A\‘ (I T ETP-KA/2024-10

Karlsruher Institut fur Technologie

Searches for the rare tWZ and tW~
processes at the LHC using machine
learning techniques

Zur Erlangung des akademischen Grades eines
DOKTORS DER NATURWISSENSCHAFTEN (Dr. rer. nat.)

von der KIT-Fakultat fir Physik des
Karlsruher Instituts fir Technologie (KIT)
angenommene

DISSERTATION
von

M.Sc. Michele Mormile

Tag der mindlichen Prifung: 10. Januar 2025

Referent: Prof. Dr. Ulrich Husemann
Koreferentin: Prof. Dr. Abideh Jafari

KIT — The Research University in the Helmholtz Association WWW.kit.Edu



This work is licensed under a Creative Commons “Attribution-
NonCommercial 4.0 International” license.

@D O®



https://creativecommons.org/licenses/by-nc/4.0/deed.en
https://creativecommons.org/licenses/by-nc/4.0/deed.en
https://creativecommons.org/licenses/by-nc/4.0/deed.en

Contents

Introduction

1

The Standard Model of particle physics]

1.1 The Standard Modell . . . . . ... ... ..

1.2 The Lagrangian formalism of the Standard Modell. . . . . . ... ... ...

1.3 Quantum electrodynamics| . . . . ... ...

1.4  The electroweak interaction . . . . .. .. .

1.5 The Higgs mechanism| . . . ... ... ...

1.6 Quantum chromodynamics| . . . ... ...

1.7 Feynman diagrams and perturbation theory]

1.8 Renormalization . . ... ..........
1.9 Proton-proton collisions at the LHC| . . . .

1.9.1 Factorization . . . . ... ... ...

1.9.2 Parton showering|. . . . .. ... ..

1.9.3 Hadronization/. . . . . . .. ... ..
[1.10 The top quark] . . .. ... ... ......

Modeling of the tWZ and tW ~ processes

2.1 Overlap Removal| . . . . ... ... .....
2.2 tWZ modeling . ... ............
2.2.1 Fixed Order predictions| . . . . . . .
2.2.2  NLOPS predictions|. . . . . ... ..
2.3 tWymodeling . ...............
2.3.1 Fixed Order predictions| . . . . . ..
2.3.2  NLOPS predictions|. . . . . ... ..

Statistical methods and multivariate techniques|

3.1 The statistical model . . . . . . .. ... ..

3.1.1 Likelihood scan for uncertainties| . .

3.1.2  Significance] . . ... ..o
3.1.3  Saturated goodness of fit test| . . . .
3.1.4  Upper limits with the CLg technique]
3.2 Machine Learning|. . . . . . ... ... ...
3.2.1 Deep Neural Networks| . . . . . . ..

Training of a neural network| . . . .

11
12
13
16
16
18
18
18

21
23
26
26
27
28
31
32

35
35
37
38
39
39
40
40
43

iii



3.2.2  Graph Neural Networks| . . . . .. ... ... ... ... ... .... 44

Transformer Convolutional layers| . . . . . ... ... ... ... ... 45

4 The CMS experiment| 49
4.1 The Large Hadron Collider| . . . . ... ... ... ... .. ......... 49
4.2 The Compact Muon Solenoid| . . . . . ... .. ... ... ... ... .... 52
4.2.1 The subdetector systems of the CMS experiment| . . . . . . .. ... 53

4.3 Event reconstruction| . . . . . . ... Lo Lo 57
4.3.1  Detector simulation] . . . . ... ... ... ... ... .. ... 60

5 First evidence for the production of the tWZ process| 61
5.1 TIntroduction|. . . . . . . .. ... 61
5.2 Analysis overview|. . . . . . . ... L 63
5.2.1 Signal simulation| . . . . ... ... L o L 63
5.2.2  Trigger selection| . . . . . . ... ... ... o 64
5.2.3  Objects reconstruction and identification|. . . . . . ... ... .. .. 64
5.2.4  Top quark reconstruction| . . . .. . ... ... oL 67
5.2.5 Background processes| . . . . . ... ... 68

5.3 Signal and control regions| . . . . . . . ... o L 72
................................... 72
................................... 7
.................................... 79
5.3.4 Controlregions| . . . . . . ... ... Lo o 80

5.4 DNN for boosted leptonic top tagging] . . . . . ... ... ... ... .... 80
5.4.1 Validation of the taggers|. . . . . .. ... ... .. ... ... ... . 86

