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Introduction

The study of multiboson production is a powerful and effective way to probe the elec-
troweak sector of the Standard Model (SM). Multiboson processes are indeed sensitive to
possible contributions beyond the SM (BSM) that would manifest themselves as devia-
tions from the SM predictions, for example enhancing the event yield in specific kinematic
regions. These new physics effects can be parameterized in terms of anomalous gauge cou-
plings using the framework of Effective Field Theories (EFT), that has the great advantage
of being model-independent, thus providing more exploratory power with respect to a spe-
cific BSM theory. Among all the multiboson processes that can be explored, the associated
production of a photon and a Z boson decaying into two neutrinos is of particular interest.
Given that the neutrinos cannot be directly detected in a general-purpose detector like
CMS, the signature of the Z(→ νν)γ production consists in a single, isolated photon. The
same monophoton signature is shared by several physics analysis that search for dark mat-
ter at hadron colliders, where pairs of dark matter candidates can mimic the presence of
neutrinos, and where the SM Z(→ νν)γ processes therefore represent the most important
background contribution. A careful and precise measurement of the Z(→ νν)γ produc-
tion becomes then compelling, for both its strong capability of testing the SM and for the
contribution that it would provide to a wide range of fundamental physics searches. The
Z(→ νν)γ cross section has been measured and searches for anomalous gauge couplings
have been performed first by experiments operating at the LEP and Tevatron colliders,
in electron-positron and proton-antiproton collisions respectively. The most recent results
are those obtained at the LHC, by the CMS and ATLAS collaborations. The CMS anal-
ysis has been carried out by at a center of mass energy of 8 TeV, while the latest results
from ATLAS exploit the data collected during 2016 (with a luminosity of 36.1 fb−1), at
a center of mass energy of 13 TeV. One of the most significant limiting factors for such
measurements is the low statistics, since the possible presence of BSM effects would be
only visibile at very high values (> 200 GeV) of the transverse momentum of the photon.
For this reason, the measurement of the Z(→ νν)γ cross section and the evaluation of the
limits on the anomalous couplings that are presented in this work are performed using all
the data collected by the CMS experiment during the whole Run 2 of the LHC, at a center
of mass energy of 13 TeV and for a total luminosity of 137.6 fb−1. Specific strategies and
algorithms have been implemented for identifying the signal photon and, in addition, the
photons detected in the forward regions of the CMS detector are for the very first time
taken into account when defining the phace space. The inclusion of forward photons is
possible thanks to a new algorithm specifically developed for this analysis that allows to
reject beam-halo events, the otherwise dominant and ineliminable background events when
looking at the monophoton signature in the forward region. A beam halo event occurs
when the protons interact with residual gas molecules in the vacuum chamber or with the
walls of the beam pipe, giving rise to a flow of secondary muons traveling along the beam
line that can lead to electromagnetic showers similar to those produced by photons.

Chapter 1 opens this work with an “historical” overview of the SM, underlining the
theoretical and experimental milestones that led to its current formulation. The elec-
troweak and the strong interactions are then described, with a special attention paid to
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the triple and quartic couplings arising from the interactions between electroweak gauge
bosons. A section is dedicated to the Brout-Englert-Higgs mechanism and the discovery
of the Higgs boson. The first chapter closes with a summary of the still open questions in
particle (but not only) physics, like the so-called hierarchy problem, or the dark matter.
Within this context, the most studied channels for the production of dark matter candi-
dates at the LHC using a monophoton signature are also presented. Chapter 2 focuses on
anomalous gauge couplings and their parameterization through EFT. Anomalous triple
gauge couplings (aTGCs) are first introduced using both the Lagrangian approach and
the vertex approach, while a dedicated section describes in more detail the neutral TGCs
(NTGCs) arising in the associated production of two neutral gauge bosons. The state
of art of the Z(→ νν)γ cross section measurements and of the limits on the aNTGCs is
presented in the last section of the chapter. The Large Hadron Collider and the Compact
Muon Solenoid experiment are introduced in Chapter 3, specifying the design and the
main features of the different CMS subdetectors. The Particle Flow algorithm used for
particle reconstruction is then presented, together with a description of the reconstruc-
tion flow for the physics objects (electrons, photons, muons, hadrons, jets and missing
transverse energy) and of the mitigation techniques when dealing with pileup events. The
post-reconstruction corrections to be applied on jets and missing transverse energy are
outlined.

Chapter 4 is dedicated to the High-Luminosity upgrade of LHC, and to the consequent
upgrade of the CMS subdetectors. Among them, a special attention is paid to the new
timing detector for minimum ionizing particles (MTD) that will be installed in 2025. In
parallel with the study of the Z(→ νν)γ production at 13 TeV, studies on the timing
performances have been carried out and hence they are included in this thesis work: the
main contributions include the development of new monitoring tools for the MTD timing
performances and for the evaluation of the MTD impact on the reconstructed tracks and
vertices in terms of the track-vertex association. A concise description of the MTD design
is also provided, and the expected performances evaluated through simulation are shown.
The last section of the chapter contains an overview of the main physics analysis which
will benefit from the inclusion of the timing information provided by the MTD.

Chapters 5 and 6 contain the core part of this work. In Chapter 5, all the datasets
and simulated samples used for the analysis of Z(→ νν)γ events at 13 TeV are described.
The event selection is presented, and a section is dedicated to the development of the
customized ID used for the identification of the signal photon. The estimation of the
background contributions is then described, defining two categories of background pro-
cesses: those which have a real photon in the final state, and those where another physics
object is wrongly reconstructed as one. A description of the dedicated algorithm devel-
oped for the rejection of beam-halo events is provided. At the beginning of Chapter 6,
the statistical procedure for the extraction of the cross section and of the limits on the
anomalous couplings is defined. The systematic uncertainties affecting the measurement
are then listed, and the results for the expected values for the cross section and the limits
on the anomalous couplings are presented.
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Chapter 1

The Standard Model of
elementary particles

The Standard Model (SM) of particle physics is the theoretical model that describes
the elementary particles and their reciprocal interactions. It includes three of the four
fundamental forces existing in the Universe: the electromagnetic, the electroweak and the
strong force, while the gravitational force is too weak to have a significant role at quantum
level. This chapter opens with a historical overview of particle physics, with the aim of
conveying the milestones that have contributed to the modern formulation of the SM.
The particle content and the theoretical features of the SM are then presented, starting
with the description of the local gauge invariance, the fundamental principle on which
the whole theory relies. The theory of the strong interactions and the Higgs-Englert-
Brout mechanism are described, together with a brief overview of the renowed discovery
of the Higgs boson in 2012. A special attention is paid to the theory of the electroweak
interactions of gauge bosons and to the triple gauge couplings arising from the electroweak
Lagrangian. Eventually, the current issues faced by the SM are briefly listed, and some of
the most popular Beyond the Standard Model theories are presented.

1.1 Historical chronicle

The idea that all matter is composed of elementary particles dates back to at least the
6th century BC [1]. In the 19th century, Dalton formally introduced the atomic theory
into chemistry, stating that all the elements are made of tiny particles called atoms. Atoms
were believed to be fundamental and indivisible objects until 1897, when Thompson dis-
covered the electron [2] and proposed the plum pudding atomic model, where electrons
were supposed to be immersed in a uniform “sea” of positive charge providing the atom’s
neutrality. Rutherford’s famous scattering experiment [3] disproved Thomas’ model in
1909, demonstrating that most of the mass and positive charge of an atom is instead
concentrated in a tiny core, or nucleus, at the center of the atom. In 1932 Chadwick [4]
discovered the neutral counterpart of the proton, the neutron, explaining why atoms heav-
ier than hydrogen, and hence consisting of more than one proton, carried a bigger weight
compared to the simple sum of the protons’ masses. Around the same time of Thompson’s
electron discovery in 1900, Planck conceived the idea of the quantization of the electro-
magnetic radiation [5] while trying to solve the problem of the ultraviolet catastrophe in
the black-body spectrum for the electromagnetic radiation emitted by a hot object. The
concept of a light quantum was introduced by Einstein in 1905 to explain the photoelectric
effect [6]. In spite of the heavy criticism received about the idea of light behaving as a
particle on the subatomic scale, studies conducted by Millikan in 1916 on the photoelec-
tric effect [7], and Compton’s scattering experiment in 1923 [8] eventually confirmed the
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Einstein’s thesis, paving the way to quantum mechanics and quantum field theory. The
term photon associated to this new “light particle” was suggested by the chemist Lewis in
1927 [9].

In 1931, while studying the composition of cosmic rays, Anderson discovered the
positron [10], the positive-charged twin of the electron and first antiparticle to be detected
in the history of particle physics. The existence of electron counterparts was originally
postulated by Dirac in 1928, to explain the anomalous negative-energy quantum states
predicted by its equations for relativistic electrons [11]. Going back to the classical model
of the atom, as defined after the discovery of neutron in 1932, a significant problem can
be (and it was) immediately observed: being positively charged, the protons packed in an
atomic nucleus should violent repel each other. Since this does not clearly happen, there
should be a kind of force binding protons and neutrons together. The first significant
theory of the strong force was proposed in 1934 by Yukawa [12], assuming the existence of
a field keeping protons and neutrons together, similar to the electric field that attracts an
electron to a nucleus, and to the gravitational field that keeps the Moon rotating around
the Earth. According to the quantum theory, such field should have been quantized with
a proper particle acting as a mediator for the strong force, analogously to the photon
when dealing with the electromagnetic force. Yukawa called this particle meson (from the
greek term for “middle-weight”), and in the same spirit the electron took the name of lep-
ton (“light-weight”) while the protons and neutrons that of baryons (“heavy-weight”). In
1947, Powell and his colleagues discovered two middle-weight particles in cosmic rays [13],
which they called π (or pion) and µ (or muon), and at the end of the same year the
neutral kaon K0 was detected in Rochester and Butler’s cloud chamber [14]. In 1949 and
1950, the charged kaons and the lambda Λ were discovered, by Brown and Anderson’s
group respectively [15, 16], followed by many others mesons and baryons in the very next
years. These new particles were called strange particles, for several reasons: first of all,
they were completely unexpected, as the Yukawa model did not imply the existence of any
other meson. Furthermore, they were produced on a time scale of about 10−23 seconds,
but decayed much more slowly (in about 10−10 seconds). Pais and others hence suggested
that the mechanism responsible for their production was different from the one regulating
their decay [17].

In 1953, Gell-Mann and Nishijima [18, 19] implemented Pais’ idea assigning a new
property (the so-called strangeness) to each particle, conserved in any strong interaction
(and hence in the production of strange particles) but not conserved in a weak interaction
(responsible instead for the decay of strange particles). The first theory of the weak
interaction was proposed by Fermi in 1933 [20], addressing a problem observed in the
nuclear beta decay. In the beta decay, as known at the time, a radioactive nucleus decays
into a slighly lighter one, with the emission of an electron. In a two-body decay, the energies
of all the partecipating particles are kinematically determined in the center of mass frame,
but what was observed experimentally was a continuous spectrum for the electron’s energy.
Instead of a two-body decay then, Fermi postulated the existence of a third, light neutral
particles (which he called neutrino) emitted together with the electron and the lighter
nucleus. He expressed the relativistic Hamiltonian of the beta decay and its corresponding
matrix element in terms of a contact interaction, hence involving the presence of a new
contact force, precisely the weak force, with no range. In 1954, Yang and Mills [21]
extended the concept of gauge theory for abelian groups (quantum electrodynamics) to
nonabelian groups, to provide an explanation for the strong interactions. In 1961, after
Wu demonstrated the parity violation in the weak interactions [22], Glashow unified the
description of the electromagnetic and weak forces [23], laying the basis for the present
definition of the Standard Model. In the same year, all the known particles were arranged
by Gell-Mann in a scheme called the Eightfold Way [24], that ordered baryons and mesons
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into specific geometrical patterns according to their charge and strangeness. For example,
the eight lightest baryons were fit into a hexagonal array with two particles at the center,
where the horizontal lines in the hexagon connected particles with same strangeness, and
the diagonal lines those with same charge. Starting from the Eightfold Way, Gell-Mann
and Zweig [25, 26] independently proposed a model in which all hadrons (from the greek
word for “massive”) were formed by even more elementary constituents, named quarks1

by Gell-Mann. According to this model, all the baryons are composed of three quarks
(or three antiquarks in the case of antibaryons), and all the mesons of one quark and
one antiquark. All the multiplets of the Eightfold Way easily emerged by postulating the
existence of three quarks (u, d and s, or up, down and strange), and the quark model also
provided an explanation for the deep inelastic scattering experiments involving protons
that were carried out in the 1960s: the results from all those experiments indeed pointed
toward a protonic substructure made of three massive “lumps”. In 1974, the model was
definitely affirmed by the simultaneous discovery of the J/ψ [27, 28] by the Ting’s and
Burton’s groups, a particle characterized by an exceptional long lifetime (of the order
of 10−20 seconds) compared to the typical lifetimes of hadrons (about 10−23 seconds).
The quark model provided a striking and natural explanation for the J/ψ, implying the
presence of a fourth quark (named charm, or c) with the J/ψ being a bound state of a c
quark and antiquark. The idea of a fourth quark was already proposed by Glashow many
years earlier, based on the simple idea of a parallel between the number of quarks and
leptons. After the discovery of neutrinos by Cowan and Reines in 1956 [29], the known
leptons were indeed four (the electron, the muon, and their corresponding neutrinos). In
1975 a new lepton, the τ (tau), was discovered [30]. Together with its corresponding
neutrino, it brought the number of leptons up to six. Two years later, the discovery of the
Υ meson [31] proved the existence of a fifth quark (named beauty, or b), and eventually in
1998 also the sixth and last quark predicted (named top, or t) was found [32, 33].

The current formulation of the SM was developed around 1968, when Weinberg and
Salam incorporated the Higgs mechanism into Glashow’s electroweak interaction. In the
current view, the SM predicts three families of elementary particles: leptons, quarks,
and mediators (Figure 1.1). The constituents of matter are leptons and quarks, 1/2-spin
particles called fermions, whose dynamics is described by the Dirac equations of relativistic
quantum mechanics. For each of the twelve fermions, an antiparticle with exactly the
same mass and opposite charge exists. Antiparticles are conventionally labelled with
a bar on top (i.e. an antiquark is labelled as q). There are three negatively charged
leptons, the electron (e), the muon (µ) and the tau (τ ), and three neutrinos (νe, νµ, ντ ).
Leptons are grouped in three generations, each one constituted of a charged lepton and its
corresponding neutrino; the charged lepton mass increases from the first (me ' 0.511 MeV)
to the third (mτ ' 1777 MeV) family, while neutrino masses are very small (. 1 eV) and
their hierarchy has not been determined yet. There are six flavors of quarks: up (u), down
(d), charm (c), strange (s), top (t) and bottom (b). Quarks are classified by the charge
and the isospin 3-component: there are three up-type quarks (the isospin 3-component is
1/2 and the charge is 2/3 of the electron charge), and three down-type quarks (the isospin
3-component is -1/2 and the charge is -1/3 of the electron charge). As leptons, quarks
are grouped in three generations, each of them constituted of an up-type quark and a
down-type quark. Due to the nature of the strong interaction potential, quarks cannot
be observed as free particles but they are always confined in bound states (hadrons).
Each of the three forces of relevance to particle physics is described by a Quantum Field
Theory (QFT) corresponding to the exchange of a mediator, a spin-1 force-carrying particle
known as a gauge boson. The photon is the gauge boson of Quantum Electrodynamics
(QED), the QFT of electromagnetic interaction; the gluon is the gauge boson of Quantum

1From the word “quark” in James Joyce’s 1939 book “Finnegans Wake”.
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Figure 1.1: The Standard Model of particle physics: leptons, quarks, gauge and Higgs
boson, together with their charge, mass and spin.

Chromodynamics (QCD), the QFT of strong interaction. The gluon and the photon
are massless. The weak interaction is mediated by the charged W+ and W− bosons,
and by the neutral Z boson. All gauge bosons of weak interactions are massive. The
final element of the SM is the Higgs boson, which was discovered by the CMS [34] and
ATLAS [35] experiments at the Large Hadron Collider (LHC) in 2012. It is a massive spin-
0 scalar particle, and it provides the mechanism by which all other particles acquire mass.
The process of interaction by boson exchange can be described by means of Feynman
diagrams. The left-hand side of the diagram represents the initial state, while the right-
hand side represents the final state, with time flowing from the left to the right. The
central part of the diagram shows the particles exchanged and the SM vertices involved in
the interaction: each vertex is characterized by a coupling constant which determines the
interaction strength, and energy and momentum are conserved. The Feynman diagram
for the scattering process a + b → c + d through the exchange of another particle X is
shown in Fig. 1.2.

Figure 1.2: The Feynman diagram for the a+ b → c+ d scattering.

1.2 The local gauge invariance principle

The current formulation of the SM is based on a SU(3)C × SU(2)L × U(1)Y gauge
structure, meaning that the SM Lagrangian is invariant under local transformations of
the gauge group. The concept of local gauge invariance can be introduced starting from
electromagnetism [36], where the physical electric and magnetic fields do not change under
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gauge transformation of the scalar and vector potential φ and ~A from where they are
derived,

φ → φ′ = φ− ∂χ

∂t
and ~A → ~A′ = ~A+ ∇χ.

Consider a free fermion field ψ with mass m, which has a global U(1) symmetry such
that its Lagrangian is invariant under the U(1) global phase transformation ψ → ψ′(x) =
ψ(x)eiα, where α is an arbitrary real number:

L0 = iψ(γµ∂µ −m)ψ.

Suppose now to require an U(1) local phase transformation such that α depends on the
space-time coordinate, α → α(x). In order to preserve the invariance of L0, the derivative
∂µ should be replaced by the covariant derivative Dµ:

∂µ → Dµ = ∂µ + iqAµ,

provided that the new field Aµ, corresponding to a massless gauge boson, transforms as:

Aµ → A′
µ = Aµ − ∂µα.

Therefore, the gauge-invariant Lagrangian of QED can be written as:

L0 = iψ(γµ∂µ −me)ψ + eψ∂µAµψ − 1
4FµνF

µν ,

where the kinetic term FµνF
µν = (∂µAν −∂νAµ)(∂νAµ−∂µAν) is already invariant under

U(1) local gauge transformation, and the term containing Aµ describes the interaction
of the fermions with a new gauge field that can be identified as the photon. The QED
four-vector current jµ = ψγµψ hence becomes

jµ = u(p′)γµu(p),

where u and u are the Dirac spinor and its adjoint (depending on the fermions four-
momentum p and p′) and γµ refers to the four Dirac matrices. By requiring the invari-
ance of the Lagrangian under U(1) transformation all the QED can be derived, including
Maxwell’s equations.

1.3 Electroweak interactions

The same gauge formalism can be applied to the SU(2) group, requiring Lagrangian
invariance under SU(2) local phase transformation [36]:

ψ → ψ′ = exp
(
igW ~α(x) · ~T

)
.

Here, the Ti = 1
2 σi with i ∈ [1, 2, 3] are the three Pauli matrices corresponding to the

three generators of SU(2), gW is the weak coupling constant and ~α(x) are three functions
that specify the local phase at each point in the space-time. Since Pauli matrices do
not commute, meaning

[
σi, σj

]
= 2iεijkσk, the SU(2) group is termed non-Abelian. The

covariant derivative then becomes:

∂µ → Dµ = ∂µ + igW ~T · ~Wµ,

where ~W (x) are the three new gauge fields associated to three gauge bosons W (1), W (2)

and W (3). Due to the experimental observation of parity violation in weak interactions,
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the four-vector current formulation instead differs from QED, as it requires to be written
as a linear combination of vector and axial vector currents:

jµ = u(p′)γµu(p) + u(p′)γµγ5u(p) = gV j
µ
V + gAj

µ
A,

where gV and gA are the vector and the axial vector coupling constants. The relative
strength of the parity violation is then given by:

gV gA

g2
V + g2

A

.

If either gV or gA is zero, parity is conserved in the interaction, while parity violation
is maximal for pure vector minus/plus axial vector (V-A/V+A) interactions, meaning
|gV | = |gA|. From experiments [36], it was observed that the weak charged current due to
the exchange of a W± bosons takes the form of a V-A interaction. Through the left- and
right-handed projection operators:

PR = 1
2(1 + γ5), PL = 1

2(1 − γ5),

any Dirac spinor can be decomposed into left-handed and right-handed components and,
as a consequence of the V-A interaction, only left-handed (LH) particle states or right-
handed (RH) antiparticle states are allowed to participate in the charged-current weak
interaction. The current term resulting for RH particle states or LH antiparticle states
is indeed zero: for this reason, the symmetry group of the weak interaction is referred
to as SU(2)L. Given that the generators of the SU(2) gauge transformation are the 2×2
Pauli spin-matrices, ψ is written in terms of two components and it is termed a weak
isospin doublet, in analogy with the definition of isospin. In order to mantain the chirality
structure of the weak interaction, a weak isospin doublet ψL(x) must only contain LH
particles and RH antiparticles, differing by one unit of electric charge, like for example:

ψL(x) =
(
νe
e−

)
L

.

The total weak isospin IW is 1/2, while its third component is 1/2 for the neutrino νe
and -1/2 for the electron e−. RH particle and LH antiparticle states are placed in weak
isospin singlets with IW = 0, and they are therefore unaffected by the SU(2)L local gauge
transformation. The new interaction term arising from the SU(2)L local gauge invariance
is the following:

igWTkγ
µW k

µψL = i

2gWσkγ
µW k

µψL,

originating three weak currents, one for each of the Pauli spin-matrices:

j1
µ = gW

2 ψLγ
µσ1ψL, j2

µ = gW
2 ψLγ

µσ2ψL, j3
µ = gW

2 ψLγ
µσ3ψL.

The four-vector currents corresponding to the exchange of the physical W± bosons can be
hence written as:

j±
µ = 1√

2
(j1
µ ± ij2

µ) = gW
2

√
2
ψLγ

µ(σ1 ± iσ2)ψL = gW√
2
ψLγ

µσ±ψL,

and the physical W bosons are defined as:

W±
µ = 1√

2

(
W1

µ + iW2
µ

)
.
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Therefore, the Lagrangian of weak charged interaction becomes:

LCC = − gW
2

√
2
∑
i

ψiγ
µ
(
1 − γ5

) (
T+W+

µ + T−W−
µ

)
ψi

where the sum is over the three fermion generations, ψi is a SU(2)L doublet and T± =
1
2

(
T 1 ± T 2

)
are the projector operators. It was mentioned in the previous section that

the first description of the weak interaction was provided by Fermi, in terms of a contact
interaction. Comparing the matrix element derived from the Fermi Hamiltonian to that
obtained from the formulation of the electroweak interaction developed after the discovery
of parity violation, it is possible to relate gW with the Fermi constant GF , that first
expressed the strength of the weak coupling:

GF√
2

= g2
W

8m2
W

.

From the observed decay rates of muons and tau leptons it is found that the strength of the
weak interaction is the same for all lepton flavors, namely G(e)

F = G
(µ)
F = G

(τ)
F . The leptons’

property of coupling to the gauge boson independently from their flavor is called lepton
universality. On the other hand, the strength of the weak interaction for quarks, which
can be determined from the study of nuclear β-decay, is not the same for all quark flavors.
Such differences arise considering that the weak eigenstates of quarks do not coincide with
the mass eigenstates, but are related to them by the unitary Cabibbo-Kobayashi-Maskawa
(CKM) matrix VCKM [37, 38]:d

′

s′

b′

 = VCKM

ds
b

 =

Vud Vus Vub
Vcd Vcs Vcb
Vtd Vts Vtb


ds
b


The relative strength of the interaction is therefore defined by the relevant element of the
CKM matrix. The CKM matrix has four independent parameters, three rotation angles
and a complex phase:

VCKM =

 c12c13 s12c13 s13e
−iδ

−s12c23 − c12s23s13e
iδ c12c23 − s12s23s13e

iδ s23c13
s12s23 − c12c23s13e

iδ −c12s23 − s12c23s13e
iδ c23c13

 ,
where cij stands for cos θij , and sij for sin θij . The values of these parameters are not
predicted by SM, and they have to be evaluated from experiments [39].

1.3.1 The neutral current and the electroweak unification

The SU(2)L symmetry of the weak interaction implies the existence of a third current
j3
µ, corresponding to the neutral vertices:

j3
µ = gW

2 ψLγ
µσ3ψL. (1.1)

It would be hence possible to identify the boson for the neutral current as W 3. If that
was the case, such boson would only couple to LH particles (and RH antiparticles), but
it has been observed from experiments that also RH particles (and LH antiparticles) can
interact via neutral current. In the 1960s, Glashow [40], Salam [41] and Weinberg [42]
(GSW) proposed a model, based on the Yang-Mills theory, capable of unifying the elec-
tromagnetism and the weak interaction into a single electroweak interaction. In the GSW
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model, the U(1) gauge symmetry of electromagnetism is replaced with a new U(1)Y local
gauge symmetry, such that:

ψ(x) → ψ′(x) = exp
(
ig′Y

2 ζ(x)
)
ψ(x).

In order to preserve local gauge invariance, a new interaction term has to be introduced,
together with a new gauge field Bµ that couples to a new kind of charge, termed the weak
hypercharge Y :

g′Y

2 Bµγ
µψ.

With this formalism, the photon and the boson associated to the weak neutral current
(called Z boson) can be written as a linear combinations of Bµ and W 3:

Aµ = Bµ cos θW +W 3
µ sin θW , (1.2)

Zµ = −Bµ sin θW +W 3
µ cos θW , (1.3)

where θW is termed the weak mixing angle. Therefore, the physical currents of QED and
the weak neutral current get the following form:

jemµ = jYµ cos θW + j3
µ sin θW ,

jZµ = −jYµ sin θW + j3
µ cos θW .

The Lagrangian of weak, neutral current hence becomes:

LNC = − gW
2 cos θW

∑
i

ψiγ
µ(giV − giAγ

5)ψiZµ,

where ψi can be RH or LH fermionic singlets, and giV and giA are expressed as

giV = T i3 − 2Qi sin2 θW and giA = T i3.

The GSW model of electroweak unification implies that the couplings of the weak and the
electromagnetic interactions are related through the mixing angle θW , as

e = gW sin θW = g′ cos θW ,

while the definition of hypercharge can be obtained by imposing the invariance under
U(1)Y and SU(2)L local gauge transformations:

Y = 2(Q− I3
W ).

The electroweak Lagrangian can be then written in a compact way as:

LEW = χLγ
µ
(
i∂µ − gW ~T · ~W − g′Y

2 Bµ
)
χL + ψR

(
i∂µ − g′Y

2 Bµ
)
ψR + LKIN ,

where χL and ψR are the fermionic left-handed and right-handed states, respectively [43],
and LKIN describes the gauge field kinetics:

LKIN = −1
4BµνB

µν − 1
4
~Wµν

~Wµν ,

where

Bµν = ∂µBν − ∂νBµ and ~Wµν = ∂µ ~Wν − ∂ν ~Wµ + gW ~Wµ × ~Wν .
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1.3.2 Triple and quartic gauge couplings

The last term in ~Wµν is due to the non-Abelian structure of SU(2)L. As a consequence
of the presence of such extra-term, the kinetic term of the electroweak Lagrangian LKIN
gives rise to triple and quartic self-interactions among the gauge fields, whose strength
is given by the same SU(2)L constant coupling gW . After transforming the gauge fields
into the physical fields (see Eq. 1.2 and 1.3 ), the explicit Lagrangian for the triple gauge
couplings becomes [43]:

L3 = − ie cot θW {(∂µW ν − ∂µW ν)W †
µZν − (∂µW ν† − ∂µW ν†)WµWν +WµW

†
ν (∂µZν − ∂µZν)}

− ie{(∂µW ν − ∂µW ν)W †
µAν − (∂µW ν† − ∂µW ν

†
)WµAν +WµW

†
ν (∂µAν − ∂µAν)},

while for the quartic gauge couplings [43]:

L4 = − e2

2 sin2 θW
{(W †

µW
µ)2 −W †

µW
µ†WνW

ν} − e2 cot2 θW {W †
µW

µZνZ
ν −W †

µZ
µWνZ

ν}

− e2 cot θW {2W †
µW

µZνA
ν −WµZ

µWνA
ν −WµA

µWνZ
ν}

− e2{W †
µW

µAνA
ν −W †

µA
µWνA

ν}.

In each term of the Lagrangian there are always at least a pair of charged W bosons.
In order to preserve the gauge invariance, the SU(2)L algebra does indeed not generate
any neutral couplings involving only photons or Z bosons. However, they can arise in the
context of the theory of anomalous gauge couplings, as it will be discussed in the next
chapter.

1.4 Strong interactions

Quantum Chromodynamics (QCD) is the quantum field theory of strong interaction.
Similarly to QED, whose interaction is mediated by a massless photon, the generator of
U(1) symmetry, QCD is mediated by eight massless gluons that correspond to the eight
generators of the SU(3) group. As for QED and weak interactions, Lagrangian must be
invariant under SU(3) local phase transformation, meaning that:

ψ(x) → ψ′(x) = exp
[
igS ~β(x) · ~̂T

]
ψ(x),

where ~̂T = {T a} represents the eight generators which are related to the Gellmann matrices
λa as T a = 1

2λ
a, while gS is the coupling constant. In addition, to preserve the SU(3)

local gauge symmetry, the derivatives have to be replaced with the covariant derivative:

Dij
µ = ∂µδ

ij + igS(T a)ijGaµ,

where the Gaµ are the new fields corresponding to the eight gluons with color index a ∈
[1, ..., 8]. The SU(3) group is non-Abelian as its generators λ do not commute (meaning
that [λi, λj ] = 2ifijkλk). This feature gives rise to gluon-self interactions and asymptotic
freedom, which will be discussed below. Being the SU(3) generators 3×3 matrices, the
wavefunction ψ must be written including three additional degrees of freedom, that can
be represented by a three component vector. This new degree of freedom is called color,
with red, blue and green labelling the three color wavefunctions

r =

1
0
0

 , g =

0
1
0

 , b =

0
0
1

 .
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The single charge of QED is then replaced by three color charges, r, g and b. Color must
be conserved at the interaction vertex, and so gluons must carry both color and anticolor
charge. Only particles that have non-zero color charge can couple to gluons: leptons, for
example, do not feel the strong force because they are color neutral. The current term for
QCD is written in analogy with the QED:

jµ = ψj

(1
2 igSλ

aγµ
)
ψi,

where ψi represents a SU(3) triplet and j is the color index. Therefore, the Lagrangian
for QCD becomes:

LQCD = ψi
(
(iγµDµ)ij −mδij

)
ψj − 1

4 F̃
a
µνF̃

µν
a ,

where the last term is the kinetic term, with F̃ aµν = ∂µGν − ∂νGµ + gSf
abcGbµG

c
ν .

1.4.1 Colour confinement and hadronization

One of the issues that soon arose after the quark model was first proposed by Gell-
Mann, in the 1960s, was the lack of a direct observation of such particles. Quarks, dif-
ferently from leptons, indeed cannot be seen directly. Their non-observation is now ex-
plained by the hypothesis of color confinement, which states that objects having color
charge cannot propagate as free particles. In spite of its importance in the understand-
ing of QCD processes, the mechanism of color confinement has not been analytically
proved yet, but it is believed to originate from gluon-gluon self-interactions. A qualita-
tive understanding of the process can be obtained by considering two free quarks that
being apart. The mutual exchange of virtual gluons between them squeezes the color
field into a tube (see Fig. 1.3) and, as a consequence, the energy stored in the field
becomes proportional to the distance between the quarks. It would require an infinity

Figure 1.3: Qualitative picture of the color
field between a qq pair [36].

amount of energy to separate the quarks to
infinity, meaning that quarks can only ex-
ist in colorless hadrons. Furthermore, since
also gluons carry color charge they can not
propagate over macroscopic distances, and
they are confined to colorless object. In
particle collisions, as it will be described
later, quarks and gluons are observed as jet
of colorless particles. A qualitative descrip-
tion of the hadronization process is shown
in Fig. 1.4. The quark and the antiquark produced in an interaction separate at high ve-
locities, restricting the color field in a tube, consequently to color confinement; the energy
stored in the field increases as the quarks separate further, until it becomes sufficient to
produce a new qq pair, breaking the color field in smaller tubes. The process continues
until the energy of quarks is enough to combine and form colorless hadrons. Two jets re-
sult from the initial qq pair, following the initial directions of the quark and the antiquark
respectively.

1.4.2 Asymptotic freedom and the running of αS

The strength of an interaction is usually espressed in terms of a coupling constant α
that varies as a function of the energy scale or transfered momentum Q. Such variation
is called the running of α, and it formally originates from the renormalization procedure.
In the case of QED, the magnitude of the coupling decreases at larger distances while
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Figure 1.4: A qualitative description of the hadronization process [36].

it gets stronger at small distances, tending to its macroscopic value of α(0) ' 1/137.
Such behavior of the coupling constant is to be researched in the expression of the elec-
tromagnetic potential created by a test charge qc. Due to the vacuum polarization, pairs
of particle-antiparticle are created around qc, with particles of charge opposite to the test
charge tending to be closer to it, analogously to the electric charge screening in a dielectric
medium. By the Gauss’ law, the total charge inside a sphere of radius r will be smaller
than qc, and the larger r the more the total charge will tend to the test charge value. The
potential determined by the screening is hence:

V (r) ∝ qC
e−r

r
.

