the decay of the Z boson, where these two will be characterized by

having opposite sign and same flavor (OSSF). Furthermore, studying the invariant

mass of these two leptons (mll′) approximates the mass of the Z boson (mZ). These

two leptons will be tagged as Z leptons (lZ1 and lZ2). The remaining lepton will be

associated with the one coming from the W boson.

The transverse momentum of the leptons coming from Z is imposed to have plZ1
T >

25 GeV and plZ2
T > 10 GeV. The lepton coming from the W boson is required to have

plWT > 25 GeV. Furthermore, we want the invariant mass of the OSSF lepton pair to

satisfy mll′ > 4 GeV to eliminate low energy resonances that can contaminate the

event and more specifically, that it approaches the Z mass with a small difference such

∆m < 15 GeV. The total invariant mass of the three leptons must bem(lZ1, lZ2, lW ) >

100 GeV. To be able to reconstruct the WZ, a MET that have at least pmiss
T > 30 GeV

is required. No b-jet are expected in the process (Nb = 0).

• 3 tight leptons (Nl = 3).

• At least 1 pair of opposite sign and same flavour (NOSSF ≥ 1) and no b-tagged

jets (Nb = 0).

• Transverse momentum: plZ1
T > 25 GeV, plZ2

T > 10 GeV, plWT > 25 GeV and

pmiss
T > 30 GeV.

• Invariant mass: The OSSF leptons pair (lZ1 and lZ2) must have a invariant mass

of at least mll′ > 4 GeV and |mZ −mll′ | < 15 GeV. The invariant mass of the

three leptons has to be m(lZ1, lZ2, lW ) > 100 GeV.
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Figure 19: Total events at different transverse momentum for the first and second

boson Z leptons, the W lepton and the reconstruction of the missing transverse energy

This figures are representations of the events in signal region with the MC samples.

55



75 80 85 90 95 100 105
 (GeV)llM

0

100

200

300

400

500

600

700

E
ve

nt
s

WZ

qqZZ

Fakes DY

Fakes TT

Total unc.

 (13.6 TeV)-129.62 fbCMS Academic

0 50 100150200250300350400450500
 [GeV]WZm

0

200

400

600

800

1000

E
ve

nt
s/

bi
n

WZ

qqZZ

Fakes DY

Fakes TT

Total unc.

 (13.6 TeV)-129.62 fbCMS Academic

Figure 20: Total events for the reconstruction of the invariant mass in the signal

region with the MC samples. First, with the two leptons lZ1 and lZ2 whose invariant

mass shows us the resonance around the mass of the Z boson. The second shows the

reconstruction of the invariant mass of the three leptons and the missing transverse

energy for reconstruct the invariant mass of the two W and Z bosons.

It is possible to see in Fig. 19 and Fig. 20, the results after defining the selection

criteria for the studied process. It was obtain the presence of others different process

from the SM that makes the signal region not pure. These contributions are what

were called: background processes.

5.5.4 Control Regions

In order to estimate the different backgrounds as accurately as possible, new re-

gions are defined with the goal of maximizing the number of events for a particle

background process and study it in detail regardless of the signal region to check the

good estimation of backgrounds. It is called: Control region (CR). In this measure-

ment, two different control regions are used. First, is used a control region based
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on the ZZ background and later, the top-antitop pair production control region is

defined as well.

For maximize the ZZ production process (CR-ZZ) where 4 well-defined leptons are

required in the final state, the identification and tagging of leptons is very similar to

that carried out in SR, where it is possible to generate two pairs of opposite sign and

the same flavor that make it possible to identify which boson are associated to the

four leptons. It is also based on the invariant mass by pairs. In this case, since there

is no W boson, no missing transverse energy is required and no b-jet is expected. The

transverse momentum requirements of the leptons is analogous to that used for the

Z leptons of the signal region.

• 4 tight leptons (Nl = 4).

• At least 1 pair of opposite sign and same flavour (NOSSF ≥ 1) and no b-tagged

(Nb = 0).

• Transverse momentum: p
l1Z1
T > 25 GeV, p

l1Z2
T > 10 GeV, p

l2Z1
T > 25 GeV, p

l2Z2
T >

10 GeV and pmiss
T = 0 GeV.

• Invariant mass: The OSSF leptons pair must have a invariant mass of at least

mll′ > 4 GeV and |mZ−mll′| < 15 GeV. The invariant mass of the three leptons

has to be m(lZ1, lZ2, l) > 100 GeV.
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Figure 21: Total events at different transverse momentum for the first and second

lepton and the reconstruction in the ZZ control region with data and the MC samples.