5.5 Corrections and systematic uncertainties/ . . . . . . ... ... ... ... 89
5.5.1 Experimental corrections| . . . . ... ... ... ... .. 89
5.5.2  Theoretical corrections|. . . . . . ... ... ... L. 91
....................................... 92
|6 Search for the tW~ process| 97
6.1 TIntroduction]. . . . . . . . . .. 97
6.2 Analysis overview|. . . . . . ... 98
6.2.1 Simulation of the tW~ and ¢ty samples . . . ... .......... 98
6.2.2  Trigger selection| . . . . . ... ... ... .. oo 99
6.2.3  Object reconstruction and identification| . . . . . . . ... ... 99
6.2.4 Background processes| . . . . ... ..o 101

6.3 Signal and control regions| . . . . . .. ... Lo 102
6.3.1 Baseline selection|. . . . . . .. .. ... L Lo 103
6.3.2 Control regions| . . . . . . .. ... L 103
6.3.3 Signalregions . . . . ... ... ... ... 105
6.3.4  Nonprompt photon control region| . . . . ... ... ... .. ... .. 106

6.4 Graph Neural Network for the discrimination of tW~y and tty] . . . . . . . . 107
6.4.1 Graph structure and input features/. . . . . ... ... ..o L. 107

iv



6.4.2 GNN architecturel . . . . . . . . . . . . ... 109

6.4.3 Training and testing] . . . . . . .. ... o 110

6.5 Corrections and systematic uncertainties| . . . . . .. ... ... 115
6.6 Resultsl. . . . .. . . 117
'Summary and conclusions| 123
Bibliography 127

Appendix 141

A" Reconstruction of the longitudinal momentum of neutrinos arising in the |

decays of top quarks|

B Validation of the input features of the leptonic boosted top-tagger|
|IC  Saturated GoF results for the validation of the input variables to the GNN| 149







Introduction

Established through decades of experimental discoveries and ultimately developed in its
current form in the 1970s, the Standard Model of particle physics (SM) is the widely
accepted theory which describes the universe at the microscopical level. The SM explains
the behavior of elementary particles, the fundamental constituents of matter, and three
of the interactions between them: the electromagnetic, weak, and strong forces. The
gravitational force, whose effects are negligible at the microscopical scale, is not included
in the SM.

The SM has been extensively tested in the years, and all its predictions have been confirmed
by experiments; the most recent one being the discovery of the Higgs boson in 2012 by
the ATLAS and CMS collaborations at the Large Hadron Collider (LHC) at CERN in
Geneva, Switzerland. The history of experimental discoveries anticipated by theoretical
predictions in particle physics is a rich and fruitful one, which dates back to the discovery
of the positron by Anderson in 1932 , which was predicted by Dirac in 1928 .

While the SM is an extremely successful theory, it is known today to be incomplete. In
addition to it not describing the gravitational interaction, the SM also does not include
explanations for the origin of dark matter and the imbalance between matter and antimatter
in the universe, among other phenomena. At the LHC, the SM is tested in several
complementary ways, which include the direct search of new particles and processes that
are not included in the theory, and the precise measurement of known processes to test the
SM predictions. An additional way to test the SM is to search for rare processes that are
predicted by the theory, but have not been observed yet. This is the case for the associated
production of a single top quark with a W boson and an additional photon (tW+) or Z
boson (tWZ), whose first searches, and resulting first evidence, are presented in this thesis

work.

The tW~ and tWZ processes share many similar characteristics, the most important
of which is their overlap at Feynman diagram level with the tty and ttZ processes at
Next-To-Leading Order (NLO) in Quantum chromodynamics (QCD) perturbation theory.
This overlap causes the perturbative calculation of the tW+~ and tWZ processes not to be

reliable, unless it is treated with dedicated techniques called overlap removal.

On the experimental level, the higher production cross sections of the tty and ttZ processes
compared to the tW~ and tWZ processes, and the similar final state topology, make the

separation of the signal from the background a challenging task. The approach used in this



thesis consists in developing dedicated Machine Learning (ML) algorithms to discriminate
the signal from the background, and employ the output of these algorithms to perform
a maximum likelihood fit of the simulated signal and background events to the data, in

order to extract the statistical significance of the signal.