For the QCD the situation is different because gluons carry color charge. Since the SU(3)C
group is non-Abelian, the Gauss’ law has to include an additional term containing fabc
(with a, b and c being the color indices). This new term determines the anti-screening,
that enhances the field at large distances and hence leads the QCD coupling constant
to decrease with small distance and to increase at large distance. The strong coupling
constant is usually rewritten as:

αS = gS
4π .

The energy dependence of the strong coupling is controlled by the so-called β-function [44],
defined as follows:

Q2 ∂αS

∂Q2 = β(αS) = −
(
αs
4π

)2 ∑
n=0

(
αs
4π

)n
βn,

where the βn depends on the quark and gluon loops and on the renormalization scheme
used. The exact analytical solution for αS is known only to β0 order, while at higher
orders numerical methods need to be used. At β0 order:

αS(Q2) = αS(µ2
R)

1 + β0 ln(Q2/µ2
R)αS(µ2

R)
.

This equation relates the strength of the coupling at a scale Q to the one at scale µR
(introduced to remove the divergences that arise in QCD calculations), assuming both
scales to be in the perturbative regime. The value of αS is currently extrapolated at the
value of the Z mass, at which it is sufficiently small for the perturbation theory to be
applied, and its value is αS(m2

Z) = 0.1181 ± 0.0011 [45]. When the coupling approaches
unity, the perturbation theory is not valid anymore and the QCD scale parameter ΛQCD
is introduced as the scale at which αS(Q2) diverges [44]:

αS(Q2) = 4π
β0 ln(Q2/ΛQCD)

.
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At value of ΛQCD ∼ 200 MeV (the Landau pole), the strong coupling becomes infinite,
perturbation theory can not be applied anymore and quarks and gluons combine into
hadrons.

1.4.3 Electroweak precision physics

The weak mixing angle θW is one of the key parameters in the electroweak sector of
the SM, with its measurement providing one of the most stringent test of the consistency
of the SM itself. Up to now, the most precise value of θW has been obtained by combin-
ing the results from the electron-positron Stanford Linear Collider (SLC) and the Large
Electron-Positron (LEP) collider, while the value which is currently used includes also the
measurements performed at the LHC, resulting in [46]:

sin2 θW = 0.23150 ± 0.00006

The conceptually simplest and most used method to measure the weak mixing angle
exploits the backward-forward asymmetry in the e+e− → Z → `` production. The differ-
ential cross section for the process can be written as:

dσ

d cos θ∗ ∝ a(1 + cos2 θ∗ +A4 cos θ∗), (1.4)

where θ∗ is the angle of the negative lepton in the Collins-Soper frame [47]. The ((1 +
cos2 θ∗) term arises from the spin-1 of the exchanged boson, while the cos θ∗ term originates
from interference between vector and axial-vector contributions. The forward-backward
asymmetry AFB is related to Eq. 1.4 as follows:

AFB = σF − σB
σF + σB

= 3
8A4,

where σF and σB are the cross section for the negative lepton produced in the forward
(θ∗ < π/2) and backward (θ∗ > π/2) direction. The cos θ∗ can be calculated using the
following variables in the laboratory frame:

cos θ∗ = 2(P+
1 P

−
2 − P−

1 P
+
2 )√

m2
``(m2

`` + p2
T,``)

·
pz,``
|pz,``|

,

where m``, pT,``, and pz,`` are the mass, transverse momentum and longitudinal momen-
tum, respectively, of the dilepton system, while the P±

i are defined in terms of the energies
(Ei) and longitudinal momenta (pz,i) of the negatively and positively charged leptons as
P±
i = (Ei ± pz,i)/

√
2. The weak mixing angle is finally obtained by fitting the mass and

rapidity distribution of AFB as a function of θ2
W [48]. Besides the measurement of θW ,

the study of the Z boson provides a number of significative tests of the SM, such as the
precise measurements of the Z mass and width. Among them, a remarkable results has
been recently achieved by the CMS collaboration, that has obtained the first precise mea-
surement of the invisible width of the Z boson at a hadron collider, using proton-proton
collisions at

√
s = 13 TeV (with an integrated luminosity of 36.3 fb1):

Γinv = 523 ± 3 (stat) ± 16 (syst) MeV

This is also the single most precise direct measurement up to date, competitive with the
combined result of the direct measurements from the LEP experiments [49]. The indirect
method, which uses the total Z boson width extracted from the Z boson lineshape, is
however the most precise, with a combined indirect measurement of 499.0 ± 1.5 MeV [45]
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obtained from the LEP experiments. Further tests of the electroweak sector can be ob-
tained from the study of the W boson: the mass, width and branching ratios have been also
measured at LEP with excellent precision, and the same measurements are also currently
ongoing at the LHC. As it is shown in Fig. 1.5, the global fit to the latest electroweak
data impressively demonstrates the predictive power of the SM in the electroweak sector.
Of particular importance is the measurement of the W mass. The presence of a neutrino

Figure 1.5: (Left) Contours of 68% and 95% confidence level obtained from scans of
fits with fixed variable pairs of W mass MW and top mass mt . The narrower blue and
larger grey allowed regions are the results of the fit including and excluding the MH
measurement, respectively. The horizontal bands indicate the 1σ regions of the MW and
mt measurements. (Right) Contours of 68% and 95% confidence level obtained from
scans of fits with fixed variable pairs of MW and the effective weak mixing angle sin2 θeff .
The narrower blue and larger grey allowed regions are the results of the fit including
and excluding the MH measurements, respectively. The horizontal bands indicate the 1σ
regions of the MW and sin2 θeff measurements (world averages) [50].

in the decay products of the boson means that the W mass cannot be reconstructed by
exploting the shape of its resonance, as it is the case of the Z boson. Therefore, different
techniques have to be adopted, such as the extraction of the mass boson from the shape
of the e−e+ → WW cross section close to the threshold

√
s = 2mW . The results obtained

by the LEP experiments and ATLAS (using LHC Run 1 data) are compatible with the
SM prediction for the W mass. However, a surprising result has instead been obtained
in 2022 by the Collider Detector at Fermilab (CDF) Collaboration at Tevatron [51]. The
CDF measurement of mW has indeed provided a value which is 7 standard deviation away
from the SM prediction (Fig. 1.6), strongly suggesting the possibility of improvements of
the SM precision calculation, or SM extensions with new sectors.

1.5 The Higgs boson

1.5.1 The Spontaneous Symmetry Breaking

The required local gauge invariance of SM is broken by the terms in the Lagrangian
that arise from the boson masses. Consider, as an example, the simple case of a massive
photon mediating the electromagnetic interaction: in order to account for its mass, the
QED Lagrangian should contain the additional term: 1

2m
2
γAµA

µ. However, the photon
field under a U(1) local gauge transformation would therefore transform as:

Aµ → A′
µ = Aµ − ∂µα,
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Figure 1.6: Comparison of the CDF II measurement and past mW measurements with the
SM expectation [51].

with the mass term becoming:
1
2m

2
γAµA

µ → 1
2m

2
γ(Aµ − ∂µα)(Aµ − ∂µα) , 1

2m
2
γAµA

µ,

and breaking the local gauge U(1) invariance. This is not a problem for QED and QCD,
where the gauge bosons are massless, but it is conflicting with the observation of the
large masses of the W and Z bosons [52, 53]. The same problem has to be faced when
considering the fermion masses: in the gauge transformation of the weak interaction, the
LH particles transform as weak isospin doublets and the RH particles as singlets, implying
that the fermion mass term in the SM Lagrangian should be written as:

mf (ψLψR + ψRψL),

breaking the required SU(2)L gauge invariance. In order to preserve the correct properties
of the SM Lagrangian, in the 1960s Higgs, Englert and Brout [54, 55] introduced the idea
of the spontaneous symmetry breaking (SSB), a mechanism that brings in the Lagrangian
the mass term for a scalar field as a consequence of a broken symmetry. As an example,
consider a complex scalar field:

φ = 1
2(φ1 + iφ2).

The associated Lagrangian is invariant under a U(1) global symmetry transformation:

L = 1
2(∂µφ)∗(∂µφ) − V (φ) with V (φ) = µ2(φ∗φ) + λ(φ∗φ)2. (1.5)

The potential has a finite minimum if λ > 0, and its shape depends on the sign of µ2, as
shown in Figure 1.7. If µ2 > 0, the potential minimum occurs when both φ1 and φ2 are
zero; if µ2 < 0, the potential has an infinite set of minima defined by:

φ†φ = 1
2(φ2

1 + φ2
2) = −µ2

λ
= v2. (1.6)

Without loss of generality, the physical vacuum state can be chosen to be any minimum
of such set, hence breaking the global symmetry of the Lagrangian. Choosing the vacuum
state in the real direction, (φ1, φ2) = (v, 0) and expanding the field around it by writing
φ1(x) = η(x) + v and φ2(x) = ξ(x), one obtains:

φ = 1
2(η + v + iξ).
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Figure 1.7: The V (φ) potential for (left) µ2 > 0 and (right) µ2 < 0.

The Lagrangian can be therefore written in term of the fields η and ξ, exploiting the
relation µ2 = −λv2 (Eq. 1.7). It represents a scalar field η with mass mη =

√
2λv2 and

a massless scalar field, whose associated massless scalar particle is known as a Goldstone
boson [56]. The term which is quadratic in the field η can be identified as the mass term,
while the terms with three or four powers of the fields are the interaction terms Vint:

L = 1
2(∂µη)(∂µη) − 1

2m
2
ηη

2 + 1
2(∂µξ)(∂µξ) − Vint(η, ξ). (1.7)

1.5.2 The Brout-Englert-Higgs mechanism

In order to include the W+, W− and Z masses in the SM Lagrangian, the SSB mech-
anism is integrated with the local SU(2)L × U(1)Y gauge symmetry, giving rise to the
so-called Brout-Englert-Higgs (BEH) mechanism. To formalize such mechanism, it is pos-
sible to starting again with the simpler U(1) case. Consider first the Lagrangian for a
complex scalar field: the Lagrangian is not invariant under U(1) local gauge transforma-
tion φ → φ′(x) = exp (igα(x)) ·φ(x), and the derivatives have hence to be replaced by the
covariant derivatives ∂µ → Dµ = ∂µ + igBµ, where the new gauge field Bµ transforms as
Bµ → B′

µ = Bµ − ∂µα(x). In this way, the combined Lagrangian for the complex scalar
field φ, the gauge field B and the potential V (φ) = µ2φ2 − λφ4 can be written as:

L = −1
4F

µνFµν + (Dµφ)∗(Dµφ) − µ2φ2 − λφ4.

As before, the choice of the physical vacuum state spontaneously breaks the symmetry:
choosing φ1 +iφ2 = v, and expanding around such vacuum state, the following Lagrangian
is obtained:

L = 1
2(∂µη)(∂µη) − λv2η2 + 1

2(∂µξ)(∂µξ)+

− 1
4F

µνFµν + 1
2g

2v2BµB
µ − Vint(η, ξ) + gvBµ(∂µξ).

The SSB produces again a massive scalar field η and a massless Goldstone boson ξ but,
in addition, the requirement of local gauge invariance makes the gauge field B acquiring
a mass term equal to 1

2g
2v2BµB

µ. The last term in the Lagrangian, corresponding to a
direct coupling between the Goldstone field ξ and the gauge field B, can be eliminated by
making the following gauge transformation:

Bµ(x) → B′
µ(x) = Bµ(x) + 1

gv
∂µξ(x),
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which corresponds to choose α(x) = −ξ(x)/gv, such that φ(x) → φ′(x) = exp(−i ξ(x)
v ) · φ(x).

As a consequence, the complex scalar field φ(x) after the expansion about the vacuum state
appears to be entirely real:

φ(x) = 1√
2

(v + η(x)) ≡ 1√
2

(v + h(x)). (1.8)

Here, the field η(x) has been written as the “Higgs field” h(x) to emphasize that this is
the physical field in this gauge (called the Unitary gauge). After cancelling the Goldstone
field, the Lagrangian can be rewritten (ignoring constant terms) as:

L = 1
2(∂µh)(∂µh) − λv2h2 − 1

4FµνF
µν + 1

2g
2v2BµB

µ+

+ g2vBµB
µh+ 1

2g
2BµB

µh2 − λvh3 − 1
4λh

4,

describing a massive scalar Higgs field h and a massive gauge boson B associated with the
U(1) local gauge symmetry. It contains interaction terms between the Higgs boson and
the gauge boson, and Higgs boson self-interaction terms. The mass of the gauge boson is
mB = g · v, while the mass of the Higgs boson is mH =

√
2λv.

In the case of a SU(2)L × U(1)Y gauge symmetry, the simplest Higgs model consists of
two complex scalar fields which are placed in a weak isospin doublet. In order to generate
the masses of the electroweak bosons, the scalar fields φ0 must be neutral while the others
must be charged such that φ+ and (φ+)∗ = φ− give the longitudinal degrees of freedom
of the W+ and W−:

φ =
(
φ+

φ0

)
= 1√

2

(
φ1 + iφ2
φ3 + iφ4

)
.

The Lagrangian for the Higgs field and the associated Higgs potential have the same form
of Eq. 1.5. Expanding the fields around the chosen minimum and writing the doublet in
a unitary gauge, one obtains:

φ(x) = 1
2

(
0

v + h(x)

)
.

In order to respect the SU(2)L × U(1)Y local gauge symmetry of the electroweak model,
the derivatives have to be replaced with the appropriate covariant derivatives:

∂µ → Dµ = ∂µ+ igW ~T · ~Wµ + ig′Y

2 Bµ,

and the Higgs doublet φ then becomes:

Dµφ = 1
2
[
2∂µ +

(
igW~σ · ~Wµ + ig′Bµ

)]
φ.

The gauge bosons masses are determined by the terms in (Dµφ)†(Dµφ) that are quadratic
in the gauge boson fields (Dµ is a 2×2 matrix, and the identity matrix multiplying ∂µ and
Bµ terms is implicit in the expression):

(Dµφ)†(Dµφ) = 1
2(∂µh)(∂µh) + 1

8g
2
W (W1µ + iW2µ)(W 1µ + iW 2µ)(v + h)2+

+ 1
8(gWW 3

µ − g′Bµ)(gWW 3µ − g′Bµ)(v + h)2.

The mass terms for the W 1 and W 2 fields are 1
2m

2
WW

1
µW

1µ and 1
2m

2
WW

2
µW

2µ, and hence
the mass of the W boson is mW = 1

2gW v. The mass terms for the W 3 and B fields instead
can be written as:

v2

8
(
W 3
µ Bµ

)( g2
W −gW g

′

−gwg
′ g′2

)(
W 3µ

Bµ

)
= v2

8
(
W 3
µ Bµ

)
M
(
W 3µ

Bµ

)
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where M is the non-diagonal mass matrix that allows the mixing of the two fields. The
physical boson fields (Aµ and Zµ) correspond to the basis in which the mass matrix is
diagonal, while their masses correspond to the eigenvalues of the mass matrix:

v2

8
(
Aµ Zµ

)(0 0
0 g2

W + g′2

)(
Aµ

Zµ

)
= 1

2
(
Aµ Zµ

)(m2
A 0

0 m2
Z

)(
Aµ

Zµ

)

Therefore, the masses of the photon and the Z boson become, respectively:

mA = 0,

mZ = 1
2v
√
g2
w + g′2.

The mass of the Higgs boson, mH , is obtained from the term which is quadratic in h, hence
mH =

√
2λv2. The vacuum expectation value of the Higgs field is v = 246 GeV, while λ is

a free parameter. This means that the value of the Higgs mass is not predicted by theory.
The fermion masses are obtained from the fermions’ coupling to the Higgs field, through
the so-called Yukawa interaction. A LH doublet L combined with a scalar field φ and a
RH singlet R, LφR, is invariant under SU(2)L and U(1)Y gauge transformations, as it is
its Hermitian conjugate (LφR)† = Rφ†L. The mass term for all the Dirac fermions can
be then obtained from the Yukawa Lagrangian:

LY = −
3∑

i,j=1

[
yuijuRiφCQLj + ydijdRiφ

†QLj + y
e
ijeRiφ

†Q
e
Lj

]
+ hermitian conjugate. (1.9)

The sum is performed over the three generations of quarks and leptons, φC is the hermitian
conjugate of the Higgs doublet φ and QLj and Q

e
Lj are the LH doublets for quarks and

leptons, respectively. The values yu,d,e correspond to the Yukawa coupling constants which
are related with the fermion masses through the vacuum expectation value v.

1.5.3 Search for the Higgs boson

The Higgs boson was theorized for the first time in 1964, and the first attempts to
verify its existence started in the early 1970s [57]. However, the LEP experiments have
been the first ones to approach the energy necessary to the Higgs boson detection and to
place a significant limit on its mass, which was contrained to be greater than 114 GeV [58].
The value of the Higgs boson mass is indeed not predicted by the SM theory. With the
beginning of the LHC operations, the mass range was further restricted, and the discovery
of the Higgs boson was finally announced by ATLAS and CMS on July 4th 2012. The next
year, on October 8th 2013, the Nobel prize in physics was awarded jointly to Englert and
Higgs “for the theoretical discovery of a mechanism that contributes to our understanding
of the origin of mass of subatomic particles, and which recently was confirmed through
the discovery of the predicted fundamental particle, by the ATLAS and CMS experiments
at CERN’s Large Hadron Collider” [59].
Higgs production modes
The Higgs boson couples preferentially to heavy particles (W, Z, top and bottom quarks
and τ -leptons) and it can be produced in proton-proton collisions through a number of
different processes [45]. The gluon-gluon fusion processes (gg → H + X) are the dominant
processes at the LHC; the gluon coupling to the Higgs boson in the SM can be mediated by
triangular top- and bottom-quark loops. The second important Higgs production channel
is the vector-boson fusion (qq → qqH), whose cross section is about one order of magnitude
smaller than the gluon-fusion one. The Higgs boson is here produced together with two
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forward jets coming from the break-up of the colliding protons, without the QCD radiation
that instead accompany the gluon-fusion process, producing more easily identifiable final
states. Other relevant production modes are the Higgs-strahlung (qq → WH or qq → ZH),
which was the dominant channel at the LEP, where an electron and a positron collided
to form a virtual Z boson, and the tt associated production (qq → ttH). These last two
processes have a cross section from one to two orders of magnitude smaller than the gluon-
fusion cross section. At the LHC, at a center of mass of about 8 TeV, the total production
cross section for a Higgs boson with a mass of 125 GeV was approximately 20 pb−1 [45].

Higgs decay modes

The largest Higgs boson branching ratios are listed in Tab. 1.1. The fermionic decay

Table 1.1: The predicted branching ratios of
the Higgs boson for mH=125 GeV [45].

(H → bb and H → τ−τ+) is the most
promising channel for probing the coupling
of the Higgs field to the quarks and leptons,
but the presence of very large backgrounds
makes the isolation of a Higgs boson signal
in these channels quite challenging [45]. In
the H → W+W− channel, the W boson
can subsequently decay either into a quark
and an antiquark or into a charged lepton
and a corresponding neutrino. The decays
into quarks are difficult to distinguish from
the background, and the decays into lep-
tons can not be fully reconstructed due to
the presence of neutrinos. A cleaner signal
is given by the H → γγ and the H → ZZ
decay, with each Z boson decaying into a
lepton-antilepton pair.

The Higgs discovery

For a low-mass Higgs (between 110 and 150 GeV) the five final states that play an im-
portant role at the LHC are γγ, ZZ∗, WW∗, τ−τ+ and bb. In particular, despite the
low branching ratios, the H → γγ and H → ZZ∗ → 4` channels are those providing the
best mass resolution (1-2 GeV) [34]. For this reason, such channels have been called the
golden channels and both ATLAS and CMS experiments relied on these to measure the
Higgs boson mass. In the first case, the search was performed for a narrow peak over a
smoothly falling background in the invariant mass distribution of two photons with high
pT . An excess of events was found, with significance above 5σ, resulting in an estimate for
the mass of the observed particle of 126.0 ± 0.4(stat.) ± 0.4(syst.) GeV [34]. In the second
case, the search was performed for a narrow mass peak over a small continuous background
dominated by non-resonant ZZ∗ production, deriving from quark-antiquark annihilation
and gluon-gluon fusion processes [45]. An excess of events was found also here, with a
significance above 5σ, resulting in an estimate for the mass of the observed particle of
125.3 ± 0.4(stat.) ± 0.5(syst.) GeV [35]. In Fig. 1.8 the distribution of the reconstructed
invariant mass of the two photons in H → γγ events in the ATLAS detector is shown on
the left, while on the right the distribution of the invariant masses of the four charged
leptons in the CMS H → ZZ∗ → 4` search is shown. The combined mass measurements
gave the following result [60]:

mH = 125.09 ± 0.21(stat.) ± 0.11(syst.) GeV.
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Figure 1.8: (Left) The reconstructed invariant mass distribution of the diphotons can-
didates in the ATLAS experiment [35]. The points represent the data, the dotted line
represents the background, and the solid line the fit to the data of the sum of a signal
component fixed to mH = 126.5 GeV and of a background component. (Right) The dis-
tribution of the reconstructed invariant masses of the four leptons candidates in the CMS
experiment [34]. The points represent the data, the filled histograms represent the back-
ground, and the open histogram shows the signal expectation for a Higgs boson of mass
125 GeV.

1.6 Physics beyond the Standard Model

Thanks to the discovery of the Higgs boson in 2012, the SM is considered to be complete
as it was formulated in the 1980s. The validity of its predictions has been widely verified
(see Sec. 1.4.3), and the precision evaluation of its parameters have been performed at
LEP, SLC, and LHC [61]. However, despite being the most successful theory of particle
physics to date, the SM is not a complete theory of Nature:

• The hierarchy problem. The mass of the Higgs boson, as measured by the CMS
and ATLAS experiments, is of the same order of magnitude of the other gauge bosons
(MW,Z,H ∼ 100 GeV). However, SM calculations show that it receives large quantum
contributions from all energy scales, all the way up to the highest energy scale at
which the SM is valid [62], which is the Plank mass (MP ∼ 1019 GeV). Consequently,
the value for the Higgs mass should be instead of the order of magnitude of MP ,
which is 1017 bigger compared to the measurements obtained at the LHC. Such vaste
difference in scale, besides not being fully understood yet, also arises naturalness
issues within the SM. In order to retrieve in the calculations the value of the measured
mass, indeed, the bare mass parameter of the Higgs in the SM must be fine-tuned
in a way that almost completely cancels these quantum contributions.

• Matter-antimatter asymmetry. In the early universe, the Big Bang should have
created equal amounts of baryonic matter (or matter) and antibaryonic matter (or
antimatter). However, as it can be experienced in everyday life, the current observ-
able universe is dominated by matter, and the SM does not provide an explanation of
what happened to the antimatter or about what determined such huge disproportion
between the two. In 1967, Sakharov [63] elaborated a set of three conditions to be
satisfied during baryogenesis in order to originate a matter-antimatter imbalance:
the violation of the baryonic number, the violation of the CP-symmetry, and the
presence of interactions out of thermal equilibrium. Currently, there is no exper-
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imental evidence for the baryon number violation, while CP violation has already
been observed in the decay of strange [64] and beauty particles [65, 66]. In 2019, the
LHCb (Large Hadron Collider beauty) Collaboration at the LHC announced the first
observation of CP violation also in charm particle decays [67], opening the way for
the study of CP-violating effects in the sector of up-type quarks and for new physics
searches using charm CP asymmetry measurements. Besides the Sakharov condi-
tions, other explanations have been provided to the matter-antimatter asymmetry,
including possible widely distant regions of the universe where the antimatter could
dominate, or the theory of the mirror anti-universe [68], but currently a consistent
model for the description of such phenomenon does not yet exist.

• Dark matter and dark energy. According to the current cosmological model
and observations, only the 5% of the energy and matter present in the Universe
can be explained by the SM. Out of this undisclosed, remaining 95%, around 26%
should be a new, invisible kind of matter, not interacting with SM and that is called
dark matter (DM). The remaining 69% is instead referred to as dark energy, an
unknown form of energy with exotic physical properties and affecting the universe
on the largest scale, that was also hypothesized to explain the acceleration rate of
the Universe expansion [69]. On the other hand, although dark matter has never
been directly observed yet, there are many evidences supporting its existence. One
of most important comes from the analysis of the rotation curves of the disc galaxies,
obtained by studying the orbital speeds of the luminous materials (stars and gas) in
a galaxy as a function of their radial distance r from the galaxy’s center. Assuming
that most of the galaxy mass is concentrated in the central bulge, the tangential
velocities of the stars is supposed to decrease as M(r)/r. However, the rotation curve
remains flat as the distance from the center increases, with the stars’ velocities slowly
decreasing with r. One of the most straightforward solution proposed to explain this
unexpected behavior is to hypothesize the existence of DM particles affecting the
mass distribution of the galaxy. The weakly interacting massive particles (WIMPs)
are currently the most popular search candidates for DM, which are supposed to
interact via gravity or any other force potentially not part of the SM itself [70]. The
WIMPs are predicted by several Beyond Standard Model (BSM) theories, such as the
theory of Supersymmetry (SUSY), that predicts a super-symmetric partner for each
particle in the SM. Such partners are characterized by the same mass, but different
spin by half of a unit, and they may decay into pairs of WIMPs. Similar searches can
be also performed underground, through the possible observation of the scattering
between WIMPs and nuclei, as it is the case of the XENON [71] and PandaX [72]
collaborations. Other experiments, such as the Axion Dark Matter Experiment [73],
look instead for axions as possible DM candidates, and searches for DM particles
are also performed at the LHC, for example through the invisible decay of the Higgs
boson [74] or looking for DM signatures in monophoton and monojet events.

• Neutrino masses. The experimental observation of neutrino oscillations [75, 76]
has demonstrated that, differently from the original SM predictions, neutrinos have
mass. Such mass terms can be added to the SM but this leads to new theoret-
ical inconsistencies. In fact, considering neutrinos as normal Dirac particles, the
introduction of their masses “by hand” would imply an extraordinarily, and hence
unnaturally, small Yukawa coupling to the Higgs field. One of the hypothetical
model developed to provide an alternative explanation for the exceptional smallness
of these masses is the so-called seesaw mechanism [77]. According to this mech-
anism, neutrinos are Majorana particles, meaning they are their own antiparticles
as well (ν ≡ ν ≡ νM ). A variety of experiments (for example CUORE [78] and
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KamLAND-Zen [79]) is currently trying to probe the intrinsic nature of the neutrino
by searching for the neutrinoless double beta decay. Such process is a theoretical
radioactive decay process that, if observed, would imply the violation of total lepton
number conservation, consequently confirming the Majorana nature of neutrinos.

• Gravity. While the SM describes three of the four fundamental forces, gravity is
interpreted in the theoretical framework of general relativity which appears to be
incompatible with the underlying SM QFT. Quantum gravity is the field of theoret-
ical physics that aims to reconcile gravity and quantum mechanics under a unique
framework, and in many QG theories the gravitational field itself is quantized. Such
hypothetical quantum of gravity is called graviton, and it is supposed to mediate the
force of gravitational interaction as the SM gauge bosons mediate the electroweak
and the strong interactions. Tests for quantum gravity are currently ongoing at the
LHC, with the aim of searching for possible emission of gravitons in a variety of
theoretical models.

In addition to these unexplained phenomena, there are some experimental results that
disagree with the SM predictions, with a significance that exceeds or approaches 5σ, the
widely accepted threshold for a discovery in particle physics. The anomalous mass of the
W boson from the CDF Collaboration reported in Sec.1.4.3, for example, is one of them,
while the Muon g-2 experiment at Fermilab has measured the magnetic dipole moment of
the muon to differ from the SM prediction by 4.2σ [80]. Scientists have developed many
BSM theories, in order to provide a more exhaustive formulation of the SM that would
solve the aforementioned issues, and consequently explain the observed discrepancies with
the predictions. With this goal in mind, in the last decades a common effort between
the theoretical and experimental communities led to powerful and different strategies
for BSM searches (like model-independent approaches) and to the development of new,
sophisticated tools for particle reconstruction and data analysis (for example by using
cutting-edge machine learning techniques) with the aim of improving the accuracy and
the precision of the measurements.

1.6.1 Monophoton signatures for dark matter searches at the Large
Hadron Collider

As mentioned in the previous section, DM searches at the LHC can be performed by
looking at events with a large amount of missing energy and a single photon. In proton-
proton collisions, DM candidates χ can be produced through the qq → γχχ̄ process if the
new particles interact with SM quarks or gluons via new couplings. The monophoton final
state is identifiable with high efficiency and purity and, although DM cannot be directly
detected at the LHC, its production can be inferred from an observation of events with
large transverse momentum imbalance. The monophoton final state has also the advan-
tage of being a model-independent signature, meaning that it has sensitivity to several DM
theories and models of extra spatial dimensions, such as the case of the Arkani-Hamed,
Dimopoulos and Dvali model (ADD), that also provides a possible solution to the hierar-
chy problem. The ADD model postulates the existence of a 4+n dimensional space-time
where gravitons can propagate freely, implying that true mass scale of the gravitational
interaction in this multidimensional space-time has the same order of magnitude of the
electroweak scale. According to the ADD model, the graviton can couple directly to the
photon or to a quark (Fig. 1.9 right). On the other hand, in DM production through a
vector or axial vector mediator, a photon can be radiated from incoming quarks (Fig. 1.9
left), while other processes under investigation involve couplings of DM with electroweak
particles via effective interaction (Fig. 1.9 center) [81]. Searches for new physics in the
monophoton final state have been carried out in the past years by the CMS and ATLAS
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Figure 1.9: Leading-order diagrams of the simplified DM model (left), electroweak-DM
effective interaction (center), and graviton (G) production in the ADD model (right), with
a monophoton final state [81].

experiments [81–84], providing exclusion limits on DM production cross sections and on
the parameters in models containing extra spatial dimensions. The primary background to
such DM searches is the irreducible contribution from SM Z(→ νν)γ production. There-
fore, a careful characterization of this final state and an accurate measurement of its SM
production cross section are essential to reduce the associated uncertainty in DM analysis,
and to provide more stringent limits.
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Chapter 2

Anomalous gauge couplings in the
Effective Field Theory framework

A powerful way to search for physics beyond the SM is to use a model-independent ap-
proach to study the production of multiple electroweak bosons at the LHC. Multiboson
processes are indeed sensitive to triple and quartic gauge couplings, that can be inter-
preted in the framework of an Effective Field Theory (EFT) in order to probe possible
new physics effects and to test the electroweak sector of the SM at the TeV scale. The first
part of this chapter gives a concise description of the theoretical context where an EFT
can be built, and it outlines its principal features. Then, the formulation of the charged
and neutral gauge couplings is presented, connecting the original anomalous couplings
approach with the modern EFT approach. The last section of the chapter illustrates the
latest limits obtained at the LHC for the Zγ production.

2.1 The Effective Field Theory

The simplest strategy to search for physics beyond the SM is to directly look for direct
signals of on-mass shell production of new particles. However, despite the many BSM
theories that have been developed in the years, the Higgs boson discovered in 2012 was
the last particle to be observed directly and no one of the hypothetical new particles has
been observed yet. A second, powerful method to hunt for new physics is to study the
well-known interactions between the SM particles, looking for possible deviations between
the measurements and the SM predictions. New physics can indeed manifest also in the
form of novel interactions of known particles, originated by the virtual presence of new
particles in quantum loops and in new amplitudes generated by their exchange at tree-level,
which would lead to a change in the value of the measured cross sections. This approach
does not refer to any particular SM extension but it is completely model-independent,
allowing the method to be potentially sensitive to any BSM effect that could manifest
and, as for the rest of the searches, in the case that no new physics appears it is able to
quantify the accuracy with which the new physics is excluded. When building a model-
independent framework for studying non-standard interactions, the following features have
to be incorporated [85]:

• The axioms of the S-matrix (unitary, analyticity...) should be respected. The S-
matrix connects the initial and the final state of a physical system undergoing a
scattering process, and therefore it is closely related to the transition probability
amplitude in QFT and to the cross sections of the interactions.

• The Lorentz invariance and the SU(2)L × SU(3)C × U(1)Y gauge symmetry of the
SM should be respected.
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• The SM should be recovered in the appropriate limit(s).

• In the extended theory, it should be possible to evaluate the radiative corrections at
any order in the SM interactions, and in the new interactions as well.

Using an EFT approach is a powerful way to include all the above features. An EFT is
constructed by extending the SM Lagrangian LSM , whose all operators are restricted to be
of mass dimension four. By dimensional analysis, the new operators are then required to
have coefficients with dimensions of inverse powers of mass, and hence they are suppressed
if such mass is large compared with the experimentally-accessible energies. The extended
Lagrangian LEFT can be written as:

LEFT = LSM +
∑
d>4

∑
i

ci

Λd−4 O(d)
i ,

where Λ is termed the mass scale, and it represents the scale at which the new physics
should appear. The dimensionless coefficients ci of the higher-dimension operators Oi

parameterize the strength with which the new physics couples to the SM particles. The
dimension of the operators is labeled with d. From this formulation of the Lagrangian,
it can be clearly seen that the dominant extended operators will be those of the lowest
dimensionality and that the SM is recovered in the limit Λ → ∞. Operators with an odd
number of dimensions do not conserve baryon and lepton numbers, and they are usually
neglected in SM EFT. In addition, at dimension five there is only one operator, that is
responsible for generating Majorana masses for neutrinos [86]. Consequently, the largest
contribution which can affect the triple gauge couplings (TGCs) and the quartic gauge
couplings (QGCs) comes from dimension-six operators. This chapter does not provide a
description of the QGCs, given that only TGCs can play a role in the Zγ processes.