In other hand, for maximize the top-antitop production process (CR-TT) the condi-

tions are quiet different. If we recall what was explained in Sec. 5.4.2, the top-antitop

process will be characterized by having two b-jets associated to the decay of the top

quarks and two W bosons of opposite sign. It is being studied the leptonic decay

channel, so it is expected that the decay of the two W bosons will result in two lep-

tons of opposite sign and a missing transverse energy associated with two neutrinos.

Testing different cuts to maximize this process, it has been concluded that:

• 2 tight leptons (Nl = 2).

• No pair of opposite sign and same flavour (NOSSF ≥ 0), Njet > 1 and b-tagged

jets (Nb ≥ 1).

• Transverse momentum: pl1T > 25 GeV, pl2T > 20 GeV and pmiss
T > 30 GeV.
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• Invariant mass: A invariant mass of at least mll′ > 12 GeV.
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Figure 22: Total events at different transverse momentum for the first and second

lepton in the tt̄ control region with data and the MC samples.

5.6 Systematic uncertainties

One of the most important parts of the measurement and results is the mea-

surement of some parameters associated with the results that measure the degree

of dispersion in the results taking into account all the variables associated with the

experiment. Two types of uncertainties are taken into account: systematic and statis-

tical. The statistical uncertainty is associated with the amount of data that make up

the sample. Since the LHC just started working at
√
s = 13.6 TeV just one year ago,

the statistic available is limited to L13.6 TeV = 29.62 fb−1 currently, while for example

in Run 2 after three years of data collection, there was a total of L13 TeV = 138 fb−1.

The Run 3 data should increase significantly for the next few years.
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Systematic uncertainty is properly associated with the design of the experiment and

possible variables that are beyond the current control of the design. Some of this

uncertainties are associated with: the operation of the collider, the detector, the trig-

ger, modelling in the event simulation sample generators, theoretical and others. The

available systematic uncertainties will be described below:

• Luminosity: It is associated to the MonteCarlo sample normalization in rela-

tion with the available data of L13.6 TeV = 29.62 fb−1 taken during 2022. This

uncertainty affects the measurement by 2%.

• Jet energy scales: These are possible uncertainties related with the estimation

of jets characteristics in their reconstructions such as: momentum, pseudora-

pidity or energy.

• Background normalization: It is an uncertainty associated to the normal-

ization of the simulated background events applied in the signal region. These

normalizations float freely in the fit as an unconstrained nuisance parameter.

It is going to be study in detail in Sec. 6.2 and Sec. 6.3.

• Muon and electron efficiencies: These are uncertainties related with correc-

tions made to increase the efficiency in the Monte Carlo simulations by taking

some statistical weights. It creates a greater similarity between the experimental

data and the sample of simulated events.

• ISR and FSR: The uncertainties associated to the Initial State Radiations

(ISR) and the Final State Radiations (FSR). These are associated with the

possible radiation emission of particles on the initial/final state which generates

objects in the detector that are going to be tagged. For example: emission

of photons, quarks or gluons that deposit jets and showers in the different
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calorimeters. All the corrections associated with this possibilities are included

in this uncertainties.

There are many other existing systematic uncertainties that are not available yet for

the Run 3 analysis. For the further analysis and other future studies, it should be

available.

5.7 Signal extraction and maximum likelihood fit

There are different methods to measure the cross section in particle physics. For

obtain the cross section of a given process, would only have to count the number of

events that exist, but the background processes contaminate the sample and their

contributions have to be consider. This can be calculated using Eq. 32.

σ =
(Ns −Nbck)

BR · L · A · ε
(32)

The objetive is to estimate the rate between the measure of an experimental cross

section and the expected from the SM. It is called signal strength.

r =
σexp

σSM

(33)

The signal extraction could be studied extracting the number of events per bin in a

selected distribution which allows to separate correctly the signal for the background

and study the yield of it.

yi = r⃗ ·Ns +Nb (34)

where Ns are the number of signal events and Nb are the background events. The r⃗ is

group of parameters used to extract the signal strength of the signal. This parameters

are called parameters of interest (POIs).