This thesis is organized as follows. Chapter |1 presents the theoretical framework of the SM,
and it describes the properties of the top quark. Chapter 2| describes the studies performed
in the context of this thesis work in order to determine a reliable modeling of the tW~y
and tWZ processes. Particularly, it describes in detail the techniques used to remove the
overlap between the tty and ttZ processes and the tW+~ and tWZ processes. Additionally,

studies on the agreement between two of the overlap removal schemes are presented.

Chapter 3| is divided in two main parts. Section describes the statistical model used
to perform the maximum likelihood fit from which the significance is extracted for both
the tW~ and tWZ processes. It additionally describes the saturated goodness-of-fit tests
performed to validate the input features to the ML algorithms used in the search for the
tW~ process. Section describes ML, and the ML algorithms used in both the searches
presented in this thesis work. This section also provides an introduction to Graph Neural
Networks (GNN), which is the ML algorithm used in the search for the tW+ process.

Chapter |4/ describes the LHC and the CMS experiment, which is the experiment where the
data used in this thesis work was collected. It also describes how particles are reconstructed

and identified in the CMS detector, and how their properties are measured.

Finally, Chapter [5] and Chapter [6] present the first searches and first evidence for tWZ and
tW~ production, respectively. The analysis were performed using data collected by the

CMS experiment in 2016, 2017, and 2018, corresponding to an integrated luminosity of
138 fb 1.

Lastly, a summary of the results and some concluding remarks are presented, together with
an outlook on future studies that can be performed in the context of the tW~ and tWZ

processes.



1 The Standard Model of particle physics

This chapter provides an overview of the Standard Model of particle physics (SM), which
is the theoretical framework that describes the fundamental particles and their interactions.
The SM is a quantum field theory (QFT) based on the principles of quantum mechanics
and special relativity. The theory has been developed over the course of the 20th century
in order to account for the experimental evidence coming from numerous experiments. It
has made a number of predictions that have been confirmed by experiments, the latest
one being the discovery of the Higgs boson by the CMS and ATLAS experiments at the
LHC in 2012 , . Although the SM is a very successful theory, which has still not been
contradicted by any experimental evidence, it is not a complete theory of particle physics.
It does not include a description of gravitational interaction, and it does not account for
the existence of dark matter, which make up most of the matter in the universe [5]. The
SM also does not include a source of CP violation large enough to justify the asymmetry

between baryonic and antibaryonic matter in the universe.

This chapter is structured as follows: Section provides an overview of the particles and
interactions considered by the SM, with the Lagrangian formalism of the theory described
in Section Sections to detail the quantum field theories that describe the
interactions of the SM. Sections and introduce Feynman diagrams, which are a
graphical representation of the interactions between particles in a perturbative approach,
and the renormalization procedure, which is used to remove the divergences that arise
in perturbative calculations. Section describes hadronic collisions and how they are
modelled. Finally, Section provides an overview of the top quark, the heaviest known
elementary particle, which is central in the discussion of the analyses presented in this

thesis.

The units used in this chapter and throughout this thesis are natural units, for which
h = c = 1. Moreover, the Einstein summation convention is used, where repeated indices

are summed over.

The discussions in this chapter are inspired by Refs. [6H9].



Table 1.1: Properties of the quarks in the Standard Model, from Ref. .
Quark Quark type Electric charge (e Mass (GeV)

up up +2 (2.16 + 0.07) -10°
down down —é (4.70 + 0.07) 10
charm up +3 1.2730 + 0.0046
strange own —3 . .8) <10~
d % 93.5 + 0.8) -10~°
top up +§ 172.57 £+ 0.29
bottom down -3 4.183 + 0.007

Table 1.2: Properties of the leptons in the Standard Model, from Ref. .

Lepton Electric charge (e) Mass (MeV)
electron neutrino 0 <8-107"
electron -1 0.511
muon neutrino 0 <g8-107*
muon -1 105.7
tau neutrino 0 <8-107*
tau -1 1776.93 £+ 0.09

1.1 The Standard Model

The SM is the established QFT that describes elementary particle physics and their inter-
actions. The interactions considered by the SM are the strong, weak, and electromagnetic
interactions. The fourth fundamental force of nature, gravity, is not included in the SM, as

it is not yet described by a quantum field theory.

All the particles included in the model can be categorized into fermions and bosons,
according to their spin. Fermions are particles with half-integer spin which obey the
Fermi-Dirac statistics , and the Pauli exclusion principle: two fermions cannot
occupy the same quantum state. Bosons, on the other hand, have integer spin and follow
the Bose-Einstein statistics : any number of bosons can occupy the same quantum

state.