2.2 Triple gauge couplings

The anomalous couplings of electroweak bosons were originally introduced when it
was not certain yet that the electroweak interaction was a spontaneously broken gauge
theory [87]. For this reason, the triple gauge couplings have been first studied within the
anomalous couplings framework, using either Lagrangian or a vertex function approach.
Considering the case of a triple charged verted, the Lagrangian approach is based on the
following Lagrangian [85]:

LWWV = igWWV

(
gV1
(
W+
µνW

−µ −W+µW−
µν

)
V ν + κVW

+
µ W

−
ν V

µν + λV

M2
W

V µνW+ρ
ν W−

ρµ+

+igV4 W+
µ W

−
ν (∂µV ν + ∂νV µ) − ig5ε

µνρσ(W+
µ ∂ρW

−
ν − ∂ρW

+
µ W

−
ν )Vσ+

+κ̃W+
µ W

−
ν Ṽ

µν + λ̃V

m2
W

W ν+
µ W−ρ

ν Ṽ µ
ρ

)
,

(2.1)
where V = γ,Z, W±

µν = ∂µW
±
ν − ∂νW

±
µ , and Vµν = ∂µVν − ∂νVµ. The first three terms

conserve CP, while the last four terms are CP-violating. Due to the electromagnetic gauge
invariance gγ1 = 1 and g

γ
4 = g

γ
5 = 0. Taking into account only SM contributions, the CP-

violating terms are not considered and the charged TGCs are given by gZ1 = κZ = κγ = 1
and λZ = λγ = 0, retrieving the formulation of the Lagrangian in Sec. 1.3.2, where
gWWZ = e cot θW and gWWγ = e. The momentum-space analogue of the Lagrangian
approach is referred to as the vertex function approach, which parameterizes the trilinear
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boson vertex function as [85]:

ΓαβµV = fV1 (q − q)µgαβ − fV2

m2
W

(q − q)µPαP β + fV3 (Pαgµβ − P βgµα)+

+ifV4 (Pαgµβ − P βgµα) + ifV5 εµαβρ(q − q)ρ+
−ifV6 εµαβρPρ − fV7 (q − q)µεαβρσPρ(q − q)σ,

where P, q and q are the four momenta of V, W−, and W+, respectively. The coefficients
fVi are form factors depending on P 2: the first three conserve CP, while the remaining
four violate CP. One of the main problems of the anomalous couplings framework is that
it leads to a violation of the unitarity bounds. Considering the Lagrangian approach,
indeed, the anomalous couplings turn out to be energy-independent, yielding amplitudes
growing like s/m2

W , and hence violating the unitarity bound at high energy. This issue
could be solved by switching to the vertex function approach and applying form factors
falling off at large s, which is however considered overly restrictive [85]. On the other hand,
reinterpreting the anomalous couplings as coefficients of higher (> 4) dimension operators
would allow the unitarity bounds to be automatically respected. The reason for that relies
on the fact that EFT is, by construction, a low-energy theory used to fit the actual data:
since the data necessarily respect the unitarity bound, an effective field theory fitting the
data will respect the bound as well. The five dimension-six operators that contribute to
the triple charged vertex are the following [85]:

OWWW = Tr[WµνW
νρWµ

ρ ],
OW = (Dµφ)†Wµν(Dνφ),
OB = (Dµφ)†Bµν(Dνφ),

OW̃WW = Tr[W̃µνW
νρWµ

ρ ],
OW̃ = (Dµφ)†W̃µν(Dνφ).

Only the dimension-six operators are considered here, since they are expected to be the
dominant operators, and they are constructed from the Higgs doublet field φ and the usual
SM fields Wµν and Bµν . The covariant derivative for φ is given by Dµ ≡ ∂µ + i

2g
′Bµ +

igW ~Wµ
~T

µ

2 , while W̃µν = ∑
jW

j
µν

σj

2 . The first three operators are CP-conserving, while
the remaining two are CP-violating. The parameters of the Lagrangian in Eq. 2.1 can
be hence expressed in terms of coefficients (cWWW , cW , cB, cW̃WW and cW̃ ) of these
operators [85]:

gZ1 = 1 + cW
m2
Z

2λ2 ,

κγ = 1 + (cW + cB)m
2
W

2λ2 ,

κZ =1 + (cW − cB tan2 θW )m
2
W

2λ2 ,

λγ = λZ = cWWW
3g2m2

W

2λ2 ,

gV4 =gV5 = 0,

κ̃γ = cW̃
m2
W

2λ2 ,
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κ̃Z = − cW̃ tan2 θW
m2
W

2λ2 ,

λ̃γ = λ̃Z = cW̃WW

3g2m2
W

2λ2 .

Similarly, the form factors used in the vertex function approach become [85]:

f
γ
1 = 1 + cWWW

3g2P 2

4Λ2

f
Z
1 = 1 + cW

m2
Z

λ2 − cWWW
3g2P 2

4Λ2 ,

f
γ
2 = f

Z
2 = cWWW

3g2m2
W

2Λ2 ,

f
γ
3 = 2 + (cW (1 + cos2 θW ) − cB sin2 θW )m

2
Z

2λ2 + cWWW
3g2m2

W

2λ2 ,

fV4 = fV5 = 0,

f
γ
6 = cW̃

m2
W

2λ2 − cW̃WW

3g2m2
W

2Λ2 ,

f
Z
6 = cW̃ tan2 θW

m2
W

2λ2 − cW̃WW

3g2m2
W

2Λ2 ,

f
γ
7 = f

Z
7 = −cW̃WW

3g2m2
W

4Λ2 .

2.2.1 Neutral triple gauge couplings

Differently from the charged TGCs, the SM forbids vertices of three neutral bosons
(ZZZ, ZZγ and Zγγ) when all particles are on-shell (Fig. 2.1 left). This means that neutral
TGCs could only be realized as anomalous neutral triple gauge couplings (aNTGCs) in the
EFT approach (Fig. 2.1 right). According to the vertex function formalism, the anomalous
vertices arising from the interactions of three neutral gauge bosons can be parameterized
as [87–91]:

ΓαβµZZV (q1, q2, p) =−e(p2 −m2
V )

m2
Z

[
fV4 (pαgµβ + pβ3g

µα) − fV5 ε
µαβρ(q1 − q2)ρ

]
ΓαβµZγV (q1, q2, p) =−e(p2 −m2

V )
m2
Z

{
hV1
(
qµ2 g

αβ − qα2 g
µβ
)

+ hV2

m2
Z

pα
[
(pq2)gµβ − qµ2 p

β
]

+

−hV3 ε
µαβρq2ρ − hV4

m2
Z

pαεµβρσpρq2σ

}
,

(2.2)
where p, q1 and q2 are the four-momenta of the incoming off-shell Z or γ (as in Fig 2.1
right) and of the two outcoming on-shell bosons. In Eq. 2.2, V can be a photon or a Z
boson. Six-dimensions operators are the lowest dimension operators expected to provide a
contribution to these vertices, but by construction none of them can induce nTGCs [92, 93].
Therefore, the dominant operators that contribute are those of dimension-eight, namely:

OBW = iφ†BµνW
µρ {Dρ, D

ν}φ,
OWW = iφ†WµνW

µρ {Dρ, D
ν}φ,

OBB = iφ†BµνB
µρ {Dρ, D

ν}φ,
OB̃W = iφ†B̃µνW

µρ {Dρ, D
ν}φ.
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Figure 2.1: Production channels for the Zγ process: SM t-channel (left) and s-channel
including the presence of the aNTGC (right).

Therefore, the anomalous couplings involved in the ZZV production and expressed in
terms of operators’ coefficients are given by [91]:

fZ5 = 0,

f
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2
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w
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,
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4 (c2
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w) + 4cwsw cBB
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4

)
4cwsw
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where fV5 are CP-conserving and fV4 are CP-violating. On the other hand, for the ZγV
vertex the couplings are the following [91]:

hZ3 = v2m2
Zc ˜BW

4cwswλ4 ,

hZ4 = h
γ
3 = h

Z
4 = 0,
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cW W
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λ
4 (c2
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)
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,

hZ2 = 0,

h
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1 = −
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2
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w
cW W

λ
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λ
4 + 4c2

w
cBB

λ
4

)
4cwsw

,

h
γ
2 = 0.

The simplest way to generate anomalous couplings is through a fermionic triangle loop,

Figure 2.2: Fermionic triangle contributing
to the γZZ and γZZ couplings at 1-loop level.

mediated by SM or new fermions. For ex-
ample, in MSSM such new fermions are
neutralinos or charginos, with the magni-
tude of the contribution depending on the
MSSM parameters. However, considering
the contribution of fermionic triangles loop
only leads many CP-conserving couplings
to vanish, as a direct consequence of the
symmetries of the fermionic trace of the
triangular diagram and of Shoutens rela-
tion [89]. Such couplings can though hap-
pen perturbatively at a higher-loop level, or new strong interactions can generate non
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perturbative couplings among the vector bosons, like for example those expected in the
Vector Dominance Model [94].

2.3 Zγ production

Possible effects originated by anomalous couplings in Zγ processes were first investi-
gated at LEP and Tevatron [95, 96], considering several final states (`±`∓, qq , νν) for
the decay of the Z boson. The CP-conserving couplings hV3 and hV4 always lead to real
amplitudes interfering with the SM ones, implying that the various observables are lin-
early sensitive to these terms. On the contrary, the CP-violating couplings produce purely
imaginary amplitudes that have negligible interference with the SM ones [97]. The latest
measurements performed at the LHC only placed the limits on the magnitude of hV3 and
hV4 . The analysis of Zγ processes has already been carried out by the CMS and the AT-
LAS experiments using events produced in proton-proton collision at

√
s = 7 and 8 TeV,

considering both the leptonic and the invisible channels for the Z-decay. ATLAS has es-
timated the limits in the Z → νν channel also at

√
s = 13 TeV [98], however only using

the data collected during 2015 and 2016 (36.1 fb−1). From the overview of the limits on
the anomalous NTGCs (Fig. 2.3) it can be observed that the current best limits are those
evaluated by ATLAS using part of the Run 2 data. This work aims to improve such results
by providing both the first CMS measurement of the limits at a center of mass energy of
13 TeV as well as the first limits’ estimation using the full Run 2 data.

Figure 2.3: Limits on neutral Zγγ and ZZγ aTGC couplings. The limits have been placed
on the anomalous parameters h3 and h4 [99].
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Chapter 3

The Compact Muon Solenoid
experiment at the Large Hadron
Collider

Particle accelerators are sophisticated machines able to, as their name implies, accelerate
charged particles at speeds close to the speed of light and to contain them in well-defined
beams. The particles can then be directed and smashed onto a fixed target, or they can col-
lide with other particles traveling in the accelerator in the opposite direction. By studying
the outcome of the collisions, physicists can probe a variety of physics phenomena making
precise measurements of known processes and interactions, and searching for new, unpre-
dicted ones. In this chapter, the biggest and more powerful accelerator in the world, the
LHC, is introduced, and the four main experiments installed alongside the accelerator ring
are presented. Among them, the Compact Muon Solenoid (CMS) experiment is described
in detail, providing a brief description of its structure and of the different components of
its sub-detectors. The second part of the chapter is focused on the particles reconstruction
in CMS, performed by using the information coming from the particles interaction in the
different sub-detectors and dedicated reconstruction algorithms.

3.1 The Large Hadron Collider

The Large Hadron Collider [100] is a hadron and ion accelerator and collider that
operates at CERN (Conseil Europeen pour la Recherche Nucleaire), an organization for
particle physics research established in 1954 and located near Geneva, on the border
between Switzerland and France. The LHC has been built in a 26.7 km circular tunnel,
constructed between 1984 and 1989 for the LEP collider, that lies between 45 and 170
meters underground. The LHC started its operations in 2008, and after the so-called
Run 1 (2010-2013) and the Run 2 (2015-2018) [101], the Run 3 has officially started in
July 2022 reaching the world’s record energy of 13.6 TeV in the proton-proton center of
mass [102]. In the LHC, protons are grouped in around 2800 bunches, with about 1.5·1011

protons per bunch, and they are supplied by a complex injection chain, as shown in
Fig. 3.1. First, protons are accelerated up to 50 MeV in the LINAC (LINear ACcelerator).
Then, they enter the Proton Synchrotron Booster (PSB) to reach 1.4 GeV and finally
the Super Proton Synchrotron (SPS) increases their energy up to 450 GeV before they
are injected into the main ring, where they are accelerated in two different beam pipes
kept in ultra-high vacuum regime. The beams are focused by 392 magnetic quadrupoles
distributed along the collider, where the circular trajectory is maintained by means of a
8.4 T magnetic field produced by 1232 superconductive-14.3 m long dipoles. The magnets
are kept at an operating temperature of 1.9 K, provided by 96 tonnes of superfluid helium-

29



Figure 3.1: The injection chain for the Large Hadron Collider [103].

4. Once the protons in each beam reach the energy of 6.8 TeV, the collisions take place in
four interaction points along the ring, where the four main experiments are installed:

• ATLAS [104] (A Toroidal LHC ApparatuS): a general-purpose detector whose aim
is to study high-energy proton-proton collisions to perform precise tests of the SM,
and to investigate new physics phenomena.

• CMS [105] (Compact Muon Solenoid): it is the other large general-purpose detector
at LHC, and it is described in detail in Sec. 3.2. Together with ATLAS [35], CMS
discovered the Higgs boson in July 2012 [34].

• LHCb [106] (Large Hadron Collider beauty): a dedicated b-physics experiment,
designed primarily to measure the parameters of CP violation in the decay of charm
and beauty hadrons. The LHCb detector is a single-arm forward spectrometer,
because the beauty hadrons at high energies are mostly produced in the same forward
or backward cone.

• ALICE [107] (A Large Ion Collider Experiment): this experiment is optimized to
study heavy-ion (Pb-Pb nuclei) collisions and it is focused on physics of strong inter-
actions at very high energy and density. One of its goals is to verify the existence of
the quark-gluon plasma, whose properties would be crucial for a better understand-
ing of the quantum chromodynamics.

The collision rate at LHC is 40 MHz, meaning that the interactions take place every 25
ns. For a process of cross section σ, the instantaneous luminosity is defined as:

L = dN

dt
· 1
σ
,
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where dN is the number of events detected in time dt. In order to express the size of the
collected data, the integrated luminosity

∫
Ldt is used, measured in inverse of barns (b−1),

where a barn is a metric unit of area equal to 10−28 m2. The luminosity depends on the
beam parameters and can be written as:

L = N2
b nb frevγrev
4π εn β∗ F,

where Nb is the number of protons in each bunch and nb the number of bunches per beam.
frev is the revolution frequency, γr is the Lorentz factor, εn the normalized transverse
beam emittance and β∗ is the Twiss beta function at the collision point. F is the geometric
luminosity reduction factor due to the crossing angle θC at the interaction point:

F =

1 +
(
θCσ

z

2σ∗

)2
1/2

,

where σz and σ∗ are the root mean square of the bunch length and the transverse root
mean square of the beam size at the interaction point, respectively. The LHC was designed
to collide protons at a center of mass energy of 14 TeV with a nominal peak instantaneous
luminosity L = 1034cm−2s−1.

3.2 The Compact Muon Solenoid Experiment

The CMS experiment is one of the two general purpose experiments installed at LHC.
It is located near Cessy, in France, at the interaction point 5 along the LHC ring about 100
meters underground. It was conceived to study the high-energy, high-luminosity proton-
proton collisions and it has a wide range of research goals, from precision measurements
of SM parameters and study of the Higgs boson properties, to investigation of new BSM
physics, extra dimensions and dark matter. The CMS detector has a cylindrical struc-
ture, symmetrical around the interaction point, and can be divided into two regions: the
barrel, the central part that is coaxial with the beamline, and two endcaps that close the
central part on both sides. It consists of a series of concentric sub-detectors, each one
with a specific function: the silicon tracker, the electromagnetic calorimeter, the hadronic
calorimeter, and the muon chambers. A superconducting solenoid magnet surrounds the
tracker and the calorimeter providing a magnetic field of 4 T, while the muon chambers
are placed inside the magnet steel return yoke. The whole structure has a length of 21.6 m
and a diameter of 14.6 m, and weights 12500 t. An overview of the CMS detector is shown
in Fig. 3.2.

3.2.1 Coordinate system

The coordinate system adopted at the LHC is a cylindrical right-handed system (Fig. 3.3)
with the origin placed in the collision point. The z-axis follows the beam direction and
the x-axis points to the center of the LHC ring, while the y-axis points upward and it is
perpendicular to the beam direction. The following coordinates are hence defined:

• r =
√
x2 + y2: the radial coordinate in the x-y plane, corresponding to the distance

from the z-axis.

• θ = tan−1(x/y): the polar angle measured from the positive z-axis.

• φ = arctan(y/z): the polar angle measured from the positive x-axis in the x-y plane.
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Figure 3.2: The CMS detector and its subsystems. From the innermost to the outermost
layer: the silicon tracker, the preshower, the electromagnetic calorimeter, the hadronic
calorimeter, the superconducting solenoid and the muon chambers, placed inside the mag-
net return yoke [108].

However, rather than using θ to describe the angle of a particle with respect to the beam
axis, the pseudorapidity η is preferred since it is invariant under boosts along the longitu-
dinal axis, and particle production is also constant over η. It is defined as:

η = − ln[tan(θ/2)] = 1
2 ln |~p| + pz

|~p| − pz
,

where ~p is the particle momentum and pz is its component of along the beam axis (i.e. the
longitudinal momentum). In the limit where the particle is traveling close to the speed of
light, the pseudorapidity converges to the rapidity y:

y = 1
2 ln E + pz

E − pz
.

In proton-proton events, the actual colliding particles are the quarks contained in the
protons. Each quark carries an unknown fraction of the proton energy, and hence the
total momentum of the collision remains unidentified. However, since the protons are
accelerated only along the z-axis, in the transverse plane (x-y) the total momentum is
determined, as it must be zero before and after the collision for the law of conservation
of momentum. For a particle with mass m, the transverse energy ET and the transverse
momentum pT are hence preferred over the corresponding total variables. They are defined
as:

pT =
√
p2
x + p2

y, ET =
√
m2 + p2

T .

The conservation of transverse quantities has a great importance in the evaluation of the
fraction of energy and momentum carried by the neutrinos, which cannot be detected by
CMS and whose presence can only be indirectly measured.
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Figure 3.3: Schematic illustration of the coordinate system used by the LHC experiments.

3.2.2 The superconducting magnet

The superconducting solenoid magnet is one of the distinctive features of CMS as well
as the backbone of the experiment, with all sub-detectors being supported from it [109].
It is 12.5 m long, with a diameter of 6 m, and it provides a uniform magnetic field of 4 T
obtained with a four-layers superconducting solenoid coil. As superconducting material
the niobium-titanium (NbTi) was chosen, arranged in Rutherford-type cables co-extruded
with pure aluminium for the field stability. The coil is cooled by saturated helium at
4.5 K. The magnetic flux is returned using an iron yoke that allows through only muons
and weakly interacting particles, and it is split into five barrel rings, each one having a
mass of 1200 t, and three endcap disks (600, 600, and 250 mm thick) [110]. The features
of the CMS magnetic field, with the superconducting magnet in the inner part of the
detector and the magnetic field lines closed with steel yokes on the outside, makes the
muons traveling in the characteristic “s” shaped trajectory, recognizable also on the well
known CMS logo.

3.2.3 The silicon tracker

A robust tracking and a good and detailed vertex reconstruction are two fundamental
requirements for an experiment as CMS, which is designed to address the full range of
physics accessible at the LHC [111]. Two different substructures within the tracker system,
the silicon strips tracker and the silicon pixels detector, provide high precision measure-
ment of the charged particles’ trajectory up to pseudorapidities of |η| < 2.5. The pixel
detector is the innermost and closest to the interaction point (IP), and consists of four
concentric barrel layers, and three disks on each end, with a total silicon area of 1.9 m2. In
the barrel pixel detector (BPIX) 1184 silicon sensor modules are used, while 672 modules
are used for the forward disks (FPIX). Each module consists of a sensor with 160 × 416
pixels connected to 16 readout chips (ROCs), for a total of 124 million readout channels.
The sensors are built following the n-in-n approach [112] with strongly n-doped (n+) pix-
elated implants on an n-doped silicon bulk and a p-doped back side. In a reverse-bias
configuration the n+ implants collect electrons, that have higher mobility compared to
holes and therefore are less affected by charge trapping caused by radiation damage in the
silicon after high irradiation [113, 114], leading to a high signal charge even after a high
fluence of charged particles [115]. The outermost part of the tracker consists of silicon
strip detectors, arranged as in Fig. 3.4. Four regions are defined: the inner barrel part
(TIB) and the outer barrel part (TOB), composed respectively of four and six concentric
layer barrel shell structures; the inner disks (TID) made of three disk structures on each
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side, each divided in three concentric rings, and the outer end-caps (TEC), made of nine
disk structures on each side, each made of four to seven rings. The tracker is composed
of 15148 detector modules distributed among the four regions described above, and each
module has one or two silicon sensors, for a total of 24244 sensors. The sensors are made of
n-type phosphorus doped silicon with p+ single sided strips, with variable resistivity and
thickness. The inner parts of the tracker (TIB, TID and the four innermost TEC rings)
have been instrumented with sensors of lower resistivity and thickness, while the outer
parts of the tracker have higher resistivity and thicker sensor wafers. These differences in
the resistivity and sensors’ thickness are needed to cope with the effects of irradiation, to
avoid a detector current breakdown induced by the higher bias voltage needed for depletion
with the increase of the radiation damage [116].

Figure 3.4: Projected view of the CMS tracker layout in the r-z plane [117].

3.2.4 The electromagnetic calorimeter

The Electromagnetic Calorimeter (ECAL) measures the energy of electrons and pho-
tons that are produced in electromagnetic eletron/photon-induced showers. It is a hermetic
homogeneous calorimeter made of 75848 lead tungstate (PbWO4) scintillating crystals and,
as for the tracker, it has a cylindrical central part called barrel, and two endcaps that close
the calorimeter at both ends. The lead tungstate has a high density (ρ = 8.28 g/cm3, a
short radiation length (X0 = 0.89 cm) and a small Moliere radius (RM = 2.2 cm), making
this material ideal to built a compact detector with high granularity. The geometrical
crystal coverage extends to |η| = 3.0, with the barrel section of the detector covering the
regions up to |η| = 1.479 and the endcaps covering the region 1.479 < |η| < 3.0. However,
precision energy measurement involving photons and electrons can be carried out only
up to |η| = 2.5. This limit has been determined by considerations on the radiation dose
and amount of pileup energy and matches the geometric acceptance of the inner tracking
system [118]. The barrel crystals has a 26 × 26 mm2 front face area and a length of 23
cm, which corresponds to nearly 26 radiation lengths, while the endcap crystals have an
area of 30 × 30 mm2 and a length of 22 cm corresponding to nearly 25 radiation lengths.
The presence of a silicon preshower detector in the endcap regions, mounted to provide
π0/γ separation over the pseudorapidity range 1.65 to 2.6, allows the use of shorter crys-
tals. A sketch of the section of the ECAL calorimeter is shown in Fig. 3.5. Two types
of photodetectors are used: avalanche photodiodes in the barrel, as they can operate in
strong transverse magnetic fields, and vacuum phototriodes in the endcaps, to cope with
the higher level of radiation. The energy resolution in ECAL can been parameterized as

34



Figure 3.5: A schematic view of the ECAL calorimeter: besides barrel, endcaps and
preshower, in the figure are also highlighted the modules, supermodules and supercrystals
structures where the ECAL crystals are arranged [118].

[118]:
σE
E

= S√
E

⊕ N

E
⊕ C = 2.8% GeV1/2

√
E

⊕ 0.12 GeV
E

⊕ 0.3%.

In the above formula, S is the stochastic term including fluctuations in the shower contain-
ment and the contribution from photostatistics, N is the noise term including electronic
noise and pileup energy, and C is the constant term. The constant term accounts for
non-uniformity of the longitudinal light collection, energy leakage from the back of the
calorimeter and single-channel response uniformity and stability, and it dominates the
energy resolution for high-energy electron and photon showers. The values of S, B and C
values have been extracted from beam test measurements [119]. A correction on the energy
deposited in the crystals must be applied to address the radiation-induced effects. The
production of color centers induced by irradiation indeed reduces the transparency of the
crystals, with this loss increasing with |η|. To compensate for this effect, a laser monitoring
system is used [120]. A reference laser light at 440 nm is injected into the crystals during
one orbit gap (calibration gap) of the LHC orbit, and the crystals’ response is then used
to compute calibration constants, to be then used in the offline reconstruction [121]. In
addition, a relative calibration is performed between the responses of the ECAL crystals.
Some pre-calibration factors are obtained from laboratory measurements, beam tests, and
from exposure to cosmic rays, while the final intercalibration is obtained from collision
data. Different intercalibration methods can be used. The φ-symmetry method is based
on the expectation that, for a large sample of minimum bias events, the deposited energy
should not depend on the azimuthal angle of the crystal, and hence it provides a fast
intercalibration of crystals located within the same η-ring. The intercalibration can be
also performed using the invariant mass of photon pairs from π0 and η mesons, and with
isolated electrons from W and Z bosons decays, comparing the energy measured in ECAL
to the track momentum measured in the silicon tracker [121].

3.2.5 The hadronic calorimeter

Like electrons and photons, hadrons can also initiate particle showers when they in-
teract with atomic nuclei. By collecting the energy of hadronic showers, the Hadron
Calorimeter (HCAL) can measure the energy of hadrons, and also provide measurements
of missing transverse energy due to the production of undetected particles like neutrinos.
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Figure 3.6: A schematic view of one quarter of the CMS HCAL during 2016 LHC operation,
showing the positions of its four major components: the hadron barrel (HB), the hadron
endcap (HE), the hadron outer (HO), and the hadron forward (HF) calorimeters [126].

It is a hermetic sampling calorimeter divided into four sections: barrel (HB), endcaps
(HE), outer hadron calorimeter (HO) and forward hadron calorimeter (HF), covering dif-
ferent space regions for a total of 9072 readout channels [122]. The HB and HE consist
of alternating layers of brass and plastic scintillator plates, where HB covers the pseudo-
rapidity range |η| < 1.3, and HE the range 1.3 < |η| < 3. Cartridge brass (70% Cu and
30% Zn) is the absorber material, being non-magnetic. A plastic scintillator is chosen
as the active material, giving its long-term stability and radiation hardness, a density of
8.83 g/cm3 and a nuclear interaction length λI of 16.42 cm [122]. The HF is a Cherenkov
calorimeter, composed of steel absorber with embedded fused-silica-core optical fibers as
active medium, and it covers the region range 3 < |η| < 5. The steel absorber structure
is composed of 5 mm thick grooved plates, with fibers inserted in the grooves. The choice
of optical fibers was constrained by the exceptional harshness of the radiation conditions
faced by the HE, which has to endure a ∼760 GeV energy deposit per proton-proton in-
teraction, compared to only 100 GeV for the remaining parts of the detector [123]. The
HF is also used for online luminosity measurements, with two methods for extracting a
real-time relative instantaneous luminosity implemented in the HF firmware [124]. The
last part of the detector has been built to retrieve the energy which cannot be measured
by HB due to its geometrical constraints. The HB is indeed placed between the ECAL
barrel and the magnet cryostat and coil, providing a total absorber thickness that cor-
responds to nearly 6 interaction lengths, increasing with the polar angle up to 10.6 λI
at |η| = 1.3. The electromagnetic calorimeter provides about one additional interaction
length (independently from η). In order to ensure and adequate sampling depth (at least
11 λI) for all the particles detected in HB, and hence to avoid large energy leakage, the
HO was placed outside the cryostat. The HO indeed utilises the cryostat and the solenoid
coil as an additional absorber, and thick scintillators tiles as active material. The tiles are
organized in ring layers and they are placed in front of the first layer of the muon barrel
detector [125]. A schematic view of the CMS HCAL, with all its subsystems, is shown in
Fig. 3.6.

3.2.6 The muon system

The outermost CMS sub-detectors are the muon chambers, implemented with different
technologies in order to correctly detect, identify and measure with highest precision the
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momentum of muons produced in a high-energy collision. Similarly to the other subsys-
tems, a barrel region and two endcap regions can be identified within the muon system.
Drift tubes (DT) are used in the barrel region, cathode strip chambers (CSC) in the endcap
regions, and resistive plate chambers (RPC) in both the barrel and endcap regions [127].
The DT chambers cover the pseudorapidity region |η| < 1.2 and they are organized into
four stations alternated between the plates of the magnet flux return yoke. The basic
elements of the DT system are the drift cells, equipped with a gold-plated stainless-steel
anode wire at the center and filled with a gas mixture of 85% Ar and 15% CO2. The
drift field is obtained using 4 electrodes: 2 on the side walls of the tube and 2 above and
below the wires on the ground planes between the layers. A DT chamber is composed by
two superlayers (formed by four staggered layers of parallel cells), measuring the r − φ
coordinates, and an orthogonal superlayer that measures the r-z coordinate, where r is
the nominal distance from the beam collision point. The choice of DT was possible due to
the expected low muons rate and to the low, uniform magnetic field (below 0.4 T) in the
barrel region [128]. At higher pseudorapidities, the higher rates and the non-uniformity
of the magnetic field require the employment of more suitable detectors, and hence for
covering 0.9 < |η| < 2.4 the CSCs are used. They operate as standard multi-wire pro-
portional counters instrumented with cathode strips, and they use a gas mixture of 50%
CO2, 40% Ar, and 10% CF4. The CSCs have various physical dimensions but they all
share the same trapezoidal shape, and they are organized in rings along the r direction.
Every chamber contains six detecting layers, each of them equipped with a plane of radial
cathode strips and a plane of anode wires almost perpendicular to the strips, to provide
the position measurement. For achieving optimal trigger performances the muon system
is also instrumented with RPCs, each one made by two parallel bakelite plates filled with
a a gas mixture of 96% C2H2F4, 3.5% i − C4H10 and 0.5% of SF6. The RPCs are able to
provide fast response and good time resolution even in a high pileup environment or for
high background rates. The layout of the muon system is shown in Fig. 3.7.

Figure 3.7: An R-z cross section of a quadrant of the CMS detector with the axis parallel
to the beam (z) running horizontally and the detector’s radius (R) increasing upward.
The drift tube stations (DTs) are labeled MB (“Muon Barrel”) and the cathode strip
chambers (CSCs) are labeled ME (“Muon Endcap”). Resistive plate chambers (RPCs)
are mounted in both the barrel and endcaps of CMS, where they are labeled RB and RE,
respectively [128].
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3.2.7 Triggering and data acquisition

The proton-proton interaction rate provided by the LHC, with proton bunches colliding
40 million times per second, is not manageable by the current computer facilities and only
a fraction of all the events produced in the collisions can be stored for subsequent analysis.
In addition, an effective selection of the events originated from hard processes is required,
because at the LHC the dominant processes are those coming from soft interactions,
that could easily saturate the available resources at the expense of the hard interactions.
For this reason, CMS has developed a two-levels trigger system. The first level (L1) is
implemented in custom hardware and operates online, restricting the output rate to 100
kHz. To decide which events have to be kept or discarded, the L1 trigger exploits the
so-called trigger primitives (TP). The TPs are built starting from the energy deposits
in ECAL and HCAL, and from the hits collected in the muon system. They are then
processed in several steps, with the information coming from the calorimeters and the
muon system encoded in a final Global Calo Trigger (GCT) and a Global Muon Trigger
(GMT), respectively. In the final step, the information from GCT and GMT are combined
into a Global Trigger (GT) which makes the ultimate decision of whether keep or reject
the event [129]. A schematic overview of the L1 trigger system is shown in Fig. 3.8. The
second level (high level trigger, HLT) operates offline, and it is implemented in software.
The HLT is structured around the concept of a HLT path, that consists in a set of ordered
algorithms whose aim is to further refine the purity of the L1 objects, reducing the rate
down to 1 kHz [130] for the final storage. The data acquisition system (DAQ) is responsible

Figure 3.8: Overview of the CMS L1 trigger system. Data from the hadronic and from
the electromagnetic calorimeter are processed first regionally (RCT) and then globally
(GCT). The hits collected in the muon system are processed and sent onwards to a global
muon trigger (GMT). The information from the GCT and GMT is combined in a global
trigger (GT), which makes the final trigger decision [131].

for transporting event data to the HLT farm, where the HLT event filtering operates, and
then to the Tier-0 computing center at CERN [132]. Its main components are:

• Custom electronics modules, the Frontend Readout (Optical) Link boards, receiving
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data from the detector back-end boards that in CMS are called Frontend Driver
(FED) boards.

• Readout Unit (RU) servers that aggregate data from about 10 FEDs into the so-
called super-fragments.

• Builder Unit (BU) servers, whose aim is to build the full events from the super-
fragments.

• Filter Unit (FU) servers connected to BUs, that execute the HLT algorithm.
• A Storage and Transfer System (STS), that merges events that have passed the HLT

into larger files and transfers them to the Tier-0 at CERN.

In addition, a Trigger Throttling System (TTS), consisting of custom electronics modules,
is able to collect fast status information from all the FEDs in order to throttle the trigger
and avoid buffer overflows.