For the estimation of the POIS is used a Maximum Likelihood fit (ML fit). It is a
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parametrization for fit and estimate parameters using observables information. Fixing

all the parameters is possible to define a function called Likelihood function:

L(r⃗, N i
s(θ

i), N i
b(θ

i)) =

Nbins∏
i=1

Pois(ni|r⃗ · · · (θ) +Nb(θ))
Nuncs∏

k

e

θ2j
2 (35)

where ni is the data per bin, θ is a vectorial collection of parameters and Pois is a

Poisson probability density function defined like:

Pois(ni|r⃗ · · · (θ) +Nb(θ)) =
1

ni

(r ·N i
s(θ) +Nb(θ))e

−(r·N i
s(θ)+Nb(θ)) (36)

At the end of the process, the amount of events corresponding to the signal process

can be extracted from the MC and the cross section could be measured. A toolkit

has been used for this measurement called Combine5.

5.8 Measurement procedure

Due to CMS policies and to avoid possible bias in the results, at the beginning

the measurement was done without making use of the experimental data in the signal

region. In it, only Monte Carlo simulations was used. On the other hand, the control

region can use these experimental data, which will allow us to study the background

processes in detail. The data in signal region was only implemented when the full

analysis was completed.

In this subsection, it is presented the process for the measuring of a cross section of

WZ production process with the signal extraction from using maximum likelihood fit

in control regions. For this, a thorough study of ZZ and tt̄ control regions in order to

extract the signal and reduce the uncertainties associated to their normalizations.

5More information could be found in https://cms-analysis.github.io/HiggsAnalysis-

CombinedLimit/
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6 Results

6.1 Signal Region interpretations

In the signal region, it is used the event selection of 5.5.3 for the representation

of an enriched in WZ process distributions. It can be seen in the distributions of

Fig. 23 and Fig. 24 that are enriched in the WZ process and that they satisfy the

requirements in the transverse momentum of the leptons and the missing transverse

energy. The Fig. 24 shows the invariant mass. The one on the left, shows the

invariant mass of the two leptons associated with Z, so we see that the maximum of

the mass distribution is around the mass of the Z boson (mZ). On the other hand,

the graph on the right in Fig.24 shows the invariant mass of the three leptons and

the MET, so the mass of the two bosons (W and Z) is being reconstructed. That is

why the maximum of the distribution is around mZ +mW .

At first, in the measurement, data in the signal region was not used, so the signal

was fit in Asimov distribution that consists of putting the data the same as the

MonteCarlo. This directly implies that the cross section is being considered equal

to that of the Standard Model. In the end, the data was implemented to repeat the

measurement and obtain the value of a real cross section. As can be seen in Fig. 23

and Fig. 24, there is good agreement between the data and the MC simulations.
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Figure 23: Total events at different transverse momentum for the first and second

boson Z leptons, the W lepton and the reconstruction of the missing transverse energy

This figures are representations of the events in signal region with the MC samples

and data.
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Figure 24: Total events for the reconstruction of the invariant mass in the signal

region with the MC samples and data. First, with the two leptons lZ1 and lZ2 whose

invariant mass shows us the resonance around the mass of the Z boson. The second

shows the reconstruction of the invariant mass of the three leptons and the missing

transverse energy for reconstruct the invariant mass of the two W and Z bosons.

6.2 ZZ Control Region analysis

The ZZ control region is used to measure the cross section of the WZ production

process and its uncertainties. In Fig. 33, it can be seen how in the control region

of ZZ the background is so negligible that it does not exist and its distributions

are independent of the signal region. In addition, we can see that there is a good

agreement between the experimental data and Monte Carlo since they fall within the

uncertainties in all the bins. It is true that if we had more data samples, it is likely

that the results would fit even better.
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For the signal extraction, it will be used the control distribution region of ZZ that best

fits with the data. In addition, a distribution that does not depend on the kinematic

variables will preferably be chosen. Finally, it was decided to use the lepton flavor

distributions to get a fit of the signal region and the control region of ZZ.

The signal is extracted from a fit to distributions of Fig. 25 in the signal region

and the ZZ control region where the normalizations of WZ and ZZ are extracted

simultaneously in the fit. After including simultaneously the tt̄ control region to

the fit explained in Sec. 6.3, the results of the signal extraction and the maximum

likelihood fit with all the impacts of the uncertainties are shown at the end in the

Sec. 6.