Fermions make up the ordinary matter of the universe and all elementary fermions carry a
spin of 1/2. They are further divided according to the interactions they experience. Quarks
are fermions which interact through all the fundamental forces of the SM and are always
collected in bound states called hadrons. They are divided in up-type and down-type
quarks, according to their electric charge. The properties of quarks are shown in Table
Leptons are fermions that do not experience the strong force, they are divided in charged
leptons, which interact through the electromagnetic and weak forces, and neutrinos, which
only interact through the weak force. Neutrinos are assumed to be massless in the SM,
but experimental evidence coming from neutrino oscillation experiments has shown that
neutrinos must have a mass, although it is very small . The properties of the leptons
are shown in Table[1.2] For each fermion, there is a corresponding antiparticle with the

same mass and opposite charge.



Table 1.3: Properties of the mediator bosons in the Standard Model, from Ref. .

Boson Elecric charge (e) Mass (GeV)
photon 0 0
gluon 0 0
w* +1 80.37 + 0.01 GeV
Z 0 91.188 4+ 0.002 GeV

Fermions come in three generations, each containing an up-type quark, a down-type quark,
a charged lepton, and a neutrino. The generations are different in terms of the mass of
the particles, as they become heavier with each generation. The other characteristics of

fermions are essentially the same for all generations.

Mediator bosons are the carriers of the fundamental forces of the SM and are responsible
for the interactions between the fermions. All mediator bosons are spin-1 particles. The
photon is the carrier of the electromagnetic force, it is massless and does not have electric
charge. The gluon is the carrier of the strong force; it is massless and carries color charge,
it can therefore interact with itself. The SM includes eight gluons, corresponding to the
eight possible combinations of color charge. The W= and Z bosons are the carriers of the
weak force, they are the only massive interaction carriers in the SM. The W* bosons are
charged and are the only bosons known to change the flavor of a fermion. The Z boson is
neutral. The properties of the bosons are shown in Table

The last particle of the SM is the Higgs boson, discovered in 2012 by the ATLAS and CMS
collaborations at the Large Hadron Collider (LHC). It is the only scalar boson in the SM,
as it have a spin of 0. The Higgs boson has been predicted to exist as it arises from the

Higgs mechanism, which is responsible for the generation of the masses of the W and Z
bosons 16]. Ref. reports the mass of the Higgs boson as 125.20 £+ 0.11 GeV.

1.2 The Lagrangian formalism of the Standard Model

The particles considered in the SM are treated as quantum fields v (z), where the x are
the four spacetime coordinates. The properties of the fields are described through the
Lagrangian density £, which is a function of the fields and their gradients. The Euler-

Lagrange equations are used to derive the dynamics of the fields from the Lagrangian

oL oL
oy o (a@w) =0 -

The Lagrangian density that describes a free fermion field is given by the Dirac Lagrangian:

density:

LDirac = “ZW”QM - mlﬂ‘b ) (12)

where 9 is the adjoint of the field ¢: ¢ = z/JT’yO and m is the mass of the fermion. The
~* are the Dirac matrices, first introduced by Dirac in 1928 , together with the Dirac
equation. The Dirac equation is obtained by evaluating Eq. (1.1) for Eq. (1.2). The first



term on the right-hand side can be interpreted as the kinetic term of the fermion field,

while the second term represents its mass.

The interaction between fermions is described as the exchange of mediator bosons. They
are introduced in the Lagrangian density through the gauge principle, which states that
the Lagrangian must be invariant under local gauge transformations. The SM is therefore
a local gauge theory. Quantum electrodynamics (QED) is described in the next section as

an example of a local gauge theory.

1.3 Quantum electrodynamics

Quantum electrodynamics (QED) is the quantum field theory that describes the elec-
tromagnetic interaction. It is based on the premise that the Lagrangian density of the
theory must be invariant under a local U(1) gauge transformation. U(1) is the group of
all complex numbers with absolute value 1 and a local transformation is a transformation

that depends on the spacetime coordinates.