3.3 The Particle Flow algorithm for particle reconstruction

The proton-proton collisions taking place at the LHC produce a shower of particles
that travel across the subsystems of the CMS detector, interacting with the different sub-
detectors according to their charge, energy and type. Starting from the beam interaction
region, particles first enter the CMS tracker. There, the trajectories (tracks) of charged
ones and their origins (vertices) are reconstructed starting from the hits collected in the
tracker layers, and the magnetic field allows the measurement of particles’ charge and
momentum. Right after, electrons and photons are fully absorbed in the electromag-
netic calorimeter, where the measurement of their energy and direction is obtained from
the energy deposits in the calorimeter cells. In a similar way, the energy and the direc-
tion of charged and neutral hadrons is estimated from the energy deposits in the hadron
calorimeter, where the hadronic showers are fully absorbed. Muons are then detected in
the outermost part of the detectors, where the muon chambers are located, while neutri-
nos escape undetected, and their energy can be only inferred using indirect methods. In
Fig. 3.9, a sketch of a transverse slice of the CMS detector summarizes the above descrip-
tion of the particles interactions in the different subsystems. Starting from this simplified
view, a complete description of a physics event can be obtained by combining the informa-
tion from all the sub-detectors, in order to identify and reconstruct the properties of the
detected particles. This holistic approach is called particle-flow (PF) reconstruction [133],
and it was first developed in the 1990s for the ALEPH experiment at LEP [134]. Given
the fine spatial granularity of the CMS detector, the high magnetic field which allows good
separation between neutral and charged hadrons, and the excellent performances in the
identification of the muon tracks, the PF algorithm is able to deliver a global description
of the event with high resolution and efficiency, as well as reduced misidentification rate.
In the following sections, the reconstruction of the main object needed for the Zγ analysis
are discussed, starting with the description of the particle-flow elements as extracted from
the different subsystems.

3.3.1 Tracking and vertexing

Track reconstruction refers to the process of using the hits collected in the tracker layers
to obtain estimates for the momentum and position parameters of the charged particles
traversing the detector. The procedure adopted by CMS is called iterative tracking as
each track is reconstructed by multiples steps of the Combinatorial Track Finder (CTF)
algorithm [135]. The process starts from well recognised tracks, for example tracks that
have large pT and are produced near the interaction region. At each iteration, the number
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Figure 3.9: A sketch of the specific particle interactions in a transverse slice of the CMS
detector. The muon and the charged pion are positively charged while the electron is
negatively charged [133].

of hits associated with the tracks is reduced, thus relaxing the selection criteria. In this
way, the iterative procedure is able to reduce the combinatorial complexity that could lead
to misrecontructed objects when looking at more difficult classes of tracks (with low-pT ,
or displaced tracks). Each iteration consists of four steps [135]:

• Seed generation: it provides an initial set of track candidates and trajectory pa-
rameters using only a few hits. In particular, the seed generation relies on the
hits collected on the four layers of the pixel detectors and it exploits an algorithm
called Triplet Propagation [136]. The algorithm starts from one combination of four
pixel layers, and then it looks for pairs of hits compatible with the region configu-
ration created between the first two layers in the combination. Every created pair
is propagated to the third layer where a third hit is searched, in order to build a
triplet. Similarly, every triplet is then propagated to the fourth layer in order to
build quadruplets. The Cellular Automaton (CA) technique [137] is used to look for
hit pairs, forming hit triplets and quadruplets after checking the seed compatibility
with the beam spot. A scheme of the CA track seed automaton is shown in Fig. 3.10.

• Track finding: it is based on the Kalman filter algorithm [138]. It starts with a
first estimation of the track parameters provided by the seed, and then it builds
candidates by adding hits from successive detectors layers, updating the parameters
at each layer. It continues until there are no more layers, or there is more than
one missing hit. Besides the location and the uncertainty of the detected hits, the
algorithm takes also into account the amount of material crossed, which is used to
estimate the effects of multiple Coulomb scattering and energy loss.

• Track fitting: once the full trajectory information is available and all its hits
are known, the best possible parameters of each track are estimated by a refitting
procedure.

• A set of quality selections is then applied, to reject the possible fake tracks (tracks
reconstructed from a combination of unrelated hits, or genuine particle trajectory
whose reconstruction is flawed due to the inclusion of spurious hits). The main
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selection criteria involve the number of layers that have hits, the χ2/dof of the track
fit and the compatibility with the primary vertex.

Figure 3.10: The scheme of the Cellular Automaton track seed algorithm when propagating
a triplet to the fourth pixel layer [136].

At the end of the iterative procedure, all the selected tracks are clustered using a deter-
ministic annealing algorithm [139] that takes into account the z-coordinates of the points
of closest approach of the tracks to the center of the beam spot and their associated uncer-
tainties. This clustering allows the reconstruction of all proton-proton interaction vertices
of each event, including the signal vertex and any vertices from pileup collisions [135].
Once the vertex candidates have been identified, those containing at least two tracks are
fitted via an adaptive vertex fitter [140]. The adaptive vertex fit associates a weight to
each track according to the probability they really belong to the vertex, and computes
the best estimate of the vertex parameters. The tracking efficiency is measured in data
applying the Tag and Probe technique to events with a Z boson decaying into a pair of
muons. The tag muon is reconstructed using both the information from the muon cham-
bers and the tracker, and it has to satisfy stringent selection criteria. The probe muon
is instead reconstructed using only the information from the muon sub-detectors, and it
passes looser identification requirements. If a probe can be matched to at least one track
in a cone (∆R =

√
(∆η)2 + (∆φ)2 < 0.3) around it, it is classified as a passing probe.

Otherwise, it is classified as a failing probe. The efficiency is then evaluated as the ra-
tio between the number of passing probes and the total probes. As can be observed in
Fig. 3.11, an excellent tracking efficiency of about 99.9% for tracks associated with muons
is guaranteed over the whole muon pseudorapidity acceptance for all the Run 2 data.

3.3.2 Calorimeter clustering

The main purpose of the clustering algorithms is to estimate the energy of particles
crossing the calorimeters by collecting the energy deposits released inside ECAL, HCAL
and ES. In addition, such algorithms are also able to evaluate the direction of neutral
particles (photons and neutral hadrons) that do not leave hits in the tracker, to dis-
criminate between deposits originated by neutral and charged particle, and to correctly
identify the electromagnetic showers produced by electrons, collecting the accompanying
bremsstrahlung photons. The energy measurement of charged hadrons is also used to
improve the accuracy of the parameters of low quality tracks. The clustering algorithms
run separately in the barrel and endcap regions of ECAL and HCAL, and in the ES. The
clustering procedure starts by identifying a cluster seed, which is a calorimeter cell whose
energy exceeds a given threshold and it is larger than the energy of the neighboring cells
(the four closest cells sharing a side with the seed candidate, or the eight closest cells
sharing a corner with the seed candidate). Then, a topological clustering is performed to
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Figure 3.11: The tracking efficiency as a function of the muon pseudorapidity. The effi-
ciency in data (black dots) is compared to that obtained using a simulated Z → µ−µ+

sample (blue boxes) [141].

aggregate cells that share at least a corner in common with the cells already in the cluster,
and whose energy exceeds a second threshold, set to twice the noise level. The ultimate
energy and position of the clusters are defined by using a dedicated algorithm that relies
on the assumption that the energy deposits in the cells of the topological cluster arise from
Gaussian energy deposits in the cluster seeds. An example of ECAL and HCAL clustering
are shown in Fig. 3.12.

3.3.3 The Link algorithm

According to its charge and type, a particle crossing the different CMS sub-detectors
can produce different objects (tracks and clusters) for each layer it passes through. Then,
in order to obtain the final reconstruction and the ultimate identification of the particle,
the information carried by these objects has to be combined. This is achieved by using
a dedicated link algorithm that connects the reconstructed tracks and clusters originated
by the same particle, producing the so-called PF blocks. The specific conditions required
to link two elements are described in the list below [133]:

• Track-cluster link. The link between a track and a calorimeter cluster starts
by extrapolating the track into the calorimeters using its last measured hit. For
ECAL, its position is evaluated at a depth corresponding to the maximum of a
typical electron shower, and at a depth corresponding to one interaction length for
HCAL. The extrapolated position is then enlarged by up to the size of a cell in each
direction, to account for the presence of gaps or cracks in the calorimeters and for
the uncertainty in the position of the shower maximum. If the extrapolated position
is found to be within a cluster, the track is matched to it. If different clusters are
linked to the same track, or if several tracks are linked to the same cluster, the
distance between the extrapolated track position and the cluster position, evaluated
in the (η, φ) plane, is used to quantify the quality of the links, keeping only the link
with the smallest distance.

• ECAL cluster-track link. In order to link the clusters produced by bremsstrahlung
photons to their corresponding electron track, the tangent to the electron trajectory
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Figure 3.12: ECAL and HCAL clusters originated by a jet made of five particles
(K0

L, π
+, π−, π0(→ γγ)). The ECAL and HCAL cells are represented as squares, with an

inner area proportional to the logarithm of the cell energy. Cells with an energy larger than
those of the neighboring cells are shown in dark grey, the cluster positions are represented
by red dots, the simulated particles by dashed lines, and the positions of their impacts on
the calorimeter surfaces by open markers. (Left) Four separated ECAL clusters originated
by the K0

L, the µ, and the two photons from the π0, denoted as E1, E2, E3, E4. The
π+ does not create a cluster in the ECAL. The two charged π are also reconstructed as
charged-particle tracks T1 and T2. (Right) Two HCAL clusters, originated by the two
charged π and denoted as H1 and H2 [133].

is extrapolated to the ECAL for each layer of the tracker. If the extrapolated tan-
gent position falls within the boundaries of the cluster, the cluster is associated to
the original track as a potential bremsstrahlung photon.

• Cluster-cluster link. A link can be also established between HCAL and ECAL
clusters, or between ECAL and preshower clusters. The connection is performed
when the cluster position in the more granular calorimeter (preshower or ECAL), is
within the cluster boundary in the less granular calorimeter (ECAL or HCAL). As
for the track-cluster linking, in case multiple clusters are matched to the same one,
the one with the shortest η − φ distance (for HCAL-ECAL link) or x − y distance
(for an ECAL-preshower link) is kept.

• Track-track link. For nuclear-interaction reconstruction, further links are built for
charged-particle tracks that could share a secondary vertex. In this case, at least
three tracks must be associated together through a common displaced vertex, where
at most one of the tracks is the incoming track.

• Muons. A link between a track in the tracker and the information in the muon
chambers is also established, in order to define the different muon classes.

3.3.4 Particle reconstruction

Electrons and photons

The algorithm for the reconstruction of electron and photons starts from ECAL clus-
ters, formed as described in Sec. 3.3.2. The clusters are formed by grouping neighboring
crystals whose energies exceed a predefined threshold, typically around 80 MeV for EB
and 300 MeV for EE, chosen to be 2 or 3 times bigger than the expected electronic noise.
Among all the clusters, the one containing most of the energy (with a minimum transverse
energy above 1 GeV) is taken as the seed cluster. When propagating through the material
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in front of ECAL, electrons and photons have a significant probability of showering, pro-
ducing bremsstrahlung photons and e−e+ pairs that also could start new electromagnetic
showers. The original object could thus consist of several others electrons and photons,
and hence the multiple ECAL clusters they originate need to be combined into a single
supercluster (SC) that captures the energy of the original electron/photon. The superclus-
tering procedure employs two algorithms. The first one is called the mustache algorithm,
since it aggregates clusters that fall into a shape similar to a mustache around the seed
cluster, as shown in Fig. 3.13. The second superclustering algorithm is known as the re-

Figure 3.13: Distribution of ∆η = ηseed cluster − ηcluster versus ∆φ = φseed cluster −φcluster
for simulated electrons. The energy of the seed cluster is between 1 and 10 GeV and
1.48 < ηseed cluster < 1.75. The red line contains the clusters selected by the mustache
algorithm to form the SC and the white region at the center of the plot represents the
seed cluster [142].

fined algorithm, and it uses the tracking information to further refine the SC, minimizing
the risk of including spurious clusters.

The energy deposited by electrons and photons as collected by the superclustering
algorithm is still subject to several losses, for lateral and longitudinal shower leakage,
intermodule gaps and dead crystals, or possible energy deposits in the tracker material.
This leads to systematic variations of the energy measured in ECAL that could significantly
degrade the energy resolution for the reconstructed particles. A multivariate technique is
used to correct the energy estimation, based on a set of regression fits targeting the ratio
y between the reconstructed and true energy of an electron or a photon. The regression
employs the following log-likelihood function:

L = −
∑
e/γ

ln p(y|~x)

where p(y|~x) gives the estimated probability for a reconstructed electron or photon to have
the observed value y, given a vector of input electron and photon variables ~x. The regres-
sion is performed in simulated samples, where the true values of the energies are known,
and the probability density function used is a double-sided Crystal Ball (DSCB) [143],
which has a Gaussian core with power law tails on both sides. The most probable value of
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Figure 3.14: Dielectron invariant mass distribution before and after the application of the
energy and scale corrections for barrel (left) and endcap (right) electrons for Z → e−e+

events [142].

the DSCB estimated by the algorithm provides the energy corrections, while the energy
resolution is extracted from the width of the Gaussian core of the distribution. An addi-
tional correction factor is applied to electron and photon energy scales, to take into account
possible residual differences between data and simulation. Two dedicated methods, the fit
method and the spreading method, have been developed to estimate this correction, using
Z → e−e+ events. The fit method performs a fit to the invariant mass distribution of the Z
boson, obtained from data and from simulated events, and extracts a scale offset by com-
paring the results. On the other hand, the spreading method takes the simulated Z boson
invariant mass distribution as a probability density function in a maximum likelihood fit to
the data, and evaluates a correction function to be applied to the simulation. A multistep
procedure based on both methods is implemented to derive the ultimate corrections on
the energy scales [142]. The importance of the energy resolution and scale correction can
be clearly observed in Fig. 3.14, where the distributions of the reconstructed Z → e−e+

mass is shown, before and after applying the corrections. The SC information is also
exploited in the iterative tracking procedure at the fitting step. As explained above, the
selected tracks are refitted once all the hits in the tracker layers are known, in order to
achieve the best track parameters. A Gaussian-sum filter (GSF) [144] is used instead of
the Kalman filter, as it allows for sudden and substantial energy losses along the trajectory
and hence it better suits the reconstruction of electrons’ tracks. However, this is a very
CPU consuming process and therefore it cannot run over all the reconstructed hits in the
particles. The reconstruction of electron tracks therefore begins with the identification of
a seed, a hit pattern selected in order to lie on an electron trajectory, and that can be
either ECAL-driven or tracker-driven. The ECAL-driven seeding first selects SCs with
transverse energy greater than 4 GeV and H/E smaller than 0.15, where E and H are, re-
spectively, the SC energy and the sum of the energy deposits in the HCAL towers within a
cone of ∆R =

√
(∆η)2 + (∆φ)2 = 0.15 centered on the SC position. The φ and z position

of the SC are then used to extrapolate the trajectory of its corresponding electron, assum-
ing it to be helical. If the hits of a tracker seed are matched to the predicted trajectory,
this is selected for seeding a GSF track. On the other hand, the tracker-driven approach
iterates over all generic tracks, as extracted by the Kalman filter, and then it looks for
compatibility with an ECAL SC. The compatibility is established applying selections on
the track quality and track-cluster matching variables. The ECAL-driven approach per-
forms better for high-pT isolated electrons, while the tracker-driven approach is designed
to improve efficiency for low-pT or non isolated electrons [142]. The improvement in the
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Figure 3.15: (Left) Electron seeding efficiency for electrons (triangles) and pions (circles)
as a function of their transverse momentum, from a simulated sample enriched in b quark
jets with at least one semileptonic b hadron decay. Both the efficiencies for ECAL-based
seeding only (hollow symbols) and with the tracker-based seeding added (solid symbols)
are shown. (Right) Efficiency gain from the tracker-based seeding for electrons from Z
boson decays as a function of pT [133].

seeding efficiency for electrons in b quark jets (non isolated electrons) is shown on the left
in Fig. 3.15. The addition of the tracker-based seeding increases the probability that a
charge hadron gives rise to an electron seed, but the PF algorithm is able to take care of
the possible misidentification at later stages of the reconstruction. For isolated electrons,
the tracker-based seeding also improves the overall efficiency by several per cent (Fig. 3.15
right) allowing to reconstruct electrons with pT below 4 GeV.
Hadrons and jets
Hadrons deposit their energy in both the ECAL and the HCAL calorimeters. The HCAL
clustering is performed as described in Sec. 3.3.2, where the energy threshold of the HCAL
cell for being considered by the clustering algorithm is 800 MeV. Both the ECAL and
HCAL cluster energies need to be substantially recalibrated in order to get a good estimate
of the true hadron energy, given that ECAL is calibrated for photons, and the HCAL
response is not linear and depends on the energy deposited in ECAL. At the LHC, hadrons
can originate from jet fragmentation and hadronization, and they can be detected as
charged hadrons, neutral hadrons, and non isolated photons (deriving from π0 decays). If
the ECAL and HCAL clusters are not matched to any track, the particle would be usually
reconstructed as a photon or a neutral hadrons. However, beyond the tracker acceptance
or if the track association fails, a charged hadron could be identified with a neutral one
and its energy wrongly associated to a non isolated photon. Since hadrons leave the 25%
of the jet energy in the ECAL, this incorrect identification could heavily affect the jet
reconstruction. For this reason, the algorithm has been refined so that ECAL clusters
without an associated track are reconstructed as photons only if they are not linked to
HCAL clusters [133]. Otherwise, the algorithm identifies the particle as a neutral hadron.
Starting from PF candidates, jets are then clustered using the anti-kT algorithm [145].
First, the algorithm calculate the distance between two particles i and j:

dij = min(1/k2
T (i), 1/k2

T (j)) ·
∆R2

ij

R2

where R is a radius parameter that characterizes the method, ∆R is the distance between
the two particles in the (η − φ) plane and kT denotes the magnitude of the particles’
transverse momentum. The distance between the ith particle and the beamline B is then
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evaluated as:
diB = 1/k2

T (i)

and the minimum between diB and dij is calculated. If this minimum is diB, the algorithm
removes the particle i from the list of candidates and defines the object as a “jet”. If the
minimum is dij , the momenta k of the particle i and j are summed to construct a new
particle, and the algorithm is iterated again until only jets are left. Since no particle
with d > R can be counted, the jet is reconstructed as cone around the original particle
direction, with R being the radius of this cone.
Pileup measurement and mitigation tecniques
At the luminosities delivered by the LHC, multiple proton-proton interactions can occur at
the same time when two proton bunches collide. During the Run 2 the average number of
these additional collisions was 40, reaching the average value of 50 for significant fraction
of events during the 2017 data taking. The separation of the proton-proton interaction
of interest from these overlapping collisions, that go under the name of pileup events,
becomes then a crucial factor to associate the reconstructed particles to the correct vertex,
and therefore to the correct event. With this purpose, several techniques for mitigating
the effect of pileup on the particle reconstruction have been developed at CMS. The most
widely used is the Charged-Hadron Subtraction (CHS), which is the standard technique
employed to suppress the contribution of the so-called in-time pileup events, the additional
collisions taking place in the same bunch crossing of the primary vertex of interest. The
CHS algorithm first orders the primary vertices according to the quadratic sum of the
pT of their associated tracks. The one with highest ∑ p2

T is taken as the hard-scatter
vertex and all the others as pileup vertices. With this classification of the vertices, all the
charged hadrons whose track is associated to one pileup vertex are excluded from the list
of physics objects participating in the particle reconstruction. Charged hadrons accounts
for around two thirds of the total pileup contribution, while the remaining fraction consists
of photons, neutral hadrons and particles reconstructed outside the tracker acceptance.
The impact of these particles is addressed exploiting the uniformity of the pT -density of
pileup in the (η, φ) plane, and then subtracting this contribution when reconstructing the
physics objects [133]. Another approach is the PileUp per Particle Identification (PUPPI),
that sums over all the particles j in the events and defines a shape α for each particle i
as [146]:

α = log
∑

j,∆Rij<R0

(
pjT

∆Rij

)2

,

where ∆Rij is the distance between the particles i and j, and R0 = 0.4. The α value is
compared to the median of the charged pileup distribution in order to extract a weight
for each particle between 0 (the particle comes from the hard-scatter vertex) and 1 (the
particle comes from a pileup event). The four-momentum of the particles is then rescaled
according to the weight, discarding particles with very small weights or rescaled pT , and
a final set of pileup-corrected particles is obtained [147].
Jet energy resolution and corrections
In CMS the jets are reconstructed by applying the anti-kT algorithm mentioned in the
previous section, starting from the PF candidates within the chosen cone of clusterization.
However, like all the other experimentally-reconstructed physics objects, the non-linearity
of the detector response and several other physics aspects (pileup, discrepancies in data
and simulation) need to be considered to obtain the correct jet energy value. A set of
Jet Energy Corrections (JEC) has been developed, factorizing the different contributions
that could affect the jet energy estimation. The fixed sequence of the JEC is illustrated
in Fig. 3.16, where the output of each step (level) is used as input to the next one, and
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the different levels of correction are described in the list below. Each one provides a
scaling factor to the jet four momentum, depending on various jet related quantities (pT ,
η, flavor).

Figure 3.16: Levels of JEC for data and MC simulation, to be applied to jets as re-
constructed by the anti-kT algorithm in order to obtained the final calibrated jets. The
corrections marked with MC are derived from simulation studies, RC stands for random
cone, and MJB refers to the analysis of multijet events [148].

• Level 1 (L1: pileup offset). This correction takes into account the contribution
of the pileup events, differentiating the aformentioned in-time pileup from the out-
of-time pileup, the latter arising from proton-proton collisions that occur in the
previous or in the subsequent bunch crossing with respect to the reference one.
The in-time pileup is corrected using the CHS algorithm described in the previous
section. For the out-of-time contribution, the signal time-integration window is
shortened. Corrections for residual differences between data and detector simulation
are determined using the random cone method [149].

• Level2-Level3 (L2L3: MC-truth corrections). These corrections are derived
as a function of the jet pT and η, to make the jet energy response uniform over
these two variables. First, an accurate and detailed description of the jet response
is provided from simulation; then, the reconstructed jets are matched to particle-
level jets and the JEC are derived by comparing the corresponding η and pT . The
definition of particle level jets refers to those jets that are built from simulation by
applying the jet clustering algorithms to all stable particles, excluding neutrinos.

• Residuals. Residuals corrections are meant to correct for remaining small differ-
ences (of the order of %) within jet response in data and simulation, and are obtained
as a function of η and pT using the simulated samples mentioned in Fig. 3.16.

• Level 5 (L5: flavor corrections). The jet flavor is defined in terms of the flavor
of the parton that originated the jet, while jets resulting from hard gluon radiation
have an undefined flavor. Possible differences in the energy response for different jet
flavors arise mainly from variations in the fragmentation energy and variations in
its particle composition. L5 corrections are derived similarly to the L2L3 ones, but
using simulated samples that account for the various flavors.

The jet response, defined as the average value of the ratio of the transverse momentum of
the reconstructed jet over the transverse momentum of the particle-level jet, is shown in
Fig. 3.17 before and after the use of the JEC. For detailed measurements of the SM jet
production, as well as for new physics searches and analysis that rely on well-reconstructed
missing momentum, the jet pT resolution is also of fundamental importance. However, the
resolution has been measured to be worse in data than in simulation and hence the use of
some scaling factors on MC jets is needed, in order to match the resolution observed in
data. After the JEC, the jet pT resolution in data is evaluated with two techniques: the
dijet asymmetry methods, in events containing two jets, and the γ + jets balance method
in γ + jets events. In the first case, the resolution is extrapolated from the scalar balance

48



Figure 3.17: Average ratio of the reconstructed jet pT over the particle-level jet pT in
QCD simulation, as a function of the particle-level jet pT . The jets are reconstructed with
the anti-kT clustering algorithm (with R=0.5) and the CHS method for pileup mitigation.
The ratio is shown before any corrections (left) and after (right) all the stages of the JEC,
while µ denotes the average number of pileup interactions per bunch crossing [148].

between the transverse momenta of the two jets, while in the second case the measurement
is performed by comparing the transverse momentum of the photon with that of the jet.
The scaling factors obtained with the two methods at 8 TeV are shown in Fig .3.18. As
can be observed, the discrepancies between data and simulation can increase up to 40%
for very forward (|η| ∼ 3) jets.
Muons
The CMS detector is able to reconstruct muons with high efficiency over the full detector
acceptance. A high purity is guaranteed by the inner calorimeters and the steel layers of
the return yoke that absorb all the other particles (except neutrinos), while the tracker
provides a very precise measurement of the muons’ momentum. In addition, the hits
measured in the muon chambers can be used together with the information coming from
the tracker in order to extract the muon trajectories, leading to three different classes of
particles:

• Standalone muons. They rely entirely on the information of muon chambers. The
hits collected in the DT or in the CSC detectors are used to form segments that act
as track seeds for the pattern recognition in the other detectors. The final trajectory
is then built using DT, CSC and RPC information only, by means of the Kalman
filter.

• Global muons. They are built using an outside-in approach. The standalone
track obtained exclusively from the muon chambers is matched to a track as built
in the tracker (hereafter referred to as an inner tracks), and then a combined fit is
performed using the Kalman filter.

• Tracker muons. They are built using an opposite inside-out approach with respect
to the global muons tracks. The inner tracks are propagated to the muon system
by matching them to CSC or DT segments, and then the full track is obtained by a
combined fit, as for the global muons tracks.

Reconstruction of global muons requires the particle to cross more than one detectors plane
in order to form a segment in the muon chambers, and then it provides higher efficiency for
muons whose transverse momentum exceeds about 200 GeV. For momenta below about 10
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Figure 3.18: Distribution of the scaling factors for the jet pT resolution as a function of
the absolute jet psedudorapidity. The jets are reconstructed with the anti-kT clustering
algorithm (with R=0.5) and the CHS method for pileup mitigation. Results determined
from γ + jets (hatched boxes) and dijet data (solid boxes) are shown [148].

GeV, the multiple scattering in the steel of the return yoke leads for the majority of muons
not to cross more than one plane, and therefore the tracker muon reconstruction is more
efficient. Starting from the three muons classes, various methods are employed to fit the
tracks [150], and the ultimate momentum of the muon is determined by applying the Tune-
P algorithm [151] which selects the best fit according to the goodness-of-fit information
and the momentum resolution. Further selections are applied in order to optimize the
muon identification (ID) accordingly to the needs of the different CMS physics analysis.
The main variables taken into account are the χ2 of the track fit, the number of hits per
track and the quality of the matching between the inner tracks and the muon tracks. To
discriminate the muons produced in the collision from those coming from weak decays in
jets (punch-through), some requirements on the muon isolation are also applied, where
the isolation is defined by summing up the energy around the muon direction, using either
the reconstructed tracks or the neutral particles and charged hadrons reconstructed by
the PF algorithm [150]. The efficiency for the reconstruction and identification of muons
is shown in Fig. 3.19, for two different IDs.
Missing transverse energy
Given their exceptionally small interaction cross section (see Fig. 3.20), neutrinos produced
in a proton-proton collision can cross and escape all the detector’s layers without interact-
ing. However, their presence can be indirectly estimated by exploiting the imbalance of
the total transverse momentum, where the transverse momentum pT for a single particle
is defined as in Sec. 3.2.1. Once all the particles in the events have been reconstructed, for
the law of conservation of momentum the obtained total transverse momentum must be
zero, as it is zero for the system of two quarks colliding. If this does not happen it means
that in the collision one or more neutrinos have been produced, with a transverse mo-
mentum corresponding to the quantity that would be necessary to restore the zero-value
balance. This transverse momentum fraction associated to the presence of neutrinos is
called missing transverse energy (MET), and it is defined as:

EmissT = −
∑
i

∣∣ ~pT,i∣∣ ≡ −
∑
i

pT,i, (3.1)
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Figure 3.19: Efficiency for muon reconstruction and identification in 2015 data (circles) and
simulation (squares), evaluated by applying the Tag and Probe method to muons coming
from J/ψ and Z decays. The efficiencies for probe muons with pT > 20 GeV passing the
Loose ID (left) and the Tight ID (right) are shown in the upper panels, while the ratio
between efficiencies in data and simulation is shown in the bottom pnales. The statistical
uncertainties are smaller than the symbols used to display the measurements [150].

where the sum is performed over all the reconstructed particles. In CMS, three different
algorithms are used to measure the MET, leading to three different MET types:

• PF Emiss
T : defined as the negative vectorial sum over the transverse momenta of all

reconstructed PF particles. It is used in the majority of CMS analyses.
• Calo Emiss

T : evaluated using the information of the energies contained in calorimeter
towers, excluding deposits below the noise threshold. Since a muon deposits only
a fraction of their energy in the calorimeter, the muon pT is also included in the
calculation, while the small calorimetric energy deposit associated with the muon
track is excluded.

• TC Emiss
T : starts from the Calo EmissT but also includes in the calculation the

transverse momentum of the inner tracks, removing the expected calorimetric energy
deposit of each track.

Large values of MET can be caused not only by the production of invisible particles in
the collisions. More often, the missing energy is overestimated due to the contribution of
anomalous events that lead to the reconstruction of fake high energy particles, increasing
in this way the total measured transverse energy. The presence of these anomalous events
can be due to several causes [152]:

• Anomalous signal in the calorimeters. In ECAL they are usually associated with
particles directly interacting with the EB sensors, or hitting the transducers, or to
noisy sensors in the photodetectors. In HCAL, they can arise from noise in the
photodiodes and electronics, as well as from particles interacting in the light guides
and photomultiplier tubes of the HF. The filter employs information from energy
deposits, timing and pulse shape in order to exclude the anomalous contributions
from the MET calculation.

• Beam halo contribution. The interaction of protons with the residual gas molecules
in the vacuum chambers, or with the wall of the beam pipe, produces a flow of
secondary muons that travel parallel to the collision axis and that leave energy
deposits in ECAL. In this case, the information from CSCs is exploited: the hits
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Figure 3.20: Total inclusive charged current cross section for a neutrino (νµ N → µ− X)
scattering off nucleons, as a function of its energy. Neutrino cross sections are typically
twice as large as their corresponding antineutrino counterparts. Neutral current cross
sections (not shown here) are generally smaller compared to the charged current case [45].

collected for a beam halo event will indeed be in line with the calorimeter deposits,
allowing for an effective identification and removal of such events.

• Non-instrumented or bad functioning detector regions. The filter operates by reject-
ing events where the track of a muon or a charged hadron has been reconstructed
with low quality, according to the Tune-P algorithm.

Dedicated filtering algorithms are used to suppress the contribution from these anomalous
events. The filters are designed to identify more than 85-90% events contributing to fake
EmissT , with a misidentification rate smaller than 0.1% [153]. In Fig. 3.21, the EmissT and
the φ distribution of the jet are shown, before and after the application of the filters, for the
dijet and monojet samples respectively. It can be seen that, for both cases, the agreement
between the simulated distributions and the data is restored only after the application of
all the filters. The value of the MET obtained at this stage still needs to be corrected
before it can be safely used in a physics analysis. The non-linearity of the response of
the calorimeter for neutral and charged hadrons, neutrinos from semileptonic decays of
particles, and possible inefficiencies in the tracker can indeed lead to an underestimation
of the MET. For the PF EmissT three types of corrections are recommended to be applied:

• Type-0 correction. It takes into account the degradation of the MET reconstruc-
tion due to invisible particles, such as neutrinos from K decays produced in pileup
interactions. This correction is based on the CHS algorithm applied to jets but,
besides removing charged hadrons originating from the pileup vertices, the Type-0
correction also removes an estimate of neutral pileup contributions. The estimate is
based on the assumptions that, at the true level, the contribution to the total trans-
verse momentum provided by charged particles and neutral particles originated in
pileup interactions sums to zero (Eq. 3.2), and that the contribution from charged
particles is measured with enough precision that Eq. 3.3 holds. Here, ~EmissT,uncorr refers
to the uncorrected vectorial MET, while ~ptrueT and ~pT to the true and reconstructed
transverse momentum of the particle i, respectively:∑

i∈neuPU
~ptrueT,i +

∑
i∈chPU

~ptrueT,i = 0, (3.2)
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Figure 3.21: The EmissT (left) and φ (right) distributions obtained in data for events passing
the dijet (left) and monojet (right) selection with (filled dots) and without (open dots)
the event filtering algorithms applied, compared with simulation (solid histograms) [153].

∑
i∈chPU

~ptrueT,i =
∑

i∈chPU
~pT,i. (3.3)

The contribution from charged particles is evaluated by the CHS algorithm, and
hence the estimation of the neutral contribution can be written as:∑

i∈neuPU
~pT,i = (1 −R0)

∑
i∈chPU

~pT,i

where R0 represents a systematic shift that needs to be introduced due to the cali-
bration of calorimeters, which is optimized for high-pT particles. As a consequence,
the energy measurement of low-pT particles, such as those coming from pileup ver-
tices, results to be systematically off. The Type-0 correction factor ~CType−0 and the
corrected MET ~EmissT,Type−0 are therefore defined as:

~CType−0 = (1 −R0)
∑

i∈chPU
~pT,i,

~EmissT,Type−0 = ~EmissT,uncorr. + ~CType−0 = ~EmissT,uncorr. + (1 −R0)
∑

i∈chPU
~pT,i.