Process eee eeµ eµµ µµµ

Signal WZ 445± 10 553± 11 778± 13 1053± 15

qqZZ 21± 10 35± 4 39± 4 71± 5

Non-prompt DY 47± 14 19± 9 132± 23 66± 16

Non-prompt TT 12± 1 24± 2 38± 2 50± 3

Non-prompt VV 0.4± 0.3 0.2± 0.2 0.9± 0.4 0.0± 0.0

Data 456 547 869 1197

Table 5: The distribution of MC sample and data classified per bin using the lepton

flavour criteria in the signal region.
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Figure 25: Total events distribution of leptons per flavour and distribution of leptons

flavour and charge in both: signal region and the ZZ control region.
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6.3 tt̄ Control Region analysis

After event selection to obtain a control region enriched in the non-prompt back-

ground of top-antitop pair production, it is searched in a similar way to what was

done in the control region of ZZ. The objective is to add also a normalization of the

non-prompt tt̄ control region with the signal region of WZ and the control region of

ZZ. It also allows us to constrain (reduce) the uncertainty associated to the normal-

ization of this background.

The distribution of the transverse momentum associated to the Fig. 26 is the one that

best fits the MonteCarlo simulation to the data. For this reason, it is the one used

to extract the normalization of the top-antitop non-prompt in the signal extraction.

We can see the result of this normalization in Sec. 6.
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Figure 26: Total events distribution of momentum of the more energetic lepton in the

the signal region and the top-antitop control region where data is used.
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Process Number of events

WZ 2828.48 ±24.06 (stat.) ±171.63 (syst.)

qqZZ 165.25 ±8.28 (stat.) ±16.57 (syst.)

Non-prompt DY 264.58 ±32.09 (stat.) ±31.58 (syst.)

Non-prompt TT 124.40 ±4.37 (stat.) ±7.35 (syst.)

Non-prompt VV 1.54 ±0.58 (stat.) ±0.09 (syst.)

Data 3069

Table 6: The total events of MC sample and data distributions of the momentum of

the more energetic lepton in the signal region.
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6.4 Expected results

Before adding the data in signal region, the influence of the different systematic

unceratinties to our measurement is calculated.
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Figure 27: Impact of the different source of systematic uncertainty available for the

Run 3 with no data in the WZ signal.

The Fig. 27 shows the value of impact of a nuisance parameter (NS) on the POIs

described in Sec. 5.7. In other words, it is possible to measure the influence of these

parameters on our measurement uncertainties, to know how they affect our results.

70



On the right it can be seen that a high value of ±1σ implies a large impact and a

high contribution to uncertainty. On the left, are the initial values of the NS and the

post-fit values with the error bars.

In Fig. 27, it can be seen that although the value of the NS is set to zero, the

variation in the error bars is observed. It can be seen how the normalization normfakes

associated with the non-prompt backgrounds are highly constrained thanks to the

fit studied with the tt̄ background. In the part on the right, it can be seen that

what generates the greatest impact in the measure are the jet energy scales and

the luminosity. Those associated with muon efficiencies and others associated with

statistical variables, ISR or FSR are also appreciable in smaller contributions.

A signal strength value with its uncertainties is shown at the top of the graph. In this

specific case, having fixed the value of the data to MonteCarlo, the result is r = 1.00,

but it is of interest to observe the uncertainty of ±0.04, which is quite an expected

value according to previous measurements.

Finally, after defining all the sources of uncertainties and extract the signal strength,

it is possible to obtain the validity of our measure using a likelihood fit scan (Fig.

28).

It is a logarithmic representation of the likehood function where the horizont lines in

−2∆ ln L = 1 and −2∆ ln L = 4 represent a 68% and a 95% of confidence in our

measure, respectively. The black curve represents the joint of all the systematic and

statistic available uncertainties in the Run 3 dataset. The red curve represent the

statistical uncertainties which are freeze.
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Figure 28: The fit ratio for the measurement of the expected WZ production cross

section using the 2022 data from the CMS.

This Fig. 28 guarantees that the sum in quadrature of the individual components

is equal to the total uncertainty. It is possible to obtain the statistical and systematic

uncertainties associated with the measurement made.

rwz−asimov =
σexp

σSM

= 1.00 +0.038
−0.031 (Sys) 0.022

0.021 (Stat) (37)

With this we can have an estimate of what the results are like in a first approach to

the measure of an expected cross section an its uncertainties.
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6.5 Observed results

The impact of uncertainties in the cross section measurement is extracted from

the signal regions and using the information of the two control regions (ZZ and non-

prompt tt̄) using now the data in signal region.
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Figure 29: Impact of the different source of systematic uncertainty available for the

Run 3 to the signal strength estimation of the WZ signal.