The U(1) group is responsible for the transformation:
W(x) = ¢ (z) = e““@i(a) (1.3)

where ¢ is the charge of the fermion field and «(x) is a scalar function of the spacetime
coordinates. For the gauge principle, a new field A, needs to be introduced in order to
keep the Lagrangian density invariant. The new field has to transform under the action of
the U(1) group as:

A — A =AY — 9Ma(x) . (1.4)

The field A, is identified as the electromagnetic vector potential, which respects the Maxwell

equations:
2"9,A" =0. (1.5)

The corresponding Lagrangian density for the electromagnetic field is:

L
‘CEM = _ZFM F/“’ 5 (16)

where F" = 9" A” — 3" A" is the electromagnetic field strength tensor, which describes

the electromagnetic field in the spacetime coordinates.

It is possible to define a gauge invariant Lagrangian density for QED by replacing the

partial derivative in the Dirac Lagrangian with the covariant derivative, defined as:

D, =9, —1iqA, . (1.7)

The QED Lagrangian density is then:

. o 1
'CQED = Zwryua;ﬂzz) - m¢¢ - qqﬁ’yﬂA;ﬂb - EFH F;UJ . (18)



The third term on the right-hand side of Eq. represents the interaction between the
fermion field and the electromagnetic field. The charge ¢ of the fermion field corresponds to
the strength of the coupling between the fermion and the electromagnetic field. According
to Noether’s theorem , the invariance of the Lagrangian density under a global U(1)

transformation implies the conservation of the electric charge.

1.4 The electroweak interaction

A first approach to describe the weak interaction was given by Fermi in 1934 , who
proposed a four-fermion contact interaction to describe the beta decay of the neutron.
This theory was successful in describing the weak interaction at low energies and is today
seen as a low-energy approximation of the electroweak theory. Among the first proposals
of a unified electroweak theory was the one by Schwinger in 1957 [19], who envisioned
the electroweak interaction as mediated by three bosons, one of which being the photon
mediating the neutral weak interaction and two W= bosons mediating the charged weak
interaction, which changes the flavor of the fermions. This theory fell short of explaining
parity violation in the weak interaction, which was observed by Wu in 1957 . More
experimental evidence then proved that the weak charged current maximally violates parity,

i.e., it only couples to left-handed fermionic chiral states and right-handed antifermionic

chiral states .

Chirality is a property of the fermions that is described using the chirality operator
75 = i70717273. The left-handed and right-handed chiral states are the eigenstates of the
chirality operator with eigenvalues —1 and +1, respectively. These can be obtained by
projecting the fermion field onto the left-handed and right-handed chiral states using the

projection operators

1 1
PL=5(1 —~%) and Pp= 50 +7°) . (1.9)

The accepted electroweak unification theory was described by the Glashow-Salam-Weinberg
(GSW) model [22H24], which is a local gauge theory based on the SU(2);, x U(1)y group.
The L subscript in SU(2);, stands for left-handed, as the weak interaction only couples
to left-handed fermions, while the Y subscript in U(1)y stands for hypercharge, which
is a combination of the weak isospin T and the electric charge. The weak isospin is the
quantity that is conserved under the weak interaction. Left-handed up-type quarks (U)
and charged leptons () are grouped into weak isospin doublets with the down-type quark

(D) and the neutrino (1) of the same generation:

<DU,> and <£W> , (1.10)
L L

where D' is a linear combination of the down-type quarks through the Cabibbo-Kobayashi-
Maskawa (CKM) matrix [25].



The doublets have a weak isospin of 1/2, with the up-type quark and the neutrino having a
value of the third component of the weak isospin 73 = +1/2 and the down-type quark and
the charged lepton having T3 = —1/2. Right-handed fermions are weak isospin singlets, as

they do not interact through the weak force.
(1.11)

The weak hypercharge Y is defined as:
Y = Q(Q - T3) )

where () is the electric charge of the fermion. The weak hypercharge of the left-handed
doublets is Y = —1 and the weak hypercharge of the right-handed singlets is Y = —2.

By repeating the procedure of Section it is possible to introduce four new bosons in
the Lagrangian density of the electroweak theory. From the U(1)y group, a new field B,

is introduced in the Lagrangian density in exactly the same way as the electromagnetic
vector potential A, was introduced in QED, with the difference that the electric charge ¢

is replaced by g/%, where ¢’ is a new coupling constant.
The SU(2), group is responsible for the gauge transformation of the weak isospin doublets
(1.12)

olz) ,l/}L )

VST

(%
P, = Y, =€
where g is the weak coupling constant, & are the three Pauli matrices, and @(x) is a vector

function of the spacetime coordinates.
To respect the gauge principle, three new fields VT/LQ’g need to be introduced in the
(1.13)