• Type-1 correction. This correction is a propagation of the JEC to MET. It replaces
the vector sum of transverse momenta of particles which can be clustered as jets
with the vector sum of the transverse momenta of the jets to which JEC is applied.
First, the sum on the PF particles is split into two disjoint sets, either including the
particles that can or cannot be clustered as jets:

~EmissT,uncorr. = −
∑
i∈jets

~pT,i −
∑

i∈unclus.
~pT,i. (3.4)

Then, assuming that the first vector sum is the same as the vector sum of the
transverse momentum of all (uncorrected) jets (Eq. 3.5), the Type-I correction can
be written as the difference between two vector sums (Eq. 3.7):∑

i∈jets
~pT,i =

∑
jets

~puncorr.T (3.5)
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~CType−1 =
∑
jets

~pT
uncorr. −

∑
jets

~pJECT . (3.6)

As a result, the Type-1 corrected MET can be written as:
~EmissT,Type−1 = ~EmissT,uncorr. + ~CType−1 = −

∑
jets

~pJECT −
∑

i∈unclus.
~pT,i. (3.7)

Figure 3.22: Distributions of MET in Z → µ−µ+ (top left), Z → e−e+ (top right), and
γ + jets events (bottom) in data and simulation. The last bin includes all events with
MET > 195 GeV. Lower panel: Data to simulation ratio. The shaded band includes the
systematic uncertainties due to the energy scale and resolution of all reconstructed objects
entering the MET computation [153].

• xy-shift correction. It is applied to restore the φ-independence of the MET. The
distribution of true MET indeed must be independent of the polar angle because of
the rotational symmetry of the collisions around the beam axis. However, the recon-
structed MET shows a modulation with φ that could be due to anisotropic detector
responses, inactive calorimeter cells, detector misalignment, and displacement of the
beam spot. It has been observed that the amplitude of the modulation increases
roughly linearly with the number of the pileup interactions. Such modulation can
be reduced by shifting the origin of the coordinate in the transverse momentum
plane by a constant factor ~c (Eq. 3.8) that depends on the number of vertices. With
this shift, the MET can be rewritten as in Eq. 3.9, where n is the total number of
particles:

~pT,i → ~pT,i − ~c, (3.8)
~EmissT,xy = −

∑
i∈all

(~pT,i − ~c) = ~EmissT,uncorr. + n~c. (3.9)

The xy-shift correction Cxy and the xy-corrected MET are then defined as:
~Cxy = n~c,
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~EmissT,xy = ~EmissT,uncorr. + ~Cxy.

• Jet smearing. In simulated samples, the jet momenta are smeared in order to
account for possible jet resolution differences between data and simulation [154]. The
smearing function is obtained from a parameterizations of the full jet pT resolution
distribution, and the simulated MET is then recomputed taking into account the
new jet momenta.

In Fig. 3.22 the MET distribution is shown after the application of all the above corrections,
for Z → µ−µ+, Z → e−e+ and γ+jets events, and very good agreement is observed between
data and simulation. The performances of the PF EmissT reconstruction algorithm are
studied in term of the EmissT response and resolution, in samples with an identified Z
boson decaying to a pair of electrons or muons, or with an isolated photon. Such events
have typically little or no true MET. The hadronic recoil system ~uT is defined as the
vector pT -sum of all PF candidates, except for the vector boson (or its decay products
in the case of the Z boson decay), while the vector boson momentum in the transverse
plane is denoted with ~qT . The momentum conservation in the transverse plane imposes
~qT + ~uT + ~EmissT = 0. In Fig. 3.23 all the kinematic definitions used are summarized. The

Figure 3.23: Scheme of the Z boson (left) and photon (right) event kinematics in the trans-
verse plane. u‖ and u⊥ are the magnitude of the parallel and perpendicular components
of the hadronic recoil ~uT , respectively. The vectorial missing transverse energy is labeled
here as ~pmissT [154].

scalar quantity −〈u‖〉/qT is referred to as the MET response, and it is shown in Fig. 3.24 as
a function of the magnitude of the boson transverse momentum qT . The MET resolution
is instead extracted from the u⊥ and the u‖ + qT distributions, and it is expressed in
terms of the resolution of u⊥ and u‖ (Fig. 3.25). For processes without true EmissT , the
distribution of the vectorial sum of u‖ and qT is expected to be symmetric around zero,
with any deviations from this behavior implying imperfect MET reconstruction. The
u⊥ distribution is expected to be also symmetric and with a mean value of zero, due to
the assumed isotropic nature of the energy fluctuations of the detector noise and of the
underlying events.
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Figure 3.24: The MET response in data, in Z → µ−µ+ (blue), Z → e−e+ (red), and γ+jets
(green) events is shown in the upper panel, while the ratio of the MET response in data
and simulation is shown in the lower one. The grey band corresponds to the systematic
uncertainties due to the energy scale and resolution of all reconstructed objects entering
the MET computations, and it is estimated from the Z → e−e+ sample [153].

Figure 3.25: Resolution of the parallel (left) and perpendicular (right) component of the
hadronic recoil as a function of the magnitude of the boson transverse momentum, in
Z → µ−µ+ (blue), Z → e−e+ (red), and γ +jets (red) events. In each plot, the upper
panel shows the resolution in data, whereas the lower panel shows the ratio of data to
simulation. The grey band corresponds to the systematic uncertainties due to the energy
scale and resolution of all reconstructed objects entering the MET computations, and it
is estimated from the Z → e−e+ sample [153].
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Chapter 4

The MIP timing detector for the
CMS Phase 2 upgrade

The performances of particle colliders such as the LHC are typically quantified in terms
of beam energy and delivered luminosity. The design energy of 14 TeV is foreseen to
be reached by the LHC during the Run 3, while the instantaneous luminosity achieved
during Run 2 has already exceeded the design value of 1 × 1034cm−2s−1 by a factor of
two. After the Run 3, the LHC is undergoing a significant series of upgrades that will
allow the instantaneous luminosity to reach five times the design value, opening a new era
for discoveries in particle physics. In parallel, to manage such high luminosity, CMS is
expected to replace the majority of its sub-detectors and to install new ones. In particular,
this chapter is focused on the new timing detector for minimum ionizing particle, and on
the timing performance studies carried out along with the analysis work described in this
thesis. The chapter opens with a brief overview of the LHC upgrades foreseen for this new
high luminosity phase, together with the physics program expected to be delivered by the
four main experiments operating along the accelerator. The CMS upgrades are introduced
and the timing detector is described in detail. Then, the timing performances studied in
simulation are presented, and in the last section the impact of the timing detector on the
CMS physics program is quantified.

4.1 High-luminosity LHC

At the end of the ongoing Run 3, expected in 2025, the LHC will enter the third
long period of technical stop since the beginning of its operations in 2008. During the
so-called Long Shutdown 3 (LS3), both the accelerator and the detectors will undergo an
important series of upgrades in order to start the new High-Luminosity (HL) LHC phase
in 2029. The Run 3 is already expected to double the collected luminosity with respect
to the previous Run 2, reaching a total of 300 fb−1, but for many of the most interesting
physics searches foreseen for the next future, especially those involving multiple Higgs
bosons production and possible new resonances, a much higher statistics will be needed.
In order to improve the potential for discoveries, the HL-LHC upgrade is hence focused on
a substantial increase of the delivered luminosity, up to twenty times the expected total
for Run 3 (to give an example of the expected performances, the LHC will produce at least
15 million Higgs bosons per year during the HL phase, compared to around three million
in 2017). Physicists will have the chance to observe extremely rare phenomena that could
not be revealed otherwise, and the magnified statistics will allow to study SM mechanisms
with unprecedented precision. The main topics of the physics program carried out by the
LHC experiments during the HL phase are [155]:

• Precision measurements in the Higgs boson sector. In Fig. 4.1, the ex-
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pected improvements in the measurements of the Higgs boson couplings to elemen-
tary fermions and bosons with 3000 fb−1 of data are illustrated. The accurate esti-
mate of such couplings has great importance in the understanding of the quantum
instability related to the Higgs potential. Moreover, the increased luminosity will al-
low to probe for the very first time important rare processes, such as gg → HH. The
di-Higgs production is one of the main goal of the LHC physics program, given that
such process is the only one where the trilinear Higgs-self coupling can be directly
measured, providing direct access to the shape of the Higgs scalar potential.

• Beyond Standard Model searches. In the last decades, many BSM theories
have been developed. As described in Sec. 1.6, an extended and more exhaustive
formulation of the SM is indeed needed, providing a theory that would include all the
four fundamental forces. One of the most popular is the theory of Supersymmetry
(SUSY), predicting a so-called “supersymmetric partner” for each particle in the
SM. Among the new particles predicted, the class benefiting more from the large
luminosity provided by the HL-LHC is that of the electroweak SUSY particles (as
neutralinos and charginos), whose cross sections is two to three orders of magnitude
smaller than generic QCD cross-sections. Of course, besides SUSY, the HL phase
will allow searches for possible new exotic particles and resonances in many different
BSM scenarios.

• Flavor studies. The LHCb experiment (designed to study flavor physics), but
also ATLAS and CMS will benefit from the increased luminosity, with the latter
reaching sensitivity comparable to those of dedicated experiments for several pro-
cesses (for example Bs,d → µµ,B0

s → J/ψ,B0 → K∗0µµ). In flavor physics there is
plenty of discovery potential, as it is evinced by the latest measurements at the
LHCb experiment [156]: their results indeed provide hints of a violation of lepton
flavor universality, and they are consistent with a pattern of flavor anomalies al-
ready measured by LHCb [157, 158] and other experiments worldwide over the past
decade [159, 160]. Flavor probes are especially useful since they are able to test
the virtual effects of new particles above the TeV scale, whose direct production is
not accessible at the current energy of the LHC. In particular, in processes involving
Flavor Changing Neutral Currents (FCNCs) there is still a 20% possible new physics
contribution not yet constrained by the precision of current measurements.

In order to achieve at least the total luminosity goal of 3000 fb−1, an annual inte-
grated luminosity of around 250 fb−1 is expected. This will lead to a peak luminos-
ity of 5 × 1034cm−2s−1, which is already five times the original designed luminosity of
the LHC, and in its ultimate configuration the HL-LHC is expected to reach up to
7.5 × 1034cm−2s−1. In such luminosity configurations, the number of events per bunch
crossing, the pileup events, is expected to vary from 140 to 200. The key parameters
that have been targeted, and which need to be carefully tuned to deliver such impressive
and certainly unprecedented performances, are the number of protons per bunch and the
transverse beam size at the interaction points (IPs) [161]. Another relevant parameter
could be the number of bunches per beam, but the bunch spacing at the LHC is already
at its minimum value of 25 ns, with the aforementioned maximum number of bunches of
approximately 2800. The increase in the bunch population (up to 2 × 1011 protons per
bunch in the baseline scenario [162]) will be provided by a renovated injector accelerator
chain, with major upgrades required in the linear accelerator, the Proton Synchrotron
Booster, the Proton Synchrotron and the Super Proton Synchrotron. The bunch pop-
ulation is constrained by several factors, such as the impact of one bunch on another
when they collide at the IP, possible beam-beam effects and the robustness of the ma-
chine protection. This protection is currently ensured by Carbon-Fibre-Carbon composite
collimators, designed to absorbe particles that might stray from the beam trajectory and
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damage the machine. For the HL-LHC, the majority of the collimators will be substituted
with new ones made by a novel Molybdenum-Graphite composite which guarantees higher
performances and less electromagnetic interference on the beam. The second key factor in
maximizing the luminosity performance will be the reduction of the β∗ parameter below
30 cm (the nominal value of the LHC is 55 cm). This will be achieved by new quadrupoles
made of niobium-tin (Nb3Sn) replacing the current NbTi ones. This novel material is
able to generate a magnetic field up to 12 T compared to the present 9 T maximum, and
together with the beam optics scheme will be able to provide a more focused and squeezed
proton beam. With the reduction of β∗ the crossing angle between the bunches needs
to be adjusted in order to ensure that they are enough separated when reaching the IP,
and to avoid potential unwanted bunch-bunch interactions. This necessary adjustment of
the crossing angle, however, can lead to significant luminosity reduction up to 70% of the
β∗ design values. To recover this loss, transversely deflecting RF devices, the so-called
crab cavities [163] will be installed near the ATLAS and CMS IPs. Their goal is to tilt
bunches, providing an effective overlap, thus higher luminosity, even when the beam tra-
jectories have a crossing angle. Besides the aspects discussed so far, a relevant number of
refurbishments are still foreseen for the LHC to perform at its best during the HL phase,
including upgrades of the power lines, instrumentation, devices for tackling with the high
level of collision debris and high radiation levels, and a huge amount of civil-engineering
work will be needed as well to build the new HL-LHC underground areas.

Figure 4.1: Estimated precision of the Higgs boson coupling modifiers with an integrated
dataset of 3000 fb−1 and assuming a center of mass energy of 14 TeV. (Left) ATLAS
relative uncertainty on the expected precision for the determination of coupling scale factor
ratios λXY . The hashed areas represent the increase of the estimated error due to current
theory systematic uncertainties. (Right) CMS projection for the expected uncertainties
in the couplings. Scenario 1 assumes the current systematic uncertainties while Scenario
2 considers the experimental uncertainties scaling as 1/

√
L and reduces the theoretical

uncertainties by half [155].
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4.2 The CMS Phase 2 upgrade

In preparation for the HL-LHC operations, the CMS experiment is going to replace
or refurbish the majority of its detectors under a program named “Phase 2 Upgrade”.
The goal of this program is to maintain excellent detectors performances, and optimal
resolution and particle reconstruction under the demanding conditions of a high luminosity
environment. In more detail, the three main challenges that CMS has to face with are
related to the substantial increase of the data throughput, the degradation of the sensing
elements and electronics induced by the radiation, and the high number of pileup events
which worsen the detectors’ resolution. All the CMS subsystems will undergo specific
renovations and new detectors are going to be installed in order to cope with the new HL
conditions. A part of the Phase 2 operations has already started during the 2018-2021
technical stop (the Long Shutdown 2, LS2) preceding the Run 3, while the majority of
the upgrades will take place during the LS3, expected to start in 2026 and last for three
years. In the following, a short overview of the main Phase 2 upgrades is provided, except
for the timing detector which is described in a more exhaustive way in Sec. 4.3.

4.2.1 Tracker

The CMS tracking system will suffer from significant radiation damage by LS3, and
will be completely substituted for Phase 2. It will consist of a new inner tracker (IT) im-
plemented with new silicon pixel modules, and an outer tracker (OT) implemented with
new silicon modules with strip and macro-pixel sensors [164]. The IT will be composed
of a barrel part with four cylindrical layers and twelve disc-like structures in each forward
direction, providing a coverage up to about |η| = 4. The OT instead will be instrumented
with dedicated “pT -modules”, which are capable of rejecting signals from particles below
a certain pT threshold. Two versions of the pT -modules will be realized, one with two strip
sensors and one with a strip and a macro-pixel sensor, in order to provide the z (r) coordi-
nate measurements in the barrel (endcaps), thus helping to identify particles coming from
different vertices. The new tracker design will ensure improved η coverage, granularity,
and high radiation tolerance, with no maintenance intervention for the OT and the possi-
bility to access the IT to replace radiation-damaged elements without removing the CMS
beam pipe. The smaller pixels and thinner sensors implemented in the IT will provide
better impact parameter resolution and two-track separation, while the information from
the pT modules will contribute to the L1 online event selection, anticipating part of the
reconstruction currently performed by the HLT. In addition, the designed reduced amount
of material in the tracker volume will be beneficial for both the tracker system and the
calorimeters, reducing the energy loss of the particles before they enter the calorimeters.

4.2.2 Endcap calorimeter

Given the high radiation levels in the endcap regions, the electromagnetic and hadronic
endcap calorimeters must be replaced by the end of the Run 3, and a novel high-granularity
sampling calorimeter (HGCAL) will be installed, covering the region 1.5 < |η| < 3 [165].
The HGCAL will consist of an electromagnetic compartment (CE-E) followed by a hadronic
compartment (CE-H), featuring an unprecedented transverse and longitudinal segmenta-
tion for both sectors, which will be able to provide three dimensional images of showers.
The CE-E will be composed of 28 sampling layers with a total thickness of 34 cm and a
depth of approximately 26 radiation lengths X0 and 1.7 electromagnetic interaction lengths
λ. The active detector elements will be hexagonal silicon sensors of different thickness,
according to the particles fluence of the different regions, while tungsten and copper plates
will be used as absorber. The CE-H will employ the same silicon sensors as active elements,
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Figure 4.2: Two pions, separated by 30 cm, clustered by the (first exploratory version of)
direct 3D clustering algorithm in HGCAL [165].

featuring 12 planes of stainless steel as absorber, corresponding to a depth of 3.5 λ. The
hadronic compartment will be followed by a stainless-steel-scintillator sampling calorime-
ter, providing a total calorimeter depth to about 10 λ. The clustering algorithm for the
3D reconstruction of the shower is going to run on each of the layers of the calorimeter,
identifying the local energy deposits in the calorimeter’s cells. The (x, y, z) position of the
cells will be then projected onto the other planes by using the η − φ coordinates in order
to form the 3D cluster associated to the shower (see Fig. 4.2). The materials and design of
the HGCAL will provide high radiation tolerance, fine lateral and longitudinal granularity
and precision measurement of the time of high energy showers, helping the rejection of
energy from pileup and the identification of the primary vertex.

4.2.3 Endcap muons

The main reason for a HL upgrade of the CMS muon system is the current limited
acceptance (|η| < 2.4) provided by the muon chambers. The Phase 2 tracker will be
able to cover a pseudorapidity region up to |η| = 4, that has to be matched by a muon
detector since the silicon tracker alone cannot identify muons with enough accuracy. The
installation of four additional muon stations is foreseen during the LS3, in order to extend
the muons acceptance. Two of them will use improved Resistive Plate Chambers (iRPCs)
with smaller electrodes and reduced gas gap thickness, to satisfy the space requirements
of the experiment [166], while the other two chambers will implement the Gas Electron
Multiplier (GEM) technology. The GEM chambers will be filled with a mixture of argon
and CO2, and they will consist of two printed circuit boards with a stack of three GEM foils
in between. The GEM foils are polyimide foils of 50 µm thickness perforated by conical
holes and surrounded on the top and bottom with copper conductors. The upgrade of the
muon system has already started, with the insertion of “demonstrator” GEM during the
winter shutdown between 2016 and 2017 [167].
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4.2.4 Trigger and DAQ system

The Phase 2 upgrade of the trigger and DAQ system will use the same two-level strat-
egy of the Phase 1 described in Sec. 3.2.7, but with increased acceptance rate and latency
in order to maintain similar performances in terms of event selection and to exploit the
information coming from all the sub-detectors [168]. The maximum trigger frequencies for
the L1 and the HLT, which currently are 100 kHz and 1 kHz, respectively, will be increased
to 750 kHz and 7.5 kHz. The allowed latency, defined as the time needed to form and
distribute the trigger decision, will also increase from the current value of 4 µs to 12.5 µs,
enabling for the first time the inclusion of the tracker and high-granularity calorimeter
information. Another key feature of the new trigger system will be the introduction of a
Correlator Trigger (CT), working in two steps called correlator layers. The first layer will
create particle-flow candidates which can be filtered based on the information of the pri-
mary vertex, while the second step will reconstruct the physics objects. This new trigger
system will allow to achieve trigger performances already at the L1 stage that approach
those of the HLT. In parallel, the HLT algorithms will be improved and refined, deploying
more specialized algorithms for dedicated event selections.

4.3 The MIP timing detector project

The average amount of pileup (PU) interactions that CMS has faced during the Run 2
is about 40 per event, and several PU mitigation methods (as the CHS algorithm described
in Sec. 3.3.4) are currently employed to cope with this amount of overlapping interactions
and to identify the hard vertex. However, as previously mentioned, the PU is going to
increase during the HL-LHC growing from 140 up to 200. With this huge number of
secondary vertices, the growth in the probability of spatial overlaps could make the PU
mitigation algorithms failing at a substantial rate. The vertices overlap can be quantified in

Figure 4.3: Simulated and reconstructed vertices in a bunch crossing with 200 PU inter-
actions assuming a MIP timing detector with 30 ps time resolution covering the barrel
and endcap regions. The simulated vertices are the red dots. The vertical yellow lines
represent the vertices reconstructed without the timing information (3D vertices), while
the black crosses and the blue open circles represent tracks and vertices reconstructed
including the time information, and hence they are labeled as 4D. The horizontal axis
refers to the z position along the beam line, while the vertical axis to the vertex time. As
can be seen, many of the 3D vertices that would not be resolved solely on the basis of the
spatial coordinates are clearly separated when using the time information [169].
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terms of the line density, defined as the density of vertices along the z-axis, dNV /dz. The
line density measured at the LHC with around 30 PU interactions is 0.3 mm−1 and it is
going to increase up to 1.9 mm−1 in the 200 PU scenario, contaminating the reconstruction
of the hard vertex with tracks from pileup and hence worsening resolution and efficiency of
the physics objects. The CMS timing detector for minimum ionizing particles (MTD) that
will be installed during the LS3 aims to reduce the PU overlapping by measuring the time
of arrival of minimum ionizing particles, and by using this information to reconstruct the
time of the vertices. The inclusion of the timing in the vertex reconstruction algorithms will
allow to identify spatially coincident PU vertices that otherwise would be reconstructed
as the same vertex (see Fig. 4.3), providing a reduction of the PU levels down to 40-60
events within the time uncertainty (as during Phase 1). The time resolution provided
by the MTD is expected to be 30-40 ps (degrading to 50-60 ps at the end of operations,
due to the accumulated radiation), compared to a resolution of 180-200 ps resulting from
a level of 200 PU events in a no-MTD scenario. The number of PU tracks incorrectly
associated with the hard interaction vertex is shown in Fig. 4.4 as a function of the
collision line density, for different resolutions. It can be observed that even for a degraded
time resolution of 60 ps, the MTD is already able to reduce the number of the wrong
association by around a half.

Figure 4.4: Number of pileup tracks incorrectly associated to the primary vertex as a
function of the line density, for different time resolutions [169].

4.4 The MIP timing detector

The design of the MTD is similar to those of the CMS tracker and calorimeters, consist-
ing in a Barrel Timing Layer (BTL), up to |η| < 1.5, and an Endcap Timing Layer (ETL)
covering the pseudorapidity region up to |η| = 3. Given the strict geometrical requirements
provided by the compactness of the CMS detector, there are only two locations where the
timing detectors can be installed: the BTL is going to be placed between the last layer of
the OT and the ECAL barrel, while the ETL will be integrated between the tracker bulk-
head and the CE-E. In order to cope with the different environment conditions, different
technologies are implemented in the two pseudorapidity regions. A schematic view of the
geometry of the MTD is shown in Fig. 4.5, while a more detailed description of its two
sub-systems is provided below.
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The Barrel Timing Layer

The Barrel Timing Layer has a cylindrical shape, with an inner radius of 1148 mm and
an outer radius of 1188 mm. Its sensitive elements are Lutetium Yttrium Orthosilicate
crystal bars doped with Cerium (abbreviated in L(Y)SO:Ce crystal bars), of 57 mm length
and 3.12 mm width. The crystals are instrumented with Silicon Photo Multipliers (SiPM)
at each side, with the aim of doubling the readout information and ensuring a uniform
time response along the crystal. The crystals’ thickness along the z-axis is optimized to
have the smallest impact possible on the ECAL energy resolution while maintaining the
maximum light extraction from the crystal. Three crystal thickness are used, decreasing
from 3.75 mm to 3.0 mm and 2.4 mm according to the η region where they will be placed,
to account for the non-uniformity in the radiation level expected within the BTL pseudo-
rapidity range. In a similar way, the SiPM active area is also reduced from 3.75 mm2 to
9 mm2 and 7.2 mm2. The BTL will consist of 165888 crystals, resulting in a total channel
count of 331776. The energy deposit of a MIP particle in a L(Y)SO:Ce crystal follows
a Landau distribution whose most probable value is located around 0.86 MeV/mm. The
average energy deposit in the BTL is 4.2 MeV which, considering the performances of
the photomultipliers and the properties of the scintillating crystals, would lead to a total
number of 5100 photoelectrons expected at each SiPM for a MIP. The measurement of the
time at which the MIP crosses the detector is referred to as “time stamp”, and it is averaged
over the two sides of the crystal, tavg = (tright + tleft)/2, in order to provide an uniform
time stamp across the single bar, minimizing the dependance of the time resolution on the
position of the hit in the crystal. A time correction for amplitude variations (amplitude
walk) is also applied.

Figure 4.5: A schematic view of the MTD geometry, as it is used by CMS for simulation
studies. The grey cylinder represents the BTL, while the red and light violet discs represent
the ETL, closing the barrel region at both sides [169].

The Endcap Timing Layer

Each side of the ETL is equipped with two discs instrumented with Ultra-Fast Silicon
Detectors (UFSDs) based on the Low-Gain Avalanche Detector (LGAD) technology. They
are n-on-p silicon sensors with an extra thin p-layer below the junction that allows a lower
and more controlled gain in the signal formation mechanism, reducing the occurence of
breakdown. The time measurement is performed by considering the sensor as a capacitor,
with a current source in parallel which is read out by a pre-amplifier: in order to evaluate
the time of arrival, the output from the pre-amplifier is compared to a fixed threshold. The
arrangement of the UFSDs on the two faces of the discs is such that the area allocated for
the service devices (readout, power, cables) is covered by sensors on the opposite face. This
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approach ensures a good coverage of the endcap regions, minimizing the inactive areas.
According to the Technical Design Report proposal, the sensors will have a dimension of
21 × 42 mm2, with square pixel pads of 1.3 × 1.3 mm2. The small size provides a good
granularity, as well as a more efficient use of the silicon wafer where the pixels will be
placed. The total amount of space required along the beam axis for the ETL to be
installed is 45 mm, and 20 more millimeters would be needed for isolating the timing layer
from the CE by the insertion of a thermal screen.

4.4.1 MTD performances in simulation

The PF algorithm used by CMS for the event reconstruction is expected to signifi-
cantly benefit from the timing information provided by the MTD. In order to quantify the
improvements, optimizing the inclusion of the timing in the algorithms and studying its
impact on the physics objects, several event reconstruction studies have been performed
and are currently ongoing, based on a complete GEANT4 [170] simulation of the MTD
detector and on a modeling of the readout electronic response. The time and position
of particles crossing MTD are reconstructed starting from the energy deposits in the ac-
tive detector elements. A simple topological clustering is performed to associate adjacent
MTD hits above the readout threshold. The cluster’s barycenter, weighted by the energy
of the single hits, provides an estimate of the cluster position. In a similar way, the cor-
responding time is obtained from the average of single-hits time measurements. Once the
time and space coordinates of the clusters are defined, the reconstructed track is propa-
gated to MTD and, if a spatially compatible cluster is found, the track is matched to it.
The efficiency of the cluster-track association in simulation is shown in Fig. 4.6, and it is
observed to be robust against the PU level and independent of the track pT . Then, the
track parameters are refitted with the additional time and space information provided by
MTD and the new track is propagated backwards in order to compute the total pathlength
Ltrack. At this stage, the track time ttrack at the beam line is hence defined as:

ttrack = tMTD − Ltrack
ptrack/mπc

,

where tMTD is the time of the MTD cluster, ptrack is the track momentum, Ltrack is
the pathlength and mπ the pion mass. The uncertainty assigned to this measurement is
inflated by adding in quadrature the difference in time of flight (TOF) under the pion and
proton mass hypothesis. As mentioned in Sec. 3.3.1, the reconstruction of the primary
vertex in CMS is performed via a deterministic annealing algorithm that can be easily
extended to more than three dimensions to include the additional timing information.
The choice of the mass hypothesis between pions, kaons and protons becomes here a
crucial step in the evaluation of the vertex time, because for momenta of the order of a
few GeV their difference in TOF becomes significant with respect to the time resolution of
the detector. A first 4D vertex reconstruction is performed using the pion hypothesis to
compute the time of the tracks entering the algorithm, and a first estimate of the vertex
time is obtained. Then, the compatibility of the tracks associated to the reconstructed 4D
vertex is tested under the three mass hypotheses. The compatibility is expressed in terms
of:

χ2
hyp = (zPCA − zPV )2

σ2
zP CA

+
(
tPCA,hyp − tPV

)2
σ2
tMT D

,

where zPV and tPV are the z-position and time of the primary vertex, as evaluated by
the 4D deterministic annealing algorithm, while zPCA and tPCA,hyp are the z-position and
time of the track extrapolated at the point of closest approach, the latter evaluated in the
mass hypothesis (pion, kaon or proton) hyp. The corresponding estimated uncertainty on
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the track time measured in MTD is labeled with σMTD. Times and uncertainties are then
reassigned to tracks, using the mass hypothesis providing the best χ2

hyp, and with these
recomputed information the 4D vertex reconstruction runs a second and final time.

Figure 4.6: Efficiency to find an MTD cluster associated with a reconstructed track as a
function of transverse momentum. The efficiency obtained using a sample of simulated
muons without pileup is shown in black. The results are compared to those obtained with
a simulated sample of muons with an average of 200 pileup events (red) and a simulated
sample of pions without pileup (blue). The efficiency is about 90% for muons, and about
80% for pions, lowered by the effects of nuclear interactions in the tracker volume [169].

Quality of the track-vertex association
The inclusion of the MTD information in the CMS algorithms is still in progress, and
different studies are currently ongoing aiming for a comprehensively and optimized inte-
gration of the timing in the event reconstruction. The first assessment of the 4D vertexing
performances and of the goodness of the particle identification can be found in the Tech-
nical Design Report, taken as reference for the present studies. In Fig. 4.7, for example,
the reconstructed vertex time before and after the particle identification step is compared
to the simulated time of the hard interaction for tracks reconstructed within |∆z| < 1 mm
of the simulated primary vertex, both for events with no PU (Fig. 4.7 left) and with
200 PU events (Fig. 4.7 right). It can be observed that before particle identification the
distribution has an asymmetric tail, due to kaons and protons misinterpreted as late pi-
ons, which is removed by the second step of the reconstruction. My contribution to the
study of the MTD performances includes the monitoring of the MTD impact on the recon-
structed tracks and 4D vertices, in terms of association between the reconstructed track
and the simulated vertices, and between the reconstructed vertices and the simulated ones.
Studying the track-vertex association is of crucial importance for the rejection of tracks
coming from PU vertices. PU tracks are indeed discarded on the basis of a selection on
the distance between the reconstructed track and the primary vertex. The track-vertex
association relies on an algorithm that first associates a simulated (SIM) track with a
reconstructed (RECO) track according to the number of hits they share. Then, if one of
the SIM tracks linked to the SIM vertex is associated to a RECO track, the RECO track
is matched with the SIM vertex as well. The time resolution of the matched tracks is then
obtained, defined as the difference between the time of the RECO track, tREC , and of the
SIM track, tSIM . An “estimated time” is also evaluated, which is defined as:

test = tMTD − Ltrack
ptrack/mtruec

,
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Figure 4.7: Difference between the reconstructed and the simulated track time at the
vertex in tt events, for particles reconstructed within |∆z| < 1 mm of the generated hard
interaction. Events with no pileup (left) and 200 PU (right) are shown.

where mtrue is the true value of the particle’s mass. Comparing the different quantities
tREC − test and test − tSIM allows to separate the effects due to an inaccurate PID from
other contributions (for example hits wrongly assigned to the track) that could produce
incorrect track-vertex association. The study of the association between the RECO and
the SIM vertices is also fundamental in the evaluation of the MTD perfomances, since it
allows to quantify the precision of the 4D vertex reconstruction by comparisons to the true
vertex time obtained from simulation. The association starts by matching RECO tracks
to SIM vertices, as described in the previous section. A global weight is then evaluated
for each SIM vertex using the weight with which each associated track has contributed
to the fit of a RECO vertex. A RECO vertex is hence associated to the SIM vertex that
has the highest global weight, and it is classified according to the number of possible
“associable” SIM vertex candidates. Having association quality 1 means that for each
RECO vertex there is only one SIM candidate, association quality 2 means that there are
two SIM candidates and so on, up to quality 7. The vertex timing performances can be
then evaluated in terms of the vertex time resolution, defined as the difference between
the time of the RECO vertex and the time of its associated SIM vertex (see Fig. 4.8).

Conclusion

The studies performed in this thesis work aims to the final and optimized integration of
the timing information in the full event reconstruction. A new tool for the monitoring
the MTD cluster-track efficiency of association has been implemented, together with the
monitoring of other fundamental variables like cluster and hit energy. In addition, the
quality of the association between tracks and vertices, and between reconstructed and
simulated vertices has been studied. The development of such new tools is fundamental
to monitor the MTD performances while the reconstruction algorithms are being modified
and updated toward their ultimate version for Phase 2. Moreover, implementing a method
for the track-vertex association lays the groundwork for more sophisticated studies, such
as the evaluation of the PID performances, which is of great importance for a wide range
of physics analysis, as it is discussed in the following section.