In Fig. 29, can be seen that the largest currently available contribution to the

uncertainty is from the current luminosity and then, the one associated with the
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electrons efficiency. The fact that luminosity is now the one that most affects the

value of this measure is interesting and can be associated with the fact that the rest

of the uncertainties are constraining more with the real data than with the Asimov

data.

We see that the third most significant contribution is that of the reconstruction of the

jets. In addition we can see other important contributions such as the normalization

of non-prompt backgrounds, where it can be seen in the uncertainty bars on the

left how this has been constrained in norm-tt after being added to the fit. Also,

looking at the left part of the figure, its is possible to see how the pre and post-fit are

contributing and differing

Also, although in a already very small contribution, there are the muon efficiencies,

ISR, FSR, the normalization of the ZZ background (which is practically null) and

other statistical contributions.

With this, it has been possible to study a first measure of cross section for the WZ

production process, where we have a signal strength of:

rwz−prompt =
σexp

σSM

= 0.98+0.05
−0.04 (38)

This first measurement of the production process WZ cross section at
√
s = 13.6 TeV

has a result and uncertainties that are, initially, compatible with the value expected

by the Standard Model theory.

Estimating identically to what was done without data, the logarithmic representation

of the likelihood function is used to check the validity of our measure.
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Figure 30: The fit ratio for the measurement of the expected WZ production cross

section using the 2022 data from the CMS.

It is the study and estimation of all the uncertainties in association with the

expected from the Standard Model cross section, where separating between systematic

and statistical uncertainties:

r = 0.980 +0.040
−0.038 (Sys) +0.022

−0.021 (Stat) (39)

Also, all this uncertainties are compatible compare with the ones obtained on the

exhaustive and precise measurement done during the Run 2 in the WZ process, ( [27]).
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7 Conclusions

In this thesis, a detailed study of the WZ production process has been carried

out. The measurement consisted of the extraction of the WZ signal from a likelihood

fit to data by obtain simultaneously the normalization of WZ, ZZ and tt̄, using the

maximum likelihood fit to get a cross section of WZ. The signal extraction study

using the control region of ZZ had already been done in previous WZ analyzes such

as Run 2 ( [27]) because it is the highest background in the WZ process. On the other

hand, the measurement by adding the control region of the non-prompt top-antitop

process for the fit, is the first time studied and has made it possible to reduce the

uncertainty associated to this non-prompt background normalization.

It was obtained a signal strength of:

r = 0.980 +0.040
−0.038 (Sys) +0.022

−0.021 (Stat) (40)

which is perfectly in agreement with what is expected from the Standard Model

theory and according to what is expected by previous studies and the uncertainties

are perfectly compatible:

Energy Luminosity (fb−1) Signal strenght values

√
s = 7 TeV 4.9 1.05 ± 0.07 (stat.) ± 0.06(sys)

√
s = 8 TeV 19.6 1.02 ± 0.04 (stat) ± 0.07 (sys)

√
s = 13 TeV 137 1.00 ± 0.02 (stat) ± 0.03 (sys)

√
s = 13.6 TeV 29.6 0.98 ±0.02 (Stat) ±0.04 (Sys)

Table 7: Representation of all the measurement of the WZ cross section at different

center-of-mass energies by CMS ( [17], [27]) adding the measure at
√
s = 13.6 TeV of

this measurement. The uncertainties are included.
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Run 3 has started in 2022, and will continue until the end of 2025. In this period

it is expected to collect more than 250 fb−1 at 13.6 TeV. This amount of data will

allow to improve the measurement presented here and to measure among others,

the charge asymmetry in the production, the polarization of the W and Z bosons

in WZ production, as well as differential distributions in both the inclusive and the

charge-exclusive final states for several observables.
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Figure 31: Representation of the pseudorapities distributions of the two leptons from

Z and the lepton from W in the signal region of WZ.
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Figure 32: Representation of distribution of events of the momentum and pseudo-

rapity of the more energetic jet and the missing transverse energy in the tt̄ control

region.
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Figure 33: Representation of the pseudorapities distributions of the two leptons com-

ing from the Z boson in the control region of ZZ.
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