Lagrangian density, which transform under the action of the SU(2);, group as:
W’ff — W/M = W[ff — auak — gswkalﬂ/jﬂ N

where €, is the Levi-Civita tensor and 4, j, k = 1,2,3. The Levi-Civita tensor appears as
a consequence of the non-abelian nature of the SU(2) group, i.e., the sigma matrices do

not commute with each other.
The interaction between the fermions and the W 55 bosons is then described by the
(1.14)

Lagrangian density:
_ o -

Lyw = —QIZ)LV#E WL,
obtained by replacing the partial derivative in the Dirac Lagrangian with the covariant

derivative D,, = 0, — ig% . Wu'
From Eq. (1.14), the physical W* bosons can be identified as the linear combinations of
1 ‘
(Wlﬂ F ZW2N) . (115)

the W, 5 bosons:
Wi =
: 2



The remaining physical bosons are the Z boson and the photon, which are the linear
combinations of the B,, and W5, bosons:

A, = B, cosbty + Wy, sinfy, (1.16)

Z,, = =B, sinOy + Ws, cos Oy , (1.17)

where 0y, is the weak mixing angle. To reproduce the observed couplings of QED, the
weak mixing angle is defined as:

cos Oy = 9 and sin Oy = (1.18)

g2 +gl2 92 +912

At the time the GSW model was proposed, the existence of weak neutral currents was
not yet observed. The first evidence of the weak neutral currents was provided by the
Gargamelle experiment at CERN in 1973 , which also measured for the first time the

weak mixing angle.

Massive spin-1 need to respect the Proca equations, which are the generalization of the
Maxwell equations for massive fields. The corresponding Lagrangian density for a massive

vector field is:
1 v i i1 i
Loroe = —1(8“Wi — "W (0, W, — 0,W,) + §m2Wi"WM , (1.19)

where m is the mass of the vector boson and the index ¢ runs over the three components of
the vector boson. The first term on the right hand side of Eq. is the kinetic term of
the vector boson, while the second term is the mass term. Both terms are not invariant
under local gauge transformations. The kinetic term can be made invariant by introducing

additional terms in the Lagrangian:

1 1 5
ﬁint = igWEijk(auwiy - aVWiM)WqukV - ZgwgijkgimnWjHngWmuWny . (120)
The terms in Eq. (1.20) are the trilinear and quadrilinear self-interaction terms of the

vector bosons, which causes the weak bosons to interact with each other.

A similar approach is not possible for the mass term, which therefore breaks the gauge
invariance of the Lagrangian. The solution to this issue is the incorporation of the Higgs
mechanism in the SM, which is responsible for the generation of the masses of the W and

Z bosons, and justifies the introduction of the 8y, mixing angle in the electroweak theory.

1.5 The Higgs mechanism

The Higgs mechanism is the mechanism of spontaneous gauge symmetry breaking that

generates the masses of the W* and Z bosons in the SM. It is based on the introduction



Figure 1.1: Shape of the Higgs potential for ,u2 < 0, from Ref. || The ball rolled down to
one minimum of the infinitely many on the circle in the ¢35 — ¢, plane of the
potential represents the spontaneous symmetry breaking.

of two complex scalar fields placed in a weak isospin doublet:

(6T 1 (¢ +id
v <¢°> V2 <¢3+z‘¢4> ' (20

The Lagrangian density of the Higgs field is:

[’Higgs = (D#(I))T(Duq)) - V((I))

(1.22)
= (D"®)'(D,®) — *d'® + A(@TP)?
where D, is the covariant derivative of the SU(2);, x U(1)y group:
.G = Y
D, =9, - 95 W, — ZgIEB“ . (1.23)

Figure shows the shape of the Higgs potential V(¢) in the ¢35 — ¢4 plane with uQ <0.
The potential is originally symmetrical, and therefore gauge invariant, but the system is in

an unstable equilibrium.

A small perturbation can cause the system to fall into any of the degenerate minima of the

potential, breaking the gauge symmetry. The minima are defined by:

2 2
Y
o= o (1.24)

and the Higgs field is said to have a non-zero vacuum expectation value (VEV) v. Without

any loss of generality, the Higgs field can be expanded around the minimum of the potential:

_ 1 [ o +ig
2= (U o i¢4> . (1.25)

10



Via a convenient choice of the gauge, the Higgs field can be written as:

1 0
o- L <v ! h) | (1.26)

where h represents the physical Higgs boson.