4.4.2 Impact of MTD on physics analysis

The inclusion of timing information in the event reconstruction is expected to provide
great benefits in sensitivity for many different physics measurements and searches of the
HL-LHC program. The impact of MTD has been studied for a few benchmark cases,
representative of three different ways of exploiting the detector, using simulated samples
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Figure 4.8: Distribution of the difference of the reconstructed (tvtx0) and simulated (tgen)
time of the primary vertex in simulated tt events with 200 PU as reported in the MTD
Technical Design Report [169]. The resolution resulting after the first step of the 4D
vertex reconstruction (using the π mass hypothesis) is shown in blue, while the ultimate
resolution (after the particle identification step) is shown in red. The root mean square of
the distribution obtained after the second step is about 10 ps.

and considering an estimated average MTD time resolution of 30-40 ps:

• Mitigation of the PU effects to improve reconstruction and selection of the physics
objects. In this case, as a benchmark analysis, the search for Higgs boson pair (HH)
production in several final states is used.

• Introduction of new time-based variables that improve discrimination power between
prompt and non-prompt particles, improving the discrimination between signal and
background in searches for Long Lived Particles (LLP) in BSM models.

• PID capabilities provided by time-of-flight measurements, especially useful for pre-
cise measurements of heavy flavor hadron production in Heavy Ion (HI) collisions,
and for b-physics analysis.

Higgs boson pair production

The study of the HH production at the LHC is of great importance, as it constitutes
the only way to directly measure the value of the trilinear self-coupling of the Higgs
boson, which is fundamental in the determination of the shape of the Brout-Englert-Higgs
potential. The process is originated via gluon-gluon fusion and it has a very small cross
section (36.69+2.1%

−4.9% fb) at
√
s= 14 TeV, meaning that a highly integrated luminosity is

needed to achieve enough sensitivity to the SM signal and to measure the trilinear coupling.
Five decay channels are explored and combined: bbbb, bbτ τ , bbWW (WW → `ν`′ν ′ with
`, `′ = e, µ), bbγγ , and bbZZ (ZZ → ```′`′ with `, `′ = e, µ). The analysis strategy assumes
an MTD resolution of 35 ps with the BTL performances slowly drifting to 50 ps, as a result
of the radiation damage, and an integrated luminosity of 3000 fb−1. It also assumes that a
HH signal exists, with the strength and properties as predicted by the SM. The improved
physics objects, as a result of the integration of the MTD in the event reconstruction,
would bring an improvement in the sensitivity in the combined measurement of about
20%. The expected significances for the SM HH signal for the five decay channels (single
and combined) are listed in Tab. 4.1.
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Expected significance
HH decay channel No MTD With MTD

bbbb 0.88 0.94
bbτ τ 1.3 1.48
bbγγ 1.7 1.83

bbWW 0.53 0.58
bbZZ 0.38 0.42

Combined 2.4 2.63

Table 4.1: Expected significance in units of standard deviation for the SM HH signal for
the five decay channels considered and their combination [169].

Long lived particles

The LLPs are particles that travel inside the experiment before decaying into SM objects
(leptons, photons and jets), and that are thus detected with a delay compared to analogous
objects produced in SM processes [171]. The existence of the LLPs is predicted by several
BSM theories and their searches is of high importance in the context of searches for new
physics at the LHC. The precise vertex timing ensured by the MTD, together with the
information from the Phase 2 CMS calorimeters, is expected to allow the measurement of
the TOF of the LLPs between primary and secondary vertices, and provides new powerful
variables to identify the possible presence of a LLP signature. The performances of the
MTD for this physics case are explored in a 30 ps time resolution scenario, using differ-
ent topologies. The first class of explored topologies considers a gauge-mediated SUSY
breaking (GMSB) scenario, and the production of a χ̃0

1 (neutralino) in top-squarks pairs
t̃¯̃t processes is first studied (where t̃ → t + χ̃0

1, χ̃
0
1 → Z + G̃ and Z → e−e+). The velocity

of the neutralino can be measured from the time difference between the production and
the decay vertex, and the combination with the kinematic properties of visible decay prod-
ucts allows the reconstruction of the neutralino mass under the assumption of a massless
gravitino (Fig. 4.9). In other processes, like the production of two gluinos that decay into
a quark-squark pair with the squark decaying into another quark and a neutralino, the
two gravitinos in the final state (from the decay χ̃0

1 → G̃+ γ) are not detected, meaning
that the mass of the neutralino cannot be directly reconstructed as in the previous case.
However, the neutralino lifetime can be indirectly measured from the TOF of the photon.
In this case, the MTD will serve to measure the time of the primary vertex and, for con-
verted photons, the time of arrival of the photon. In Fig. 4.9, the analysis sensitivity is
shown as a function of the Λ scale (and therefore of the neutralino mass) and of the neu-
tralino lifetime, for three different values on the timing resolution. Measuring the time of
arrival to the MTD can provide significant discrimination of signal events with respect to
background events also in searches of LLPs resulting in charged final states. For example,
in exotic models where a Higgs boson mediates the production of two LLPs (X) decaying
into quarks, the new X particles generated at the PV travel some distance before decaying
into pairs of jets. The time of arrival of the charged constituents of the jets would hence
be significantly higher than the time taken by a SM particle traveling from the PV to the
MTD at the speed of light. Furthermore, MTD has a direct impact on the searches for
Heavy Stable Charged Particles (HSCP), through the measurement of the particle velocity
(β), obtained using the pathlength and the time difference between the primary vertex
and the particle hits in the MTD. The velocity is indeed used to discriminate between
signal (β > 1) and background SM processes (β = 1), and therefore the time resolution
becomes the main factor distorting the measurement.
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Figure 4.9: (Left) Distribution of the reconstructed mass of the neutralino, assuming a
top squark mass of 1000 GeV and a neutralino mass of 700 GeV. The mass distributions
are shown for different values of the cτ of the neutralino, where τ is its lifetime. (Right)
Sensitivity to the χ̃0

1 → G̃ + γ signals in terms of the neutralino lifetimes and the Λ
scale, for 300 (red), 180 (green) and 30 (blue) ps of the resolution. The three scenarios
correspond to the time resolution of the current CMS detector, and the Phase 2 detector
with photon timing performed without MTD and with MTD [169].

Heavy Ion and b-physics analysis
The integration of the MTD within the CMS detector is expected to have a huge impact
on the heavy-flavor analysis. Given that heavy-flavor quarks (charm and bottom) are
primarily produced via initial hard scattering, and hence thay are decoupled from the bulk
production of soft gluons and light-flavor quarks in heavy-ion collisions, they are used to
probe the properties and dynamics of the quark-gluon plasma. The particle identification
(PID) capabilities enabled by the MTD will extend the heavy flavor studies, which are
currently limited to not very low-pT regions (pT > 2 GeV for D0 mesons and pT > 7 GeV
for B mesons) to a larger range, from 0 up to several hundred GeV. As a case study, the
decay of the D0 → π+K− and of the Λ+

c → π+K−p are chosen. A simple track-by-track
PID is performed, and the proper tracks are then combined in order to define the D0 or the
Λ+

c vertex. In addition, the candidates need to pass some topological selection according
to the χ2 of their decay vertex, their distance between the primary vertex, and the value
of their pointing angle (defined as the angle between the line connecting the primary
and decay vertices and the momentum of the particle candidates, in the plane transverse
to the direction of the beam). The same analysis is performed both on the background
and signal simulated sample. In Fig. 4.10, the ratios of background candidates with and
without the MTD is shown, observing an overall background reduction when using the
MTD information. Besides HI studies, PID plays a significant role in b-physics, where the
study of CP violation in the B0

s → J/ψφ(1020) decay is used as benchmark analysis. The
performances of the flavor-tagging of the B-meson affect terms sensitive to CP violating
phase, meaning that a very accurate tagging is needed to obtain a precise measurement.
The figure of merit used to estimate the tagging performances is the tagging power Ptag:

Ptag = εtag(1 − 2ωtag)2, (4.1)

where εtag = Ntag/Ntot and ωtag = Nmistag/Ntag are the tagging efficiency and the mistag
fraction, respectively. The tagging power can be interpreted as an effective efficiency
that takes into account the performance degradation due to events wrongly tagged: this
means that a gain in the tagging power is equivalent to a similar improvement to the
statistics. Currently, CMS uses a Deep Neural Network to implement a same-side tagger
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Figure 4.10: The ratios of background Λ+
c (left) and D0 (right) candidates with and

without the MTD, considering a 30 ps time resolution, as a function of the candidate pT
and rapidity y [169].

that exploits the charge correlation between the s-quark sign and the charge of a soft
kaon coming from the same PV of the B meson. The inclusion of the PID information in
the DNN decreases the effective mistag probability by more than 15% with respect to a
no-PID tagger, resulting in a 24% gain in terms of tagging power for a MTD resolution of
40 ps. Such gain corresponds to an increase in luminosity of 35%.
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Chapter 5

Analysis of Z(→ νν̄) + γ events

The purpose of this work is to study the diboson Zγ production where the Z boson de-
cays in a neutrino-antineutrino pair, in order to measure the cross section and to place
upper limits on the strength of the anomalous ZZγ couplings. The power of the full LHC
Run 2 statistics (137.6 fb−1) allows to explore regions of the phase space that are more
sensitive to the possible presence of new physics effects, and that were not accessible by
previous analysis, due to the lower statistics. Another remarkable aspect of this work
consists in exploring forward events for the first time, including photons detected in the
endcaps of ECAL. In this chapter, after listing the datasets and samples used, the require-
ments applied to identify the signal events are described. A special attention is paid to
the criteria implemented to identify the signal photon, specifically built for this analysis
using a boosted decision tree algorithm. Then, the different background contributions
are estimated, defining two background categories: the first includes events that have a
real photon in their final state, while the second includes events in which another physics
object (like a jet or an electron) is erroneously reconstructed as a photon. Two sections are
dedicated to the study of the background contribution coming from non-collision events
in the ECAL barrel and endcaps, respectively. The extraction of the cross section and the
limits on the anomalous triple neutral gauge couplings will be presented in Chapter 6.

5.1 Datasets and Monte Carlo samples

5.1.1 Datasets

The data used in this analysis were collected by the CMS experiment from 2016 to
2018, during the so-called LHC Run 2 data-taking period, for a total luminosity of about
137.6 fb−1. During 2016, a data acquisition issue was observed, related to high-energy
deposition in the bulk of silicon strip sensors: the inelastic interactions between hadrons
and the nuclei of silicon sensors produced high-ionized deposits that saturated the APV25
front-end chip [172], introducing a significant dead-time (∼700 ns) into the detector read-
out system. To recover hits efficiency, a specific Preamplifier Feedback Voltage Bias (VFP)
was set during 2016, and hence the data collected this year are further divided into pre-VFP
and post-VFP datasets. For this analysis, the SinglePhoton (2016-2017) and the EGamma
(2018) datasets are used, with a single photon being the signature of a Z(→ νν̄)γ event.
In addition, events that have been filtered online by the trigger system are used, requiring
them to be accepted by the High Level Trigger paths HLTPhoton200 (2017-2018) and
HLTPhoton175 (2016). This means that only events that contained at least one high-
energetic photon whose transverse momentum exceeds the 200 (175) GeV threshold were
selected. In this way, the number of the processed collision can be reduced during data
taking to a rate manageable by the computing facilities. The higher threshold adopted
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for 2017 and 2018 is due to the higher pileup rate recorded during these years, as a conse-
quence of the increased luminosity. All datasets and associated luminosities are listed in
Tab. 5.1 to 5.3. The analysis is performed separately for each year, and then the results
are combined together.

Run Number of Events Luminosity (fb−1)
2016B-preVFP 56878553 5.83
2016C-preVFP 23147235 2.6
2016D-preVFP 29801360 4.29
2016E-preVFP 22322869 4.07
2016F-preVFP 12806145 2.72
2016F-postVFP 1860761 0.42
2016G-postVFP 33288854 7.65
2016H-postVFP 35035661 8.74

Table 5.1: Name, number of events, and luminosity of the 2016 datasets used for the
analysis.

Run Number of Events Luminosity (fb−1)
2017B 15950935 4.80
2017C 42182948 9.57
2017D 9753462 4.25
2017E 19011446 9.31
2017F 29783015 13.54

Table 5.2: Name, number of events, and luminosity of the 2017 datasets used for the
analysis.

Run Number of Events Luminosity (fb−1)
2018A 339013231 14.03
2018B 153822427 7.06
2018C 147827904 6.89
2018D 752528074 31.83

Table 5.3: Name, number of events, and luminosity of the 2018 datasets used for the
analysis.

5.1.2 Monte Carlo samples

Monte Carlo (MC) event generators are employed to produce simulations of the final
states of high-energy collisions: they have manifold applications in all physics analyses.
With simulated samples one can correctly compare the observed data with the predic-
tions, and handle the irreducible background contributions arising from physics processes
that share exactly the same signature of the final state of interest, but that cannot be
removed trough event selection only. In addition, the simulated signal samples including
the contributions arising from the presence of the anomalous couplings are needed for the
estimation of the limits. In Tab. 5.4, the list of the signal and background samples used in
this analysis are shown, together with the precision order at which they are generated. All
the samples are centrally produced by CMS, with the only exception of the signal samples
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Sample Cross section (fb−1) Generator order
Z(→ νν)γ (200 < p

γ
T < 600) 49.49 LO

Z(→ νν)γ (600 < p
γ
T < Inf) 0.774 LO

γγ 127255 NLO
γ + jets (200 < HT < 400) 2191211 LO
γ + jets (400 < HT < 600) 259944 LO
γ + jets (600 < HT < ∞) 86332 LO

tγ 2997 NLO
ttγ 3783 NLO
Wγ 806.83 LO

W(→ µν) 174162 LO
W(→ τ ν) 174132 LO

WW 75940 LO
WZ 27564 LO
ZZ 12135 LO

Z(→ ``)γ 205.72 NLO

Table 5.4: List of the Monte Carlo signal and background samples. The value of the cross
section and the order at which the samples are generated are also presented.

Z(→ νν)γ , that are generated privately using Madgraph5_aMC@NLO [173, 174], import-
ing in the datacards the Universal FeynRules Output (UFO) model [175] that accounts
for the couplings’ variations. The γγ , ttγ and the Z(→ ``)γ samples are generated with
Madgraph5_aMC@NLO and interfaced with Pythia8 [176] for the parton shower. The
FxFx matching scheme [177] is used for the jet matching at NLO. For the tγ sample the
same generators are used, and the NLO corrections are included using MadSpin [178].
The γ + jets samples are generated at LO using Madgraph5_aMC@NLO interfaced with
Pythia8, performing the jet matching at LO with the MLM merging scheme [179, 180].
The Wγ sample is produced at LO using Madgraph5_aMC@NLO interfaced with Pythia.
The WW, WZ, ZZ, W(→ µν) and W(→ τ ν) samples are also generated at LO, with
Pythia8 only. The latter sample is interfaced with Tauola [181], specific for the genera-
tion of the tau-lepton decays. For all the samples, the latest CP5 MC tune [182] and the
recommended NNPDF3.1 set [183] of parton distribution functions (PDFs) [184, 185] at
the NLO precision is used (with αS = 0.118). The PDFs fi(x,Q2) provide the probability
of finding in the proton a parton i carrying a fraction x of the total proton momentum,
with Q being the energy scale of the hard process. Their functional forms depend on the
detailed dynamics of the proton, therefore they are not a priori known and have to be
determined from experimental measurements, as for example Deep Inelastic Scattering
(DIS) experiments like those performed at HERA (Hadron Elektron Ring Anlage), where
electrons (or positron) were collided with protons at a center of mass energy between 225
and 318 GeV [186].

5.2 Event selection

The Z(→ νν)γ final state is characterized by one high-energy photon, and high missing
transverse energy (MET) EmissT originating from the two neutrinos of the Z boson decays.
The PF EmissT is used (see Sec. 3.3.4), defined as follows:

EmissT = −
∑
i

|~pT (i)| ≡ −
∑
i

pT (i), (5.1)
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where pT is the transverse momentum of a visible particle i. In addition to the cross
section measurement, this analysis aims to place limits on aNTGCs, whose presence in
Zγ processes would manifest as a deviation from the SM prediction at high photon pT
(Fig. 5.1). For this reason, exactly one photon with p

γ
T > 225 GeV, and EmissT > 200
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Figure 5.1: Examples of aNTGC excesses over the SM predictions in the photon pT
spectrum.

GeV are required in the event. The recommended MET filters are applied to mitigate the
effect of possible bad reconstruction of the missing transverse energy, or that of sporadic
noise signals affecting the MET evaluation (as was observed for example in the HB and HE
sections of HCAL). The photon is selected using a dedicated identification (ID) method,
described in Sec. 5.3. Its associated supercluster (SC) in the electromagnetic calorimeter
(ECAL) is required to lie in the barrel/endcaps (EB/EE), i.e. |ηγSC | < 1.4442/1.566
< |ηγSC | < 2.5. The photon must not have a pixel seed in the pixel detector (which means
that a pixel veto is applied), and it has to be matched with the photon object at the
HLT level considering ∆R =

√
(∆η)2 + (∆φ)2 < 0.3. In order to suppress the beam halo

contribution in the ECAL barrel that could produce spurious photons, the requirement
MIPtot < 4.9 GeV is applied to EB photons, where MIPtot estimates the beam halo
deposits in ECAL by summing the energies of hits along a beam parallel line intersecting
the SC. The EB photons are also required to have σiηiη > 0.001 and σiφiφ > 0.001, in order
to suppress the contribution of spike events in the ECAL barrel, and for the same reason
an additional selection on the variable “eta wing”, ηW > 0.01, is applied. The description
of this new variable is provided in Sec. 5.4.4. One of the major background including one
real photon in the final state arises from W(→ `ν)γ processes where the lepton is lost
or badly reconstructed: to suppress it, events with an electron whose SC is in EB/EE
(|ηe

SC | < 1.4442/1.566 < |ηe
SC | < 2.5), or a muon with |ηµ | < 2.4 are vetoed. Leptons

have to pass loose identification criteria and have pT > 10 GeV. In order to remove the
contribution coming from events with fake EmissT due to limited jet energy resolution (as
in the case of γ+jets events) events in which there is at least one jet with pT > 30 GeV,
passing tight identification criteria, and with pjetT /EmissT < 1.4 and ∆φmin(jet, EmissT ) > 0.5
are vetoed. A separation of ∆φ(EmissT , γ) > 2 between the photon and the MET is applied
to suppress W(→ eν) events in which the electron does not have the pixel seed. During
the 2018 data taking, the power supply of two modules of HCAL stopped working. This
impacted the jet energy measurement for -1.57 < φ < -0.87 and -3 < η < -1.3, and hence
events that have a jet with pT > 15 GeV in this region are excluded from the phase

76



space. The selected photon is also required to be detected out of this region. The two
modules involved are labelled as Hadronic Endcaps Minus (HEM) 15 and 16, therefore
this particular veto in the η-φ region is termed the HEM veto.

5.3 Photon hybrid identification method

As mentioned beforehand, the signature of Zγ events consists in one energetic photon
and high MET. The identification of photon candidates becomes thereby a crucial factor
for achieving reliable and competitive results, and to put stringent limits on aNTGCs. The
available identification criteria provided by the CMS e/γ (EGM) group are not explicitly
tuned for photons with such high transverse momentum. Therefore, a dedicated high-pT
photon ID, as a hybrid of a shower-shape boosted decision tree (BDT) and a cut-based
ID, has been developed. The ID is defined by optimized selections on four variables:

• BDT score, described in detail in the next section.

• Hadronic over electromagnetic energy ratio (H/E): the H/E ratio is defined as the
ratio between the energy H deposited in HCAL in a cone of radius ∆R = 0.15 around
the SC direction and the energy E of the photon candidate. The three main sources
that contribute to measured hadronic energy of a genuine electromagnetic object are:
HCAL noise, pileup and leakage of electrons or photons through the inter-module
gaps [142].

• ECAL isolation (IECAL): the scalar sum of pT of all ECAL PF candidates in a ∆R
= 0.3 cone around the photon direction in the ECAL.

• Tracker isolation (ITkr): for 2017 and 2018 is used the scalar sum of pT of all tracks
in a ∆R = 0.3 cone around the direction of the photon, but outside ∆R = 0.05,
where γ → ee conversions can create tracks. Due to the loss in tracker efficiency
caused by chip saturation in the 2016 data-taking, a less susceptible alternative for
this year is preferred, defined as the maximum sum of the energies of all charged
HCAL PF candidates matched to a vertex in a ∆R = 0.3 cone around the photon
direction.

For the development of the ID, the aim is to achieve the maximum signal efficiency that
can be obtained while maintaining a similar background rejection as the official EGM
medium ID, whose signal efficiency is εS = 80%. For the hybrid ID, this is achieved at
εS = 92%.

Shower Shape BDT

The electromagnetic shower in a reconstructed photon’s ECAL cluster can be described
by variables formed from ratios of energies in crystal matrices and by energy-weighted
variances and covariances of the crystal coordinates. As showers from jet fakes are broader
than those from real photons, the shower shape variables have distinct distributions that
can be used to discriminate between real and fake photon candidates. Exploiting the power
of machine learning algorithms, a BDT is trained with XGBoost 1.2.0 [187, 188], in order
to convert the information contained in several shower shape variables into a single number
called BDT score in the range 0-1 (see Fig. 5.2), that has higher discrimination power than
any single shower shape variable alone. A total of 14 discriminating shower shape variables
for EB and 15 for EE are identified (shown in Fig. 5.4 and 5.5) to train separate BDTs
for the two sub-detector sections. In addition, pT and |ηSC | are also included in the input
features, to account for any dependence that the shower shapes may have on them. The
shower shape variables entering the BDT algorithm are the following:
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Figure 5.2: BDT distributions for simulated prompt (blue) and fake (red) photons for 2017
EB (left) and EE (right). The overlap between signal and background distributions is lower
here than in any single shower shape variable, hence providing a better discrimination
power.

• Emax/E
raw
SC : ratio of crystal’s highest energy over total SC’s energy;

• E2/E
raw
SC : ratio of the crystal’s second highest energy over total SC’s energy;

• E3×3/E
raw
SC : ratio of highest energy 3×3 block containing seed over total SC’s energy;

• E2×2/E3×3: ratio of highest energy 2×2 block over highest energy 3×3 block, with
both blocks containing seed;

• E2×2/E
raw
SC : ratio of highest energy 2×2 block containing seed over total SC’s energy;

• E1×3/E
raw
SC : ratio of highest energy 1×3 block containing seed over total SC’s energy;

• E2×5/E
raw
SC : ratio of highest energy 2×5 block containing seed over total SC’s energy;

• σiηiη =
√∑5×5

i
wi

(
ηi−η̄5×5

)2∑5×5
i

wi

, where wi = 4.2 + ln(Ei/E5×5);

• σiφiφ =
√∑5×5

i
wi

(
φi−φ̄5×5

)2∑5×5
i

wi

;

• σiηiφ=
√∑5×5

i
wi

(
ηi−η̄5×5

)(
φi−φ̄5×5

)∑5×5
i

wi

;

• σiηiη/σiφiφ;

• ση = ∑SC
i

√
Ei

ESC
(ηi − ηSC)2;

• σφ = ∑SC
i

√
Ei

ESC
(φi − φSC)2;

• ση/σφ;

• σRR (EE) =
√
σ2
xx + σ2

yy, where σxx and σyy measure the lateral spread in the two
orthogonal directions of the sensor planes of the preshower detector.
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The XGBoost algorithm builds a large number of decision trees, taking as input γ+jets
and W(→ `ν)γ MC samples, that contribute for the prompt photons, and a MC QCD
sample that contributes for the description of the fake photons. Each tree is a function
that calculates a score from the input features of a candidate photon. The score for each
tree is summed and scaled to determine the total BDT score. Four BDTs are trained: 2
for EB and EE, and 2 for 2016 and 2017/2018. The input sample is split into a training
sample (40% statistics), a testing one (30%) and a validating one (30%). The statistics
of the training samples are listed in Tab. 5.5. The samples are reweighted to produce flat
2D distribution in (pT , ηSC) so that the BDT performed uniformly in these variables, and
the hyperparameters (listed in Tab. 5.6) for the BDT are tuned using the Hyperopt [189,
190] tool. The parameters max_depth and min_child_weights optimize complexity, alpha,
lambda and gamma optimize regularization, subsample and colsample_bytree the robust-
ness, and eta the learning rate. The receiver operating characteristic (ROC) curves for
the four BDTs are shown in Fig. 5.3.

EB EE
2016 2017/2018 2016 2017/2018

Prompt γ 19.7M 20M 4.6M 4.4M
Jet Fakes 19.7M 20M 4.6M 4.4M

Table 5.5: Number of events in the training samples used for photon BDT training.

max_depth eta gamma lambda alpha min_child_weight subsample colsample_bytree
EB 4 0.12 0.4 8.0 145 4740 0.51 0.69
EE 5 0.15 3.64 4.6 47.2 3.7 0.41 0.65

Table 5.6: The XGBoost hyperparameters used for training. They were tuned to minimize
the difference in performance between the training sample and the validation sample.

Cut Optimization
In order to define the selections on the ID variables (BDT score, H/E, IECAL and ITkr)
a 4D optimizer is developed. However, before entering the optimizer, isolation variables
need to be corrected for pileup and pT dependence. This is because the isolation cones may
contain contributions from the products of pileup interactions that are not associated with
the hard collision, and that have to be subtracted. In a similar way the energy footprint
of the photon, which increases as its transverse momentum increases, has to be removed
from the isolation cone. In order to correct for pileup (pT ), the standard procedure starts
from the distribution of the isolation as a function of ρ (pT ) on a 2D histogram. The
variable ρ is defined as the event-specific average pileup energy density per unit area in
the (η, φ) plane. The 92nd percentile is located for each ρ (pT ) bin and the corresponding
points are then fitted with a linear function:

Icorr(ρ) = a · ρ+ b.

The same parameterization is used for Icorr(pT ). The final isolations values are then
obtained by subtracting Icorr(ρ) and Icorr(pT ) (the latter is applied on IECAL only) from
the uncorrected isolations. The corrections are evaluated in 6 bins of |ηSC | (see Tab. 5.7,
5.8 and 5.9).

The isolation variables are then given as input to the optimizer, together with H/E and
the BDT score. Starting with an initial search grid, the optimizer recursively narrows the
search grid and descends towards variables’ boundaries that maximize the signal efficiency
while maintaining a background rejection similar to the EGM Medium ID. The selections
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Figure 5.3: Photon BDT ROC curves for 2016 EB (top left) and EE (bottom left), and
for 2017/18 EB (top right) and EE (bottom right). The test samples are independent of
the training samples, and they show similar performance.

|ηSC | 2016 2017 2018
0 - 0.5 0.1253ρ+ 0.45 0.1073ρ+ 0.57 0.1085ρ+ 0.50
0.5 - 1 0.1263ρ+ 0.51 0.1106ρ+ 0.57 0.1086ρ+ 0.50

1 - 1.4442 0.1165ρ+ 0.53 0.1031ρ+ 0.60 0.0965ρ+ 0.51
1.566 - 1.7 0.0815ρ+ 0.23 0.0728ρ+ 0.24 0.0654ρ+ 0.33

1.7 - 2 0.0872ρ+ 0.24 0.0807ρ+ 0.25 0.0769ρ+ 0.27
2 - 2.5 0.1150ρ+ 0.22 0.1016ρ+ 0.17 0.0845ρ+ 0.15

Table 5.7: Pileup (ρ) corrections to ECAL isolation IECAL.

obtained for the 3 years are listed in Tab. 5.10. The ID efficiencies for prompt and fake
photons are shown in Appendix B, along with the reference performances of the EGM IDs.
The use of BDTs trained with several shower shape variables clearly leads to significant
improvement in signal-background discrimination, and the signal efficiency achieved is
92%.
Scale factors
Once the new photon IDs is computed for the three years, the respective scale factors
(SFs) are estimated accounting for efficiency differences in data and simulation. For their
evaluation, the Tag and Probe method is used, selecting a tag electron with pT > 37 GeV,
HEEP (High-energy Electron Pairs) ID and |η| < 2.5, and a probe photon in EB (EE)
with pT > 225 GeV and a pixel seed, in order to suppress contribution from true photons.
The tag and the probe must be separated by ∆R(e, γ) > 0.3, and the reconstructed Z
mass must lie between 80 and 110 GeV. The events are required to pass the analysis HLT
and to have EmissT < 160 GeV. Once the tag+probe events are selected, the efficiency is
computed respectively in data and simulation as

ε = #passing probes
#passing probes + #failing probes.
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Figure 5.4: The 14 shower shape variables used as input features to the photon BDT in
EB. The distributions are obtained using simulated samples.
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Figure 5.5: The 15 shower shape variables used as input features to the photon BDT in
EE. The distributions are obtained using simulated samples.
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|ηSC | 2016 2017 2018
0 - 0.5 0.1230ρ+ 1.66 0.0242ρ+ 1.43 0.0276ρ+ 1.35
0.5 - 1 0.1223ρ+ 1.67 0.0263ρ+ 1.41 0.0347ρ+ 1.25

1 - 1.4442 0.1234ρ+ 1.54 0.0265ρ+ 1.38 0.0270ρ+ 1.39
1.566 - 1.7 0.1120ρ+ 1.53 0.0159ρ+ 1.55 0.0257ρ+ 1.42

1.7 - 2 0.1080ρ+ 1.56 0.0320ρ+ 1.30 0.0298ρ+ 1.35
2 - 2.5 0.1022ρ+ 1.31 0.0263ρ+ 1.29 0.0337ρ+ 1.15

Table 5.8: Pileup (ρ) corrections to tracker isolation ITkr.

|ηSC | 2016 2017 2018
0-0.5 0.000723pT + 0.247 0.000912pT + 0.309 0.000634pT + 0.318
0.5-1 0.001068pT + 0.196 0.001300pT + 0.193 0.001108pT + 0.181

1-1.4442 0.001690pT + 0.0451 0.002382pT − 0.073 0.001327pT + 0.136
1.566-1.7 0.000291pT + 0.155 0.000364pT + 0.164 0.000808pT + 0.124

1.7-2 0.000784pT + 0.024 0.001235pT − 0.071 0.000482pT + 0.143
2-2.5 0.001644pT − 0.217 0.001637pT − 0.246 0.001213pT − 0.157

Table 5.9: pT corrections to ECAL isolation IECAL.

The passing (failing) probe events are those in which the probe photon has passed (failed)
the new photon ID. A SF is hence defined as the ratio between the efficiency obtained in
data and in simulation, εdata

εMC
. The efficiencies are computed in η-pT bins, and they are

shown in Appendix B, together with the SFs. For data, the number of passing and failing
events is estimated by fitting the passing and failing Z distribution and extracting the
number of signal events, while in simulation a simple cut-and-count method is used. The
signal fitting function used in the data is obtained by extracting the line shape from the
simulated passing and failing distributions, and then smearing them with a Gaussian. The
background is modelled using the product of an exponential decay function and an error
function. The following uncertainties have been addressed on the evaluated scale factors:

• Signal fitting choice: a Double Crystal Ball function convoluted with a Gaussian is
taken as alternative signal (using the nominal background function).

• Background fitting choice: an exponential decay function is taken as alternative
background (using the nominal signal function).

• Scale factor pT -dependency: for very high values of the transverse momentum, the
direct measurement of the scale factors is not performed due to the reduced statistics.

2016 2017 2018

EB

BDT Score > 0.8493 0.8361 0.8466
H/E < 0.0222 0.0401 0.0402
IECAL/GeV < 2.16 1.84 1.84
ITkr/GeV < 2.19 1.63 1.58

EE

BDT Score > 0.5714 0.6035 0.6948
H/E < 0.0315 0.0171 0.0175
IECAL/GeV < 2.69 2.54 2.94
ITkr/GeV < 3.10 1.82 1.90

Table 5.10: Selections applied on the BDT score, H/E and isolation variables for the
definition of the photon ID in the three years.
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Hence, for photons in EB (EE) that have pT > 1000 (800) GeV, the last pT − bin
scale factor is considered, relying on the assumption that the scale factor distribution
is flat over pT . For this reason, an additional systematic for this extrapolation is
needed. To do so, the SF distribution as a function of pT is fitted with a linear
function, and the error on the slope has been taken as the 68% limit on the gradient,
providing the error band that gives the additional systematics (see Appendix B).

Validation with data and shape’s quantile-quantile corrections
Since the BDT is trained using simulated samples only, the shape of the BDT score has to
be validated on data. γ+jets events required to pass the analysis HLT and to have EmissT <
160 GeV are used. Each event must have at least one jet with with pT > 200 GeV, Tight
ID and |η| < 5, and at least one photon in EB (EE) with pT > 225 GeV. In order to reduce
the contribution from the QCD background, the following requirements are applied on the
photon [191]:

• Pixel seed veto;

• H/E < 0.02148;

• PF Charged Isolation (ρ-corrected) < 0.65 GeV;

• PF Neutral Isolation (ρ-corrected) < 0.317 + 0.01512 ·pT+ 2.259 10−5 · p2
T GeV;

• Track isolation (ρ-corrected) < 1 GeV;

• HCAL PF cluster isolation (ρ-corrected) < 0 GeV.

In addition, the photon and the highest pT jet have to be separated in ∆φ, i.e. ∆φ(jet, γ) > 2.9,
and a maximum of two additional jets with pT > 30 GeV and Loose ID is allowed in the
event. The appropriate photon variables are then given as input to the BDT algorithm,
and the distributions of the BDT score in data and MC are compared (see Appendix C).
The BDT score distribution is used in the evaluation of the jet-to-photon fake ratio, as it
will be described in Section 5.4.3, and hence the discrepancy observed in the BDT shape
between data and simulation can give rise to a biased estimate of the fake ratio. Such
discrepancy is corrected for using the quantile morphing method [192], thus assessing a
systematic uncertainty on the fake ratio. This method was originally developed in the
context of H → γγ analysis [193] and it is based on comparisons of Cumulative Distribu-
tion Functions (CDF) in the data and simulation taking into account all the backgrounds
in the simulation (see Fig. 5.6). A transformation factor t(x) is evaluated as a function of
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Figure 5.6: Figure illustrating the idea of quantile morphing in simulation to get the
desired shape of the BDT photon ID as it is in data.
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the BDT score x as follows:

t(x) = CDF−1
DT (CDFMC(x)), (5.2)

where CDFDT and CDFMC are the corresponding CDFs of the photon ID BDT distribu-
tions in data and simulation. In order to retrieve from the simulated BDT distributions
the shape observed in the data, the transformation factor has to be applied to all the
simulated samples. An orthogonal Z → e−e+ sample is also used to check the agree-
ment between data and simulation, giving us further confidence about the usage of these
corrections. Electron-photon pairs are selected as follows:

• Electron with pT > 37 GeV, HEEP ID and |η| < 2.5;

• Photon in EB (EE) with pixel seed, pT > 225 GeV and H/E < 0.05;

• Photon-corrected track isolation < 18 GeV;

• Photon-corrected PF HCAL isolation < 10 GeV;

• ∆R(e, γ) > 0.3;

• 80 GeV < Z(→ eγ)mass < 110 GeV.

Once the eγ pair has been selected, the appropriate photon variables are given in input
to the BDT algorithm and the BDT score is evaluated. However, the correction factor
evaluated in Eq. 5.2 cannot be applied directly to the Z → e−e+ events, since the electron
and photon have different longitudinal shower shapes and hence their BDT distributions
differ. For this reason, a further transformation of the electron BDT in both the data and
the simulation is needed. A second transformation factor (tele(x)) is calculated, comparing
the CDF of the photon BDT distributions for the photon (γ+jets) and the electron (Z →
e−e+) samples:

tpho(x) = CDF−1
pho(CDFele(x)) (5.3)

This factor has to be applied to the simulated samples before t(x). In Appendix C, the
comparisons between data and simulation in Z → e−e+ and γ+jets events before and
after the corrections are shown. The overall agreement is improved in both the orthogonal
samples.

5.4 Background estimation

The background processes that mimic the Zγ final state can be divided in two cate-
gories, listed below: those who have one real photon in the final state, and those in which
another physics object (mainly a jet or an electron) has been mistakenly reconstructed as
one.

• Prompt photons backgrounds:

– W(→ `ν)γ ;
– γ + jets (estimated using simulation);
– tγ, ttγ,Z(→ ``)γ,WW,WZ,ZZ, γγ,W(→ µν),W(→ τ ν) (estimated using

simulation).

• Fake photons backgrounds:

– Electrons misidentified as photons;
– Jets misidentified as photons;
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– Spikes (in EB);
– Beam halo.

In the following sections, the methods used to evaluate the contribution of the background
sources that cannot be directly estimated from simulation are described.

5.4.1 Wγ background contribution

A relevant contribution to the total background yield is given by W (→ `ν)γ processes
where the lepton happens to be badly reconstructed, or not detected at all. This back-
ground is estimated in dedicated control regions, and transfer factors are applied in order
to evaluate the W (→ `ν)γ yield in the signal region. Each transfer factor is defined as the
ratio of the expected yields as given by simulation in a given bin of the signal region, NSR

MC ,
and the corresponding bin of one of the control samples, NCR

MC . One then extrapolates the
expectation for the event yield in a bin of the signal region, NCR

obs , from the event yield
measured in the corresponding bin of the control sample, NCR

obs , via the expression:

NSR
pred = NSR

MC

NCR
MC

·NCR
obs . (5.4)

Two W (→ `ν)γ control regions are selected. One, CRe, is defined via the electronic decay
of the W. The other, CRµ, is defined using the W muonic decay. The HLT requirement,
MET filters and the selection of the photon remain the same as described in Sec. 5.2. The
selections used for the leptons are shown in Tab. 5.11. The jet veto described in Sec. 5.2
is used, with the additional condition that ∆R(`, jet) > 0.5. In addition, EmissT > 50 GeV
and mT (`, EmissT ) < 160 are required. Some selections on the transverse recoil ~RT are also
applied, namely, RT > 200 GeV, pγT /RT < 1.4 and ∆φ(RT , γ) >, where ~RT = ~EmissT + ~p

`
T

and ` identifies the electron or the muon. The HEM veto is applied as in signal region,
with the additional condition that neither the lepton should lie in that region. The plots
for the pT yieds in the control regions and additional kinematic variables are shown below,
for EB and EE events, in Fig. 5.7 and Fig. 5.8.

CRe CRµ
peT > 30 GeV pµT > 30 GeV

|ηeSC | <1.4442 or 1.566 < |ηeSC | <2.5 |ηµ| <2.4
Tight ID Tight ID

∆R(e, γ) > 0.5 -

Table 5.11: Electron and muon selections applied in CRe and CRµ , respectively.

5.4.2 Electron-photon misidentification background contribution

As described in Sec. 3.3.4, the reconstructed electrons in CMS can be tracker driven or
ECAL driven, with the ECAL driven ones requiring the presence of at least 2 or 3 hits in
the pixel detector of the tracker. Hence, if an ECAL driven electron is not registered in the
inner layers of the pixel detector it may be reconstructed as an energy deposit in the ECAL
without a track, which is consistent with the signature of a photon. This contribution of
electrons faking photons comes mainly from single boson and diboson production such
as W → eν and W(→ eν)Z(→ νν), that may mimic our final state. To estimate this
fake ratio we use Z → e−e+ events and the Tag and Probe method, looking for electrons
that fail to be registered by the pixel detector. The following selection is applied to the
data, looking for Z → e−e+ events in which one of the two electrons is reconstructed as a
photon:
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Figure 5.7: Distribution of photon pT in the W(→ eν)γ control region for 2016 (left),
2017 (center) and 2018 (right) for events in EB (top) and EE (bottom).

• HLT_DoublePhoton70, HLT_DoublePhoton60 (2016);

• EmissT < 160 GeV;

• Electron with pT > 20 GeV, passing Tight ID;

• Photon with pT > 200 GeV, passing the analysis (hybrid) ID;

• 60 GeV < Z(→ eγ) mass < 120 GeV;

• ∆R(e, γ) < 0.05.

This fake ratio is highly dependent on the photon’s pseudorapidity since the pixel ineffi-
ciency is η-dependent, and hence its estimation is done in bins of |η|. This dependence
arises because, at higher pseudorapidities, an electron will share charge with more pix-
els, and hence will have a higher probability of being detected. In each bin, a fit to the
dielectron-invariant mass (around the Z peak) is done for passing and failing probes si-
multaneously, in order to evaluate the number of photons passing and failing the pixel
veto. The signal fitting function is obtained applying the selection above and extracting
the line shape of the Z mass from a Z → e−e+ MC sample. The background is modeled
using an exponential function. The fake ratio (FR) for an electron to be misidentified as
a photon is then defined as:

FR = (1 − ε)/ε, (5.5)
where ε is the efficiency to reconstruct an electron in the Z → e−e+ final state and (1-ε)
is then the fraction of electrons which do not have pixel hits in the tracker. During the
three years of data-taking, some sensors in the pixel layers of the tracker experienced bad
functioning, resulting in an important decrease of the seeding efficiency in some η-φ regions.
Since seeding inefficiencies would determine a higher fake ratio, remarkably increasing the
probability of an electron to be reconstructed as a photon if the pixel sensors are off, a
dedicated FR is estimated in the regions affected by such inefficiencies. For the remaining
regions, the fake ratio is instead estimated in 3 bins of |η|, and then fitted with a 2nd order
polynomial. The dedicated FRs are shown in Tab. 5.12, while the FR distributions are
shown in Fig. 5.9. Two sources of systematic uncertainties are assessed:
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Figure 5.8: Distribution of the photon pT in the W(→ µν)γ control region for 2016 (left),
2017 (center) and 2018 (right) for events in EB (top) and EE (bottom).

• Choice of mass window: evaluated using a mass window of [80-110] GeV instead of
[60-120] GeV for the fit;

• Choice of the fit function: a second round of fit is performed using a Breit-Wigner
function convoluted with a Gaussian to model the signal (keeping the same back-
ground function).

In Fig. 5.9, the violet band shows the systematics and the green error bars are the fit errors.
This trend is then fitted with a 2nd order polynomial. In order to get the error band to
this fitted trend, the covariance matrix of the fit is used and a multi-variate Gaussian
random numbers (10000 times) are thrown which give 3 numbers corresponding to the
fitted parameters. For each random throw, the corresponding fake ratio is estimated for
each bin in |η|, and the 68% interval of the fake ratio distribution forms the low and high
error band. The above method is used also for the estimation of the background from

Year η − φ region Fake ratio

2016 2.4 < φ < 2.7 & η < 0 0.085 ± 0.014

2017 φ > 2.5 & η > 0 0.123 ± 0.0181.5 < φ < 2 & η > −1

2018 0.3 < φ < 0.8 & |η| < 1.4442 0.29 ± 0.038

Table 5.12: Dedicated electron to photon fake ratio in the pixel inefficient regions.

misidentified electrons in the EE region. However, due to the lack of statistics at high |η|,
the fake ratio is evaluated in one |η|-bin only, obtaining the following results for the three
years:

• UL16 FR = 0.0165±0.0046 (stat.);

• UL17 FR = 0.0103±0.0041 (stat.);
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Figure 5.9: Electron to photon fake ratio as a function of the absolute value of pseudo-
rapidity η for 2016 (left), 2017 (center) and 2018 (right). Green error bars are statistical
error and blue rectangles are the systematic errors. The error band corresponds to the
68% coverage of the fake ratio distribution as a result of the uncertainty on the fitted
parameters of a 2nd order polynomial.

• UL18 FR = 0.0058±0.0026 (stat.).

5.4.3 Jet-photon misidentification background contribution

Photon pairs coming from the decays of isolated and highly energetic π0/η mesons
produced inside a jet can be misidentified as photons, and can contribute as a background
when large EmissT is simultaneously reconstructed in the event. The major sources of these
jets-faking-photons objects are QCD multijets processes where EmissT is mismeasured due
to limited jet energy resolution, and Z(→ νν̄) + jets production. This background contri-
bution cannot be reliably simulated due to the difficulty in producing a sufficient yield of
γ-like jets, and to the large systematic uncertainties associated with parton showering and
detector response. A data-driven approach is therefore used, called the ABCD method.
ABCD Method
The region of interest C, corresponding to the signal region where the jet→ γ background
has to be estimated, is characterized by the presence of one photon identified by the ID
criteria (selections on BDT score, H/E, IECAL and ITkr) described in Sec. 5.3 plus all the
other phase space selection. Then, a complementary region A is defined by requiring:

• One photon with identical ID requirements with respect to the region A, except for
the one on the BDT score;

• EmissT < 40 GeV.

By construction, the region A consists primarily of γ + jets and QCD multijets. The
number of jet faking photon events in A that satisfy the full ID (including the BDT
requirement) can be extracted by fitting the BDT spectrum in A with shape templates
for prompt photons and fake photons. The procedure is described in the next section.
In addition, a region B is defined, with one photon passing some special ID requirements
(listed in Tab. 5.13) tuned to enrich the contribution from jets faking photons and to
have negligible prompt photon contamination. The ID used for photons in the B region
was determined using the cut optimization method described in Sec. 5.3, but targeting
95% prompt photon efficiency and then inverting the resulting ID selections. The upper
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Figure 5.10: The four disjoint regions used to estimate the jet→ γ fake ratios.

boundary on EmissT is retained as in A. Analogously, a fourth region D is defined with
selections identical to the region of interest C except for the photon ID criteria, which are
kept the same as in B. It must then hold that:

Number of fakes passing full ID in A

Number of events in B
= Number of fakes passing full ID in C

Number of events in D
.

The fraction on the left-hand side is defined as the fake ratio (FR) which allows to estimate
the jet fake component (Nfake

C ) in C that passes the full ID from the yield (ND) of D:

Nfake
C = FR×ND.

2016 2017 2018

EB

Fail at
least 1

IECAL/GeV < 2.04 2.94 2.65
IT kr/GeV < 3.12 2.18 2.18

Pass all

BDT score < 0.7292 0.6671 0.6533
H/E < 0.0481 0.0215 0.0204
IECAL/GeV < 4× 4× 4×
IT kr/GeV < 4× 4× 4×

EE

Fail at
least 1

IECAL/GeV < 5.23 3.10 3.06
IT kr/GeV < 4.95 2.25 2.30

Pass all

BDT score < 0.2702 0.4526 0.4599
H/E < 0.0806 0.0240 0.0218
IECAL/GeV < 2× 4× 4×
IT kr/GeV < 2.5× 4× 4×

Table 5.13: ID definitions for regions B and D. The threshold for the “Pass all” categories
is defined as n times (n×) the threshold for the corresponding “Fail at least 1” categories.

Shape template fitting
The BDT spectrum of A obtained from data has contributions from prompt photons and
jet faking photon events that can be extracted from a template fit, through the following
parameterization:

H(x) = Nprompt × hprompt(x) +Nfake × hf (x),

where H(x) is the observed spectrum in region A, Nprompt and Nfake are the number
of prompt and fake events, respectively, hprompt(x) is the normalized template extracted
from A using γ+ jets events in MC, and hf (x) is the normalized template extracted from
the data sideband of A.

• Prompt γ template : Showering and reconstruction of prompt photons are well
simulated in MC samples. Their template shape is obtained from γ+jets MC samples
by applying the selections relevant to A. Residual data/MC differences in the shape
are treated as a systematic uncertainty.
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• Jet faking photon template : Shower simulation of photon-like jets has large sys-
tematic uncertainties and does not match well with observed data. The template is
obtained directly from a data sideband AS which has identical event requirements as
in A, except for that on ITkr that has been modified to enrich the sideband with jet
faking photons events containing significant tracker energy in their isolation cone.
The sideband AS is defined in Tab. 5.14. A systematic uncertainty on the fake tem-
plate is assigned for the choice of sideband. In addition, the template is refined by
subtracting the contamination contribution coming from prompt photons, estimated
using γ+ jets MC (see example in Fig. 5.11).

A
Fitting Region

AS

Sideband for
Fake Template

2016 IT kr < 2.19 GeV 4 GeV < IT kr < 8 GeV
H/E < 0.0222 & IECAL < 2.16 GeV

2017 IT kr < 1.63 GeV 4 GeV < IT kr < 8 GeV
H/E < 0.0401 & IECAL < 1.84 GeV

2018 IT kr < 1.58 GeV 4 GeV < IT kr < 8 GeV
H/E < 0.0402 & IECAL < 1.84 GeV

Table 5.14: Definitions of templates for jet fake ratio estimation in EB. A and AS differ
only in the cut on ITkr.
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Figure 5.11: The spectrum obtained from the fake sideband AS (orange) is corrected by
subtracting the prompt photon contamination estimated by γ+ jets MC (violet).

The template fit is performed using a maximum likelihood fit in order to extract the num-
ber of prompt photons Nprompt and the number of fakes Nfake in the observed spectrum
of A (see Fig. 5.12 left). The integral of the fake template above the BDT threshold gives
the number of fake photons passing the full ID. This is divided by the yield of B to obtain
the fake ratio (see Fig. 5.12 right). The fake ratio is evaluated in bins of photon pT , in
order to account for the reduction in faking probability with pT and to improve the per-bin
background estimation in the signal region. The distribution of the fake ratio as a function
of pT is then fitted with a 4-parameter function:

f(x) = ax+ b+ c

x− d
.

The results are shown in Fig. 5.13 and 5.14. For 2016 EE, a linear fit function is instead
used.
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Figure 5.12: (Left) Template to the photon BDT distribution in data for 2017. The
prompt template is shown in green, while the fake template in shown in red. (Right) Fake
ratio extraction for 2017 EB. The number of events in the region A (red) are estimated
selecting those that have the same BDTscore requirement as defined for the photon ID
(BDTscore > 0.8361). The BDTscore selection for the events falling in region B (blue)
is instead defined in Tab. 5.13 (BDTscore < 0.6671).

Fake ratio uncertainties

The following uncertainties in the estimation of the jet → γ background are considered:

• Fake template sideband choice: estimated by simultaneously raising and lowering
the tracker isolation boundaries by 1 GeV;

• Photon shower mismodeling: the prompt template and the prompt removal in the
fake template is corrected using quantile morphing corrections obtained in Sec. 5.3;

• Binning: estimated by varying the number of bins (200, 100, 50) used in the tem-
plates;

• EmissT cut choice: raise and lower the cut on EmissT by 5 GeV;

• MC statistics in fake sideband: estimated by raising and lowering the integral of
the prompt component subtracted from the fake template by the MC statistical
uncertainty.

The uncertainties are treated as uncorrelated and added in quadrature for each pT bin.
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Figure 5.13: Distribution of the jet→ γ fake ratios as a function of the photon pT in EB
for 2016 (left), 2017 (center) and 2018 (right).
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Figure 5.14: Distribution of the jet→ γ fake ratios as a function of the photon pT in EE
for 2016 (left), 2017 (center) and 2018 (right).

5.4.4 Non collision background events in the ECAL barrel

Non-collision backgrounds are defined as those backgrounds that do not come directly
from processes originated in the proton-proton collisions. In the ECAL barrel, these con-
tributions come from the so-called spikes and beam halo, whose energy deposits in ECAL
could be consistent with the signature of a photon. Spikes are events that occur when par-
ticles directly ionize within the active silicon layers of the avalanche photodiodes (APDs),
giving rise to small clusters associated to high-energy deposits (see Fig. 5.15) with a rate
that is proportional to the collision rate of the proton beams [194]. A first rejection of
spike events is performed online with a dedicated trigger, being otherwise the spikes the
dominant component of the CMS Level-1 trigger rate bandwidth. On the other hand,
beam halo is produced when the protons interact with residual gas molecules in the vac-
uum chamber or with the wall of the beam pipe. These interactions give rise to a flow
of secondary muons that travel along the beam line and that can lead to broad electro-
magnetic showers in ECAL: a Beam Halo Monitor (BHM) system is already implemented
in CMS, with the purpose of detecting and correctly identifying beam-halo particles. A
dedicated offline study is however still needed, to estimate the remaining contribution of
both these background sources to the signal region. To do so, a data-driven approach is
used, starting from the distribution of the photons candidates’ time in data. The photon
candidates are defined as in the signal region, except for the one on Wη (as defined below).
All the other event selections described in Sec. 5.2 hold as well. The time distribution
is then fitted using three templates: one for spike, one for prompt photon and one for
beam halo. The spike template is built applying a selection on the variable Wη, called
“eta-wing” and defined as:

Wη = E0
E1
,

where E0 is the energy of the seed crystal and E1 is defined as max
{
E0−1η

, E0+1η

}
,

being E0−1η
and E0+1η

the two crystals adjacent to the seed (in the η direction). The
seeds originated by spikes are expected to have smaller energy deposits in the neighboring
crystals when compared to the seeds originated by electrons or photons’ showers. This
new variable can be hence fruitfully exploited to extract the spike template, separating
spike events (that have small Wη) from other contributions (that have large Wη). In order
to construct the beam halo template, the events are required to fail the central beam halo
filter and to have MIPtot > 4.9 GeV. The prompt template is then built using Z → e−e+

events, by requiring a first photon in the event that passes all the analysis selections, and
a second photon with pT > 10 GeV, pixel seed, and same H/E and isolation selections
of the first one. The ∆R separation between the two photons must be greater than 0.2,
and the reconstructed Z(→ “γe”) mass must lie in the [60, 120] GeV window. To perform
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Figure 5.15: CMS event display of a pp collision showing an isolated ECAL spike corre-
sponding to a 690 GeV transverse energy deposit [194].

the fit, the datasets with the information for in-time photons (i.e. photons in the prompt
window, with time equal to seedtime ± 3 ns) and for the out-of-time photons (photons not
in the prompt window) have been merged, as it was observed (Fig. 5.16) that the timing
structure of the spikes was distributed mostly outside of the prompt time window. This
is due to the fact that the spike pulses have a shorter rise time and faster decay compared
to the response of scintillation light in ECAL. This shorter rise time is interpreted in
the reconstruction as an earlier signal, originating negative timing. The templates are
fit to the candidate events distribution, thus obtaining the number of spike events in the
prompt window. From Fig. 5.17, one can see that the beam halo events give a very small
contribution to the in-time candidate events. This is confirmed by fitting again with
only spike and prompt templates, and verifying that the event yields with and without
the beam halo template do not change. The number of spikes estimated in the prompt
window is shown in Tab. 5.15 for the three years. The results are then cross-checked

2016 2017 2018
9.4 ± 1.57 10.3 ± 1.53 20.8 ± 2.2

Table 5.15: Number of spike events estimated from the template fit on the timing distri-
bution.

using the matrix method. This ensures that no potential spikes or beam halo contribution
are hidden via scaling one or the other templates from the timing fit. The method works
by using two uncorrelated variables, the timing information for the photon and Wη, and
exploiting the difference of efficiencies under selections on these variables between the
two components (spikes and prompt) of the candidate events. The candidate events are
selected in the prompt window (seedtime ± 3 ns) and the spike events are selected in the
early time (seedtime < -12.5 ns). The in-time photon candidate can be then split into
two other disjoint regions, with Wη > 0.01 and Wη < 0.01, respectively. Splitting the
total number of candidate (Ncan) into the collision and beam halo component (NZ) and
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Figure 5.16: Timing distribution of the spike template as observed in [195]. On the x-axis
the time associated to spikes is shown, considering as t=0 the seedtime of the supercluster.
As it can be seen, spike events are mostly distributed at negative time, outside the prompt
(seedtime± 3 ns) window.

the spike component (Ns), one obtains the following set of equations:Ncan = Ns +NZ

N
Wη
can = N

Wη
s +N

Wη

Z = εsNs + εZNZ .
(5.6)

The label Wη identifies events in the region with Wη > 0.01. The efficiency εs and εZ are
measured in a spike control sample and in a Z → ee sample, respectively. The control
samples have been defined with the same requirements used for making the prompt and
the spike template, and the efficiency is measured using a cut-and-count method based
on the number of events passing Wη < 0.01 (Wη > 0.01) in the spike (Z → e−e+) control
region. Therefore, the number of spikes can be evaluated by solving the above system for
Ns. The results are shown in Tab. 5.16. The spike contributions for all the three years are
in good agreement within the uncertainties with those extracted from the template fit.

2016 2017 2018
8.6 ± 7.2 9.8 ± 7.9 18.5 ± 11.3

Table 5.16: Number of spike events estimated using the matrix method.

5.4.5 Non collision background events in the ECAL endcaps

While the beam halo provides a negligible contribution to analysis characterized by a
single-photon signature in the ECAL barrel, it turns out to be the most important source of
background events when looking for the same signature in the ECAL endcaps. The beam
halo filter provided by CMS is indeed not optimised for EE as it relies on signals detected
in the CSC chambers, which do not cover large regions of the EE (|η| > 1.8). Therefore, for
the present analysis, a dedicated beam halo tagger has been developed, based on BDT that
uses information from preshower (ES), ECAL endcaps and the HCAL endcaps (HE). This
tagger exploits the fact that beam halo photons and prompt photons depositing energy in
ECAL do not share the same travel path with respect to the beam axis. For a beam halo
photon, the line joining the energy deposits in EE and in the HE/ES tends to be parallel
to the z-axis, since beam halo mostly travels parallel to the beam lime. On the other
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Figure 5.17: Timing fit to candidate events using prompt, spike and beam halo templates
for 2017.

hand, for prompt photon coming from the primary vertex, the angle between the beam
axis and the line joining the energy deposits in the EE and HE/ES is non-zero. Fig. 5.18
shows the two photon hypothesis between EE and HE, with the candidate photon being
a prompt photon (PP) or beam halo (BH). For each hypothesis, the energies deposited in
ES/HE are evaluated as follows, starting from the energy-weighted position of the ECAL
supercluster (SC):

• BH hypothesis: the energy in HE is evaluated collecting all the HE hits in a cone
of ∆φ < 0.15 along the line joining the SC and the HE. In addition, the search for
HE hits is restricted in a 3 × 3 HCAL towers space by requiring

√
(∆x)2 + (∆y)2 <

26 cm, where ∆x = xHE − xSC and ∆y = yHE − ySC . A selection that takes into
account the EE transverse coverage is also applied, requiring 31 <

√
(x2
HE + y2

HE) <
172 cm. The energy in ES is instead evaluated looking for the best matched hit in ES
for which

√
(∆x)2 + (∆y)2 < 2.2 cm, where ∆x = xES − xSC and ∆y = yES − ySC .

A maximum of five strips (in the positive and in the negative x and y direction)
around the main one with ∆x < 1 cm and ∆y < 1 cm is used, summing all the
associated energy deposits.

• PP hypothesis: the energy in HE is evaluated collecting all the hits in the HE
falling in a cone of

√
(∆η)2 + (∆φ)2 < 0.15. For ES, the z coordinate in the ES

planes is extrapolated from the position of the SC. Then, as for the BH hypothesis,
a maximum of five strips (in the positive and in the negative x and y direction)
around the main one with ∆x < 1 cm and ∆y < 1 cm are used, summing all the
associated energy deposits.

The angles between the beam axis and the line joining the energy deposits in the EE and
HE/ES are also evaluated for the two hypothesis. Then, a BDT is trained with XGBoost,
using a privately generated beam halo sample and the Z(→ νν)γ sample for the prompt
photon. The beam halo sample has been produced with the BeamHaloGenerator [196]
provided by CMS. The following variables as used as input to the BDT algorithm:

• Shower shape variables of the photons: E3×3/E
raw
SC , σiηiη, σiφiφ, ση, σφ;
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Figure 5.18: PP and BH hypothesis for a photon super-cluster reconstructed in EE.

• Energy deposits in ES and HE, as evaluated above;

• Energy weighted average angle in ES and HE, respectively, where the average is over
the two hypothesis:

θES/HEavg = EPP · θPP + EBH · θBH
EPP + EBH

,

where EPP and θPP are the energy and the angle in the PP (BH) hypothesis;

• Scalar sum of the transverse momentum pT of all the tracks at the primary vertex.
Since photons from beam halo do not arise from collisions, the scalar pT -sum of all
the tracks in the event is generally smaller.

The distributions of the BDT score for signal and beam halo events is shown in Fig. 5.19.
The beam halo events are hence filtered requiring the BDT score to be greater than 0.99.
In Fig. 5.20, the signal photon’s φ distribution is shown in data.The variable φ is used

Figure 5.19: Distribution of the BDT score of simulated prompt photons originating from
collisions (red) and beam halo (blue). The BDT score of beam halo photons in data is
also shown, where the beam halo dataset is built using events that fail the central beam
halo filter.

because one of the peculiar feature of beam halo events is to give higher contributions
around φ = 0 and φ = ±π, and hence this variable is an optimal handle to estimate the
presence of beam halo in the analysis. The same distribution is shown before (using the
already available tagger) and after the application of the new tagger. A template fit is
performed to data in order to extract the number of signal and beam halo events, building
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the signal template from the MC (Z → νν)γ sample, and the background template from
data using a disjoint control region enriched in beam halo (BDT score < 0.05). The
estimates of beam halo and signal efficiency in both cases are shown in Tab. 5.17 and,
as it can be clearly seen, the newly developed BH tagger is highly effective in rejecting
the beam halo from the analysis. Since the BDT tagger is built from simulated samples,
in order to assess for any differences in the performances when it is applied to data, the
corresponding scale factors are evaluated. The efficiency of the new tagger is estimated
in the simulated Z(→ νν)γ sample and in data, selecting γ+jets events. The photon is
required to have pT > 150 GeV and to have Loose ID, while the jets are required to pass
the Tight ID and to be have ∆φ(γ, jet) > 2.9. The efficiencies are then evaluated in data
and Monte Carlo in bins of the photon’s pT , using a simple cut-and-count method, namely:

ε = photons passing the BH filter
all selected events .

The efficiency and the scale factors are shown in Fig. 5.21. The estimated scale factors are
all compatible with 1 within the statistical uncertainties and hence we take their values
as 1, without assessing any additional uncertainty.

Table 5.17: The beam halo contributions and the signal efficiencies for the central BH
tagger and the BDT tagger

Selections used Signal efficiency / beam halo contribution
2016 2017 2018

Central tagger 99.6 / 5862.12±106 99.4 / 2079.41±62.4 99.4 / 3256.19±79.9
BDT based tagger 96.7 / 9.6±6.2 95.9 / 0±1.9 96.4 / 0±1.6

Figure 5.20: Template fits of the φ distribution of the signal photon in the EE region, for
2016 (left), 2017 (center) and 2018 (right). The distributions are obtained, respectively,
using the CMS central tagger (top) and the new BDT BH tagger (bottom).
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Figure 5.21: Efficiency comparison on γ +jets events in data and Z(→ νν)γ events in the
simulation for 2016 (left) 2017 (center) and 2018 (right).

99



100



Chapter 6

Measurement of the Z(→ νν)
cross section and limits on the
anomalous neutral triple gauge
couplings

In this chapter, the statistical procedure adopted to measure the inclusive Z(→ νν)γ
production cross section, and to place the upper limits on the ZZγ aNTGCs (hZ

3 and hZ
4 )

is presented, together with the description of the systematic uncertainties affecting the
measurement. The expected results are extracted from an Asimov dataset, by fitting a
binned maximum likelihood to the photon pT spectrum. The impact of the systematics
on the cross section measurement is evaluated, and the expected limits on h

Z
3 and h

Z
4 are

extracted. They are then compared to the expected limits obtained by CMS and ATLAS
at a center of mass energy of 8 TeV and 13 TeV, respectively.

6.1 Statistical analysis

6.1.1 Cross section measurement

The cross section σ provides a measurement of the probability that an event (in the
present case, the associated production of a photon and a Z boson decaying into a neutrino-
antineutrino pair) occurs. While the theoretical cross sections are evaluated by computing
the matrix element of the process using Feynman rules, and then integrating over its
Lorentz-invariant phase space, the experimental cross sections, as measured at the collid-
ers, are defined as follows:

σ = N −Nb

AεL
, (6.1)

where N is the number of candidate events, Nb is the estimated number of background
events and A, ε and L are the geometrical acceptance, detector efficiency and luminosity,
respectively. When performing a study of collisions events, the probability to observe a
number n of candidate events, given their expected number to be ν, can be expressed in
terms of a Poissonian distribution:

f(n, ν) = e−ν

n! ν
n,

where the number of expected events includes both expected background and expected
signal events (ν = νsig+νbkg), and it depends on the signal strength µ and on the systematic
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uncertainties ~θ associated to the measurement. The signal strength is defined as:

µ = σobs
σSM

, (6.2)

where σobs is the experimental observed cross section and σSM the SM prediction, that
in this analyisis corresponds to the SM Zγ cross section. If no new physics appears,
the signal strength is measured to be compatible with 1. In this work, the cross section
is extracted using a binned likelihood function to fit the photon pT spectrum. This is
the observable most sensitive to the possible presence of new physics, considering that the
presence of aNTGCs in Zγ processes would determine a higher yield of events with photon
pT > 200 GeV with respect to the SM predictions (as explained in Sec. 5.2). In particular,
a profile likelihood method is used. Considering xi variables with probability distribution
function f(x;ψ, λ), where ψ is the parameter of interest and λ a nuisance parameter, the
log-likelihood can be written as:

L(x | ψ, λ) =
∏
i

f(xi | ψ, λ). (6.3)

Given that the direct simultaneous estimation of ψ and λ via likelihood maximization can
be difficult to obtain, the nuisance parameter can be profiled out. This means that, for each
ψ on a grid of chosen values, Lψ(λ) is maximized in order to evaluate the estimator λ̂ψ for
the nuisance parameter. Then, the best parameter of interest is obtained by maximizing
L(x | ψ, λ̂ψ). For the purpose of the present analysis, the profile likelihood is built taking
into account the expected number of events in each bin of the photon pT distribution as
a function of µ and of the systematic uncertainties:

L(data | µ, ~θ) =
∏
i

Poisson(di | si(µ, ~θ) + bi(~θ)) · p(~̃θ | ~θ), (6.4)

where di, si and bi are the number of observed, signal (SM Zγ) and background events
in each pT -bin i, respectively. Systematic uncertainties are incorporated via nuisance
parameters (NP) labeled as ~θ, while ~̃θ represents the measured values for each NP. The
value of µ is estimated by maximizing L in data, and the measured cross section is hence
obtained as µ × s. To test a hypothesized value of µ, the profile likelihood ratio can be
used:

Λ(µ) = L(µ = 0, ˆ̂λ)
L(µ̂, λ̂)

,

where ˆ̂
λ denotes the value of λ that maximizes the likelihood for the specified µ. Then,

the following test statistic can be defined:

tµ = −2 ln Λ(µ). (6.5)

The confidence interval around the best fit value is obtained by applying the Wilk’s theo-
rem, such that the 68% confidence interval corresponds to the region for which tµ < 1 [197].