By substituting Eq. (1.26) into Eq. (1.22) and expanding the covariant derivative, the mass

terms of the W™ and Z bosons can be obtained as:

1 1
myy = 51}9 and my = 51}\/92 —i—g/2 = W (1.27)

cos Oy

This result links together the masses of the W+ and Z bosons, and the weak mixing angle
fy-. Additionally, the Higgs mechanism produces terms which represent the interaction
between the Higgs boson and the W* and Z bosons, as well as the trilinear and quadrilinear

self-interaction terms, and the mass term, of the Higgs boson.

Finally, the mass term of the Dirac Lagrangian for fermions

mypy = m(Yrbg + Vrvr) (1.28)

is not invariant under a local SU(2); x U(1)y gauge transformation, because of the different
transformation properties of the left-handed and right-handed components. Weinberg’s
solution to this issue is the introduction of a Yukawa interaction of the fermionic
field and the Higgs field:

Lyukawa = \}if(l/_fL(I’%bR + YrPYy) (1.29)

where f is the Yukawa coupling constant. The Yukawa interaction generates the masses of
the fermions, which are proportional to the Yukawa coupling constant and the VEV of
the Higgs field: m; = % fv. The same lagragian density also accounts for the interaction
between the Higgs boson and the fermions, the strength of which is proportional to the

Yukawa coupling constant, and therefore to the mass of the fermion.

Lastly, it should be noticed that Eq. (1.22) only accounts for the masses of the fermions in
the lower element of the isospin doublets, given the representation chosen for the Higgs field.
The masses of the fermions in the upper element of the doublet are generated by means

of an equivalent Yukawa interaction with the replacement of ¢ with its charge conjugate

doublet
h
b = —ioyd* = (”J(; > . (1.30)

1.6 Quantum chromodynamics

Quantum chromodynamics (QCD) is the quantum field theory that describes the strong

interaction. The strong interaction is responsible for the interactions between quarks, and

11



their confinement into hadrons. It also binds together the protons and neutrons in the

atomic nuclei.

QCD is a local gauge theory based on the SU(3) group: the group of all 3 x 3 unitary
matrices with determinant 1. It can be introduced in the same way of QED, by starting
from considering the transformation of the quark fields under the action of the SU(3)
group:

U(@) = ¥/ (@) = 9 F Ay () (131

where g, is the strong coupling constant, A; are the eight Gell-Mann matrices , and
a;(z) are eight functions of the spacetime coordinates. Since the Gell-Mann matrices are
3 x 3 matrices, the quark fields need to be considered as three-component vectors, where
all the elements of one vector have the same quark composition but different color charge.

Color (green, red, blue) is the charge of the strong interaction.

Eight new fields GL, representing the gluons, are introduced in the definition of the covariant

derivative to ensure the gauge invariance of the Dirac Lagrangian density:

DV
D,=0,— zgséGiL . (1.32)
The gluon fields need to transform under the action of the SU(3) group as:
G, — G, =G, —0,0; — gsfijr;G, (1.33)

where f;;), are the structure constants of the SU(3) group. As for the Levi-Civita symbols
in Eq. , the f;;; appear as a consequence of the non-abelian nature of the SU(3)
group.

For the same reason, the kinetic term of the gluons in the Lagrangian density needs to
be added together with self-interaction terms in order to respect the gauge invariance of
the theory, in complete analogy to what is done in Eq. . The self-interaction terms

include trilinear and quadrilinear couplings of the gluon fields with each other.

1.7 Feynman diagrams and perturbation theory

The results of particle physics are usually expressed in terms of decay rates and cross
sections, which represent the probability of a certain transition between fields to occur.
The transition rate I'¢; from an initial state 7 to a final state f is calculated using Fermi’s

golden rule

Ty = 2Tyl p(Ey), (1.34)

where p(Ey) is the density of states for the final state at energy E, and T, is the transition
matrix element between the initial and final states. The transition matrix element can be
calculated using a perturbative method, where the interaction between the fields is treated

as a perturbation to the free fields:

_ <f“cint ’j><]|‘cmt‘l>
Ty = ; B -, +..0, (1.35)
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Figure 1.2: Feynman diagram representing the transition from a pair of up quark and
anti-quark to a pair of top quark and anti-quark through the exchange of a
gluon.

where Ly, is the Lagrangian density of the interaction between the fields, and E; and E;

are the energies of the initial and final states, respectively.