6.1.2 Extraction of the limits on the aNTGCs

In order to evaluate the strength of the CP-even aNTGCs, the signal si in Eq. 6.4 is
parameterized as a function of hZ3 and hZ4 , rewriting the likelihood as follows:

L(data | µ, hZ3 , h
Z
4 , ~θ) =

∏
i

Poisson(di | si(µ, hZ3 , hZ4 , ~θ) + bi(~θ)) · p(~̃θ | ~θ), (6.6)
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With this formulation, the cross section can be simply obtained by setting hZ3 and hZ4
equal to zero, namely using the SM prediction for the signal yield si in each pT -bin,
and estimating µ. On the other hand, when estimating hZ3 and hZ4 , the value of the
signal strength of the SM Zγ prediction is set to 1 and a likelihood fit is performed in
the two dimensional hZ3 -hZ4 plane. The choice of the parameterization function for si is
motivated by the corresponding modification that the anomalous couplings produce in the
amplitude of the matrix element, therefore in the cross section and consequent number of
events N . For a generic anomalous coupling c, associated to a new BSM operator in the
EFT Lagrangian, N becomes:

N = NSM + c · Lin+ c2 ·Quad,

where NSM is the SM event yield, Lin identifies the linear interference term between
the SM and the new operator effect, and Quad is the quadratic term that arises due the
pure BSM contribution. When handling more operators at the same time, the previous
formulation becomes:

N = NSM +
∑
i

(
ci · Lini + c2

i ·Quadi
)

+
∑
i,j

Mixedij ,

with i being the i-th operator, and Mixedij the interference term between the two opera-
tors. The Zγ event yield s is hence parameterized using the following function of hZ3 and
hZ4 :

s
(
hZ3 , h

Z
4
)

= s0︸︷︷︸
SM

+ 2 ·
[
aZ3 · hZ3 + aV4 · hZ4︸                          ︷︷                          ︸

SM+aNTGC interference

+ cZ · hZ3 · hZ4
]

+
[
bZ3 ·

(
hZ3
)2

+ bZ4 ·
(
hZ4
)2
]

︸                                                        ︷︷                                                        ︸
Pure aNTGC

(6.7)
The signal is simulated at 440 non-zero values of the couplings for the ZZγ vertex, in
the coupling ranges −4 × 10−4 < hZ3 < 4 × 10−4 and −5 × 10−7 < hZ4 < 5 × 10−7. The
boundaries are chosen to be close to the latest ATLAS limits published in Ref. [98]. A
least squares fit to the signal yield in each bin of the pγT distribution is then performed, to
extract the ultimate function parameters to be used in the signal parameterization when
evaluating the limits on hZ3 and hZ4 . The confidence intervals for the aNTGC parameters
are determined using a test statistic similar to that in Eq. 6.5:

t~α = −2 ln Λ(~α),

where ~α are the anomalous coupling parameters, and Λ(~α) is the likelihood ratio:

Λ(~α) = L(~α, ˆ̂λ)
L(~̂α, λ̂)

.

By applying the Wilk’s theorem, the 68% and 95% confidence intervals for the values
of the anomalous couplings can be determined [197]. The choice of the p

γ
T binning is

optimized using the recursive Bayesian-Block algorithm, with the goal of separating the
statistically significant features from the ever-present random observational errors [198].
The optimization process starts from an uniformly binned histogram with a bin width
of 10 GeV, obtained with a simulated Z(→ νν)γ sample where the aNTGC hZ3 and hZ4
are set to be equal to 4 × 10−4 and 5 × 10−7. The binning choice is made by recursively
maximizing the total Cash statistic

∑
kNk · log(Nk/Tk), where Nk is the yield in the k-

bin of width Tk [199]. The optimized bins are: [225-235], [235-245], [245-265], [265-285],
[285-315], [315-355], [355-425], [425-515], [515-615], [615-765], [765,∞].
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6.2 Systematic uncertainties

The measurement of the cross section and of the aNTGCs is affected by two different
kind of uncertainties: a statistical uncertainty due to the limited amount of data and
MC simulated events, and a series of different systematic uncertainties. Systematic un-
certainties arise in different parts of the analysis, for example from the particular choices
made to estimate background contributions, the theoretical uncertainties associated to the
modelling of the process, or from the corrections applied to the physics objects. All the
systematic uncertainties evaluated in this analysis are described in the following list.
Luminosity
CMS is able to measure luminosity both online and offline, providing the best luminosity
measurements to be used by physics analysis. Online luminosity measurements are jointly
performed by several subsystems: the Pixel Luminosity Telescope (PLT), the Hadronic
Forward (HF) calorimeter, the Beam Conditions Monitor-Fast (BCM1F), and the Drift
Tubes (DT). Offline luminosity measurements employ the Pixel Cluster Counting (PCC)
algorithm: the recorded number of hit pixel clusters per bunch crossing is indeed expected
to be a linear function of the number of interactions per crossing, and therefore a very
good measure of luminosity [200]. In addition, luminosity is calibrated using the so-called
“van der Meer scans” [201], that allow the determination of the absolute luminosity as a
function of the beam parameters. The uncertainties in the integrated luminosity of the
data collected by CMS during Run 2 are 1.2% (2016), 2.3% (2017) and 2.5% (2018). When
combining the three years, correlations are taken into account by introducing five nuisance
parameters in the likelihood in Eq. 6.4. Three parameters correspond to uncorrelated
uncertainties for each year, the fourth handles the correlation across all years, and the last
one handles the partial correlation between 2017 and 2018.
Pileup
In Monte Carlo samples, pileup events are added to the nominal hard scattering process
using minimum bias events generated according to the value of the measured minimum
bias cross section (σMB = 69.2 mb). The uncertainty on σMB is taken into account by
reweighting the simulated events with ±4.6% variations in the cross section.
Scale factors uncertainties
Simulated events are corrected using a set of scale factors [142] (SFs) that take into ac-
count efficiency differences between data and simulation in photons, electrons and muons
reconstruction and identification. The evaluation of the photon SFs and of their associ-
ated systematics is described in Sec. 5.3. The uncertainties on the SFs applied to electrons
and muons in CRs include statistical and systematic uncertainties, the latter assessed for
the choice of the signal and background fit functions when applying the Tag and Probe
method (similarly to what is done in Sec. 5.3) for the histogram binning, fit window, and
isolation of the tag muon candidate. Pixel seed SFs are also applied for dealing with the
mismodeling in the simulations of the pixel seed efficiency that may affect the photon yield
in SR and CRs.
Photon energy scale
In proton-proton collisions, the electroweak energy scale is measured with an uncertainty
smaller than 0.1 (0.3)% in the EB (EE) [142]. The electron and photon energies are varied
accordingly, and the uncertainty is then propagated as a nuisance parameter in Eq. 6.4.
Jet energy scale and resolution
Uncertainties on the jet energy correction and resolution are related to the different types
of corrections described in Sec. 3.3.4, such as the pseudorapidity dependance of the de-
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tector response, the momentum uniformity in the energy reconstruction, and the pile up
subtraction. Such uncertainties affect the yields both in SR and in CRs, due to the phase
space cut on ∆φmin(jet, EmissT ) (SR) and ∆φmin(jet, RT ) (CRs). The uncertainty is eval-
uated by shifting all reconstructed jet transverse momenta by ±1 standard deviation of
the measured jet energy scale. The same procedure is applied to evaluate the systematic
uncertainty of the jet energy resolution. Furthermore, the jet corrections propagate to
EmissT as described in Sec. 3.3.4, and they have to be taken into account when evaluating
the uncertainties on EmissT . The jet energy variations and the associated EmissT variations
are hence performed simultaneously.
L1 ECAL prefiring
In 2016 and 2017, the gradual timing shift of ECAL signals was not properly propagated
to the L1 trigger primitives (TP), with the result that a significant fraction of TPs at
high pseudorapidity was mistakenly associated to the previous bunch crossing (BX). The
CMS trigger rules forbid the acceptance at L1 of two consecutive BXs, meaning that if
an L1 TP is assigned to an earlier BX, and is accepted by the L1 trigger, the earlier BX
is triggered and the BX that originally contained the TP is lost. This effect is known as
trigger prefiring, and it is not described by the simulation. The probability for a prefiring
to happen is therefore estimated in data and parameterized as a function of offline variables
(photon and jet pT and η), using unprefirable events. In an unprefirable event, the previous
BX is blocked from being accepted by the L1 due to trigger rules, meaning that the event
cannot be lost due to prefiring. An event weight ω is then obtained as the product of the
non prefiring probability of all objects (measured using unprefirable events), namely:

ω = 1 − P (prefiring) =
∏

i=γ,µ,jets

(
1 − εpref.i (η, pT )

)
(6.8)

Prefiring weights are only applied to the MC events for 2016 and 2017. The associated
uncertainty is obtained by shifting all prefiring probabilities plus or minus their uncertain-
ties.
Jet → γ and e → γ fake ratio
The sources of uncertainty on the jet → γ and e → γ fake ratios are described in Sec. 5.4.3
and Sec. 5.4.2, respectively. The impact on the background yields in SR is assessed by
varying each fake ratio within its uncertainty.
Theoretical uncertainties
Theoretical uncertainties affecting the cross section measurement come from the uncer-
tainty on the set of PDFs used and the choice of the strong coupling constant αS . Starting
from the nominal PDFs set, 100 additional sets are computed with the Hessian method,
embedding variations in the PDFs parameters. The associated uncertainty on the expected
event yield per bin is then evaluated as:

δPDFN =

√√√√ 100∑
k=1

(
N (k) −N (0)

)2
,

where N (0) is the event yield in the bin N obtained with the central PDFs set, while
N (k) is the event yield obtained with the k-th set. Two additional PDFs sets are also
computed, corresponding to the PDFs central values but with αS = 0.116 and αS = 0.120,
respectively. The uncertainty due to the choice of αS on the event yield per bin is therefore
evaluated as:

δαSN = N(αS = 0.116) −N(αS = 0.120)
2 .

The PDF+αS uncertainties are then combined adding them in quadrature.
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Electroweak and QCD corrections
The signal Zγ and the background Wγ samples are simulated at leading QCD and elec-
troweak order, meaning that corrections have to be applied to account for QCD next-to-
next-to-leading order (NNLO) and electroweak next-to-leading order (EW NLO) effects.
The EW NLO corrections are provided by Denner et. al. in [202] and [203] for

√
s = 14

TeV. For the purpose of this analysis, the authors have re-evaluated them (Fig. 6.1) at√
s = 13 TeV, with kinematic selections and PDFs as they are used in this analysis. The

corrections are computed as a function of the transverse momentum of the photon, and
they have the following form:

k = 1 + δqq + δqγ ,

where δqq and δqγ refer to the quark-antiquark and photon-induced corrections, respec-
tively. It can be observed that the correction becomes larger at increasing pγT , due to the
presence of Sudakov double logarithms: around 1 TeV, the correction for Zγ (W±γ) is of
the order of 40% (30%). The uncertainty of δqq is δ2

qq , while the considered uncertainty
of δqγ is taken as δqγ , due to the high uncertainty on the photon PDF at large values
of the Bjorken variable x [202]. QCD NNLO corrections are evaluated with the pro-

Figure 6.1: Electroweak NLO/LO k-factors as a function of the photon transverse momen-
tum, as they are applied to Zγ (left), W−γ (center) and W+γ (right) simulated events.
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Figure 6.2: QCD NLO/LO k-factors as a function of the photon transverse momentum,
as they are applied to Zγ (left), W−γ (center) and W+γ (right) simulated events.

gram MATRIX [204], and two sources of uncertainty are assessed on them. One is due
to missing higher orders, and it is provided by MATRIX by means of factorization and
renormalization scale (µR and µF ) variations. The renormalization factor µR is an energy
cut-off that has to be introduced in the QCD Lagrangian in order to deal with ultraviolet
(UV) divergences that can arise in the evaluation of perturbation theory integrals. An-
other energy cut-off that has to be introduced is the factorization scale µF , representing
the resolution with which the hadrons are probed in a collision. This means that emissions
with transverse momenta above µF are included in the hard scattering cross section term,
while emissions with transverse momenta below µF are included in the PDFs term. Like
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the renormalization factor, the factorization scale is arbitrary, and the usual choice for
both parameters is to take µR = µF = Q, where Q is the energy scale of the process.
In these V + γ samples, Q =

√
(mV

T )2 + (mγ
T )2. The uncertainty due to the arbitrary

choice of µR and µF mainly affects the overall normalization of the pT distributions, and
it is estimated by independently varying µF/R by factors of 0.5 and 2 and then taking the
envelope of the 7-point variations [205]. Such uncertainty is taken into account also for all
the other MC samples used to estimate the background contribution coming from prompt
photons. The second source of uncertainty is instead assigned to account for possible
variation in the shape of the distributions, and it is estimated from the scale uncertainty
on the NNLO cross-section ∆σµ scale using [206]:

∆σµ shape =
p2
T − p2

T,0

p2
T + p2

T,0
· ∆σµ scale

where p0
T is chosen to be 850 GeV. The QCD NNLO corrections are shown in Fig. 6.2.

6.3 Results

The likelihood function in Eq. 6.6 can be reformulated to explicitely point out the
terms referring to the Wγ control regions:

L(data | µ, ~θ) =
∏
i

[
P(di|si(µ) + Σkb

k
i ) ·

∏
K=eγ,µγ

P
(
dK,i|R

Wγ
K,i (θ)N

Wγ
i + bK,i(θ)

)]
·
∏
j

N (θj),
(6.9)

where i identifies the pT -bin index, the Poisson and Gaussian distribution are respectively
represented with P and N , and di and si are the number of observed event and the
prediction for the SM Zγ yield in bin i, respectively. The sum Σbki , includes all the
backgrounds k in the i-bin. The observed number of events in the i-bin of a control region
K is dK,i, while NWγ

i is the Wγ yield sample in the i-bin of the SR. The transfer factors
evaluated in Sec. 5.4.1 are labeled with R

Wγ
K,i . Each systematic uncertainty j (as listed

in Sec. 6.2) enters the Lagrangian as a nuisance parameter θj . The per-bin yield N
Wγ
i

associated to the Wγ background contribution is also estimated from the fit.

6.3.1 The blinded analysis

When performing a physics analysis it would be easy to fall into the temptation of
exploiting the degrees of arbitrariness of the chosen methods (for example, the choice of a
fitting function) or of the applied selections in order to achieve better results, i.e. results
which are closer to what we would like to obtain. In order to avoid such bias and to ensure a
objective and robust results, the data in the signal region are never used when defining the
analysis structure, and the extraction of the cross section and the evaluation of the limits
on the aNTGCs is first performed according to the so-called blinding procedure. This
means that the likelihood fit is first performed on an Asimov dataset, which is toy data
sample constructed by generating events under the SM hypothesis µ = 1. A blind analysis
has no power in measuring the cross sections and signal strength, but it is particularly
useful to assess the impact of the related systematics and to deliver a first estimation of
the tightness of the limits on the aNTGCs, provided that the real signal is not too different
from the MC simulation. A fiducial phase space is then defined, choosing the selections
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as close as possible to those applied for defining the signal region in data:

|ηγ | < 1.4442 (EB), 1.566 < |ηγ | < 2.5 (EE),
p
γ
T > 225 GeV,

EmissT > 200 GeV,
p
γ
T

EmissT

< 1.4,

∆φ(γ, EmissT ) > 2.

The above set of fiducial selections is applied to the generated sample at the truth level.
The finite resolution and limited acceptance of the detectors, however, could reflect in
migration effects that would bring an event, passing the selections at the truth level, out
of the fiducial region once it is fully reconstructed. Therefore, for the measurement of the
fiducial cross sections, the signal expectation si in each pT -bin is constructed as:

si =
∑
j

σj · L ·Rij(~θ) + σj ·
σ
E

miss
T ,MC

j

σfid,MC
j

· L ·RE
miss
T

ij (~θ)

+ sOOA,MC
i (~θ) (6.10)

where σj is the measured cross-section for the pT -bin j (for the purpose of this analysis
only one bin is considered), L is the luminosity, and Rij is the response matrix, estimated
from simulation, that represents the probability that an event in the fiducial truth bin
j will be observed in the reco bin i. R

E
miss
T

ij is the response matrix obtained for out of
acceptance (OOA) events that fail the fiducial EmissT requirement. In this measurement,
in fact, the most significant OOA contribution (> 99%) comes from events that pass all the
fiducial selections with the sole exception of the requirement on EmissT . The corresponding
OOA cross sections σE

miss
T

j , however, cannot be measured, and therefore they are related to

σj using the ratio between σE
miss
T ,MC

j (the OOA cross section estimated in MC for events
failing the fiducial EmissT selection) and σfiducial,MC

j (the fiducial cross section estimated in
MC). The remaining OOA contributions sOOA,MC

i are treated as an additional background.

6.3.2 The expected cross section

Fig. 6.3 shows the likelihood scans of the fiducial cross section (with hZ3 and hZ4 set
to zero in Eq. 6.6), where −2∆ ln L is equal to the test statistic shown in Eq. 6.5. The
contribution of the different sources of systematic uncertainty is also highlighted, defining
four categories. The global theoretical uncertainty (labeled as theory) refers to the contri-
bution from the PDFs, αS , µR, µF , and the EWK and QCD corrections. The efficiency
term refers to the uncertainties associated to the scale factors, prefiring and pileup. The
calibration term takes into account the uncertainty on luminosity, photon energy scale
and jet and MET corrections, while all the remaining uncertainties are included in the
others category. It can be observed that the theoretical uncertainties are those providing
the smallest contribution to the estimate of the cross section, whose expected values is
measured to be 6.956+0.164

−0.154 fb in EB, and 1.741+0.073
−0.060 fb in EE. The expected fiducial cross

section, when combining the results from EB and EE, is:

σfid(fb) = 8.689+0.004
−0.008(theory)+0.141

−0.121(calibration)+0.069
−0.077(efficiency)+0.103

−0.092(others)+0.038
−0.038(stat).

The impacts of the systematic uncertainties are evaluated in order to examine the effects
that such uncertainties have on the cross section measurement. They are obtained by
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Figure 6.3: Likelihood scans of the fiducial cross section for EB (top left), EE (top right),
and combining EB+EE (bottom). The solid black line takes into account all the uncer-
tainties (statistical and systematic), while the dashed lines refer to likelihood scan in which
one or more sources of uncertainties are not considered (freezed).

shifting each nuisance parameter by its ±1σ post-fit uncertainty values, and then evaluate
the related shift in the signal strength with respect to the best-fit value. The impacts
provided by the 21 main sources of systematic uncertainties are quantified in Fig. 6.4.
The variation on the cross section produced by a ±1σ variation of the nominal value for
each systematics is shown, together with the associated pulls, defined as:

θ̂ − θ0
∆θ ,

where θ̂, θ0 and ∆θ are the best-fit value, the input value and the input uncertainty for
each source of systematic uncertainty, respectively. The uncertainty on the event yield in
each bin of the Wγ control regions, which is also fitted when minimizing the likelihood,
as explained in Sec. 6.3, is treated as an additional systematic. Given that the yields are
constrained to be non negative, their impact on the cross section is not symmetric. The
complete list of the impacts can be found in Appendix A. It can be observed that the
greatest impact is provided by the JES uncertainty, which affects the evaluation of EmissT ,
followed by the uncertainty associated to the estimation of the e → γ fake ratio and to
the photon ID scale factors.
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Figure 6.4: Impacts and pulls of the 21 main sources of systematics on the expected cross
section measured in EB (top left), EE (top right) and EB+EE (bottom).

6.3.3 The expected limits on anomalous neutral triple gauge couplings

The expected limits on aNTGCs are estimated performing 2D likelihood scans of
the anomalous coupling parameters (considering the signal parameterization described
in Sec. 6.1.2) with the same Asimov dataset used for the evaluation of the expected cross
section. The signal strength parameter is fixed at 1, while the anomalous couplings are
taken as free parameters. The 2D likelihood scans in the (hZ3 , hZ4 ) plane are shown in
Fig. 6.5, for events in EB and EE, respectively, and for the EB+EE combination. The
expected sensitivity to hZ3 , under the SM hypothesis, is obtained by setting hZ4 to zero, and
viceversa (see Fig. 6.6 and Fig. 6.7 ). The expected limits at the 95% confidence level (CL)
are shown in Tab. 6.1, where they are compared with the expected results obtained by
CMS and ATLAS at 8 TeV and 13 TeV, respectively. The expected limits extracted from
this analysis are more stringent by one order of magnitude with respect to the expected
limits in the previous CMS analysis, and by a factor that varies between around 1.4 and
2 with respect to the expected limits in the 13 TeV ATLAS analysis. The inclusion of
forward events leads to a 1-2% improvement with respect to the results obtained using
events in EB only.

6.3.4 The observed cross section and the observed limits on anomalous
neutral triple gauge couplings

After the expected cross section and the limits on the anomalous couplings were evalu-
ated, as well as the expected impacts of the systematics on the cross section measurement,
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the analysis has started a standard internal review process by the CMS Collaboration.
This procedure aims to provide all the cross checks needed in order to get the best possi-
ble unbiased, unblinded observed results. This process is currently ongoing. The observed
cross section and limits will therefore be available once the review process is finalized by
the CMS collaboration.

CMS 8 TeV ATLAS 13 TeV CMS 13 TeV
hZ3 [−1.5, 1.6] × 10−3 [−3.8, 3.8] × 10−4 [−1.818, 1.841] × 10−4

hZ4 [−4, 4.5] × 10−6 [−5.3, 5.1] × 10−7 [−3.662, 3.625] × 10−7

Table 6.1: Expected limits on the ZZγ aNTGCs hZ3 and hZ4 obtained by CMS at 13 TeV
and comparisons with the previous expected limits.

10− 8− 6− 4− 2− 0 2 4 6 8 10

)-410× (Z
3h

20−

15−

10−

5−

0

5

10

15

20

)
-7

10× (
Z 4h

0

5

10

15

20

L
 ln 

∆
-2 

0

5

10

15

20

L
 ln 

∆
-2 

SM
68.3% (area=36.79)
95% (area=64.64)
99.7% (area=98.68)
Best fit

 CMS   Run II (EB)  (13 TeV)-1138 fb

20− 15− 10− 5− 0 5 10 15 20

)-410× (Z
3h

50−

40−

30−

20−

10−

0

10

20

30

40

50

)
-7

10× (
Z 4h

0

5

10

15

20

L
 ln 

∆
-2 

0

5

10

15

20

L
 ln 

∆
-2 

SM
68.3% (area=250.87)
95% (area=436.38)
99.7% (area=661.04)
Best fit

 CMS   Run II (EE)  (13 TeV)-1138 fb

10− 8− 6− 4− 2− 0 2 4 6 8 10

)-410× (Z
3h

20−

15−

10−

5−

0

5

10

15

20

)
-7

10× (
Z 4h

0

5

10

15

20

L
 ln 

∆
-2 

0

5

10

15

20

L
 ln 

∆
-2 

SM
68.3% (area=36.05)
95% (area=63.04)
99.7% (area=95.76)
Best fit

 CMS   Run II (EB+EE)  (13 TeV)-1138 fb

Figure 6.5: 2D likelihood contours in the (hZ3 , hZ4 ) plane performed for signal events in EB
(top left), EE (top right) and for the EB+EE combination (bottom).
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Figure 6.6: Likelihood scans for the estimation of the limits on hZ3 in EB (top left), EE
(top right) and for the EB+EE combination (bottom), with hZ4 set to zero.
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Figure 6.7: Likelihood scans for the estimation of the limits on hZ4 in EB (top left), EE
(top right) and for the EB+EE combination (bottom), with hZ3 set to zero.
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Conclusions

In this thesis work, the associated production of a Z boson decaying into a neutrino-
antineutrino pair and a photon is studied. The analysis of the Z(→ νν)γ process has
crucial importance in testing the electroweak sector of the SM and in probing possible
effects of new physics by placing limits on the presence of anomalous triple neutral gauge
couplings. Moreover, when performing searches for dark matter candidates in proton-
proton collision, the SM production of Z(→ νν)γ events represents the most important
background, and a precise measurement of its cross section is therefore needed in the view
of achieving the best possible measurements when looking for dark matter signatures.
The data collected by the CMS experiment during the full Run 2 of the LHC at a center
of mass energy of 13 TeV are used, for a total luminosity of 137.6 fb−1. In addition,
this is the first time that photons detected in the forward part of the electromagnetic
calorimeter are included in a Z(→ νν)γ CMS analysis. Such improvement is possible
thanks to a dedicated algorithm developed for the rejection of beam-halo events, the
dominant contribution to the signal region when looking for a monophoton signature in the
forward region. A dedicated set of criteria specifically built and validated for this analysis
using a multivariate technique based on a boosted decision tree algorithm is implemented
to select the signal photon candidate. A data driven approach is used to estimate the major
background contribution which arises from electrons that do not leave a hit in the tracker,
and that are hence reconstructed as photons. The associated production of a W boson
and a photon provides the second highest background contribution when the W decays
leptonically but the lepton is lost or poorly reconstructed. Such contribution is estimated
using control regions built from data. The remaining, minor, sources of background are
evaluated using data-driven techniques (such as for spikes and jets faking photons), or from
simulation. The expected cross section is evaluated performing a maximum likelihood fit to
the pT distribution of the photon built from an Asimov dataset, giving σ = 8.689+0.192

−0.175 fb.
The uncertainties that mostly affect the evaluation of the cross section are those coming
from the jet energy scale, the photon ID scale factors in 2016 and the estimation of the
background due to electrons faking photons in 2016. The uncertainties on the scale factors
and on the e → γ background suffer from the limited statistics collected in the 2016 data-
taking, reflecting in a higher impact on the measurement. The expected limits on the
anomalous triple neutral gauge couplings hZ3 and hZ4 are estimated using the same Asimov
dataset, parameterizing the signal as a quadratic function of them. The expected limits
at the 95% confidence level are [−1.818, 1.841] × 10−4 for hZ3 and [−3.662, 3.625] × 10−7

for hZ4 . The inclusion of forward events provides an additional 1-2% improvement in
the limits’ estimation. The expected results provide more stringent limits by one order
of magnitude with respect to the expected limits in the previous CMS analysis, and by
a factor that varies between around 1.4 and 2 with respect to the expected limits in
the 13 TeV ATLAS analysis. Such improvements are achieved thanks both to the new
multivariate techniques employed in the analysis and to the magnified luminosity delivered
by the LHC during the Run 2. The observed cross section and limits will be available
once the review of the analysis will be finalized by the CMS collaboration. The ongoing
Run 3, and even more the High-Luminosity phase of the LHC (HL-LHC), are foreseen
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to further increase the statistics and hence to provide the most stringent limits on the
possible presence of anomalous couplings, as well as the most precise measurement of
the Z(→ νν)γ cross section. For the HL-LHC phase, the CMS experiment will undergo
a significant series of major upgrades, refurbishing the majority of its subdetectors and
installing new ones. With this perspective in mind, a part of this thesis work is also
dedicated to the studies of the perfomances of the new timing detector for minimum
ionizing particles. The final goal of these studies is to achieve the best time resolution for
vertices and tracks, providing good pileup rejection and improved particle reconstruction
even in such a high-luminosity environment, opening a new era for new physics searches as
well as for precise measurements of fundamental SM processes, such as the aforementioned
Z(→ νν)γ production studied in this work.
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Appendix A

Systematics impacts
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Figure A.1: Impacts and pulls of the systematics on the expected cross section measured
in EB.
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Figure A.2: Impacts and pulls of the systematics on the expected cross section measured
in EE.
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Figure A.3: Impacts and pulls of the systematics on the expected cross section measured
combining events in EB and EE.
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Appendix B

Photon hybrid ID

The signal and background efficiencies for the photon ID described in Sec. 5.3, the scale
factors (SFs) and the SF efficiencies are presented below, for EB and EE photons. The
distributions of the SFs as a function of the photon pT are also shown, together with the
error band used for addressing the pT systematics, as described in Sec. 5.3.
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Figure B.1: From left to right: signal efficiency evaluated in EB from MC γ +jets samples
as a function of pT for years 2016-preVFP, 2016-postVFP, 2017 and 2018.
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Figure B.2: From left to right: background efficiency evaluated in EB from MC QCD
samples as a function of pT for years 2016-preVFP, 2016-postVFP, 2017 and 2018.
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Figure B.3: From left to right: signal efficiency evaluated in EE from MC γ +jets samples
as a function of pT for years 2016-preVFP, 2016-postVFP, 2017 and 2018.
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Figure B.4: From left to right: background efficiency evaluated in EE from MC QCD
samples as a function of pT for years 2016-preVFP, 2016-postVFP, 2017 and 2018.
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Figure B.5: Photon ID scale factors to correct for differences between data and MC in the
estimation of the ID efficiency in 2016 (left), 2017 (center) and 2018 (right).
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Figure B.6: Photon ID efficiencies in data as a function of η (top) and pT (bottom), for
the 2016 year, in EB (left) and EE (center and right). The ratio between the data and
the MC efficiencies is also shown in the bottom panel of each plot.
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Figure B.7: Photon ID efficiencies in data as a function of η (top) and pT (bottom), for
the 2017 year, in EB (left) and EE (center and right). The ratio between the data and
the MC efficiencies is also shown in the bottom panel of each plot.
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Figure B.8: Photon ID efficiencies in data as a function of η (top) and pT (bottom), for
the 2018 year, in EB (left) and EE (center and right). The ratio between the data and
the MC efficiencies is also shown in the bottom panel of each plot.

123



Scale factors pT systematics

200 300 400 500 600 700
T

Photon p

0.88

0.9

0.92

0.94

0.96

0.98

1

1.02

1.04

1.06

S
ca

le
 F

ac
to

rs

 < -0.6η-1.4442 < 
 / ndf 2χ  4.714 / 3

p0        0.04035± 0.971 

p1        0.0001327±05 − 1.192e

 < -0.6η-1.4442 < 

200 300 400 500 600 700
T

Photon p

0.9

0.95

1

1.05

1.1

1.15

S
ca

le
 F

ac
to

rs

 < 0η-0.6 < 
 / ndf 2χ  11.12 / 3

p0        0.0377± 0.986 
p1        0.000124±05 − 5.702e

 < 0η-0.6 < 

200 300 400 500 600 700
T

Photon p

0.9

0.92

0.94

0.96

0.98

1

1.02

1.04

1.06

1.08

S
ca

le
 F

ac
to

rs

 < 0.6η0 < 
 / ndf 2χ  2.684 / 3

p0        0.03845± 0.943 

p1        0.0001258±05 − 7.748e

 < 0.6η0 < 

200 300 400 500 600 700
T

Photon p

0.88

0.9

0.92

0.94

0.96

0.98

1

1.02

S
ca

le
 F

ac
to

rs

 < 1.4442η0.6 < 
 / ndf 2χ  0.6636 / 3

p0        0.03924± 0.9651 
p1        0.0001281±06 − 3.7e

 < 1.4442η0.6 < 

250 300 350 400 450 500 550
T

Photon p

0.96

0.98

1

1.02

1.04

1.06

1.08

S
ca

le
 F

ac
to

rs

 < -1.566η-2.5 < 
 / ndf 2χ  1.872 / 1

p0        0.04344± 1.014 

p1        0.0001176±06 − 7.193e

 < -1.566η-2.5 < 

250 300 350 400 450 500 550
T

Photon p

0.9

0.92

0.94

0.96

0.98

1

1.02

S
ca

le
 F

ac
to

rs

 < 2.5η1.566 < 
 / ndf 2χ  2.078 / 1

p0        0.0451± 0.9394 

p1        0.0001239±05 − 9.705e

 < 2.5η1.566 < 

Figure B.9: Fit of the scale factors distribution as a function of pT for 2016.
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Figure B.10: Fit of the scale factors distribution as a function of pT for 2017.
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Figure B.11: Fit of the scale factors distribution as a function of pT for 2018.
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Figure B.12: Additional pT -systematics estimated for 2016. The error band is obtained
from the 68% limit on the gradient of the SFs linear fit.
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Figure B.13: Additional pT -systematics estimated for 2017. The error band is obtained
from the 68% limit on the gradient of the SFs linear fit.
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Figure B.14: Additional pT -systematics estimated for 2018. The error band is obtained
from the 68% limit on the gradient of the SFs linear fit.
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Appendix C

BDT shape corrections

The data-MC comparisons of the BDT score and of the related CDF are shown, for
Z → e−e+ and γ+jets events, before and after the corrections. In each figure, the BDT
score is shown in the top distributions, while the CDF is shown in the bottom ones. The
first four left plots (2 top and 2 bottom plots) refer to EB events, while the four on the
right refer to EE events.

Figure C.1: Data-MC comparison of the BDT score and CDF in γ + jets events for 2016,
before (left) and after (right) the application of quantile-quantile corrections.

Figure C.2: Data-MC comparison of the BDT score and CDF in γ + jets events for 2017,
before (left) and after (right) the application of quantile-quantile corrections.

127



Figure C.3: Data-MC comparison of the BDT score and CDF in γ + jets events for 2018,
before (left) and after (right) the application of quantile-quantile corrections.

Figure C.4: Data-MC comparison of the BDT score and CDF in Z → e−e+ + jets events
for 2016, before (left) and after (right) the application of quantile-quantile corrections.

Figure C.5: Data-MC comparison of the BDT score and CDF in Z → e−e+ + jets events
for 2017, before (left) and after (right) the application of quantile-quantile corrections.
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Figure C.6: Data-MC comparison of the BDT score and CDF in Z → e−e+ + jets events
for 2018, before (left) and after (right) the application of quantile-quantile corrections.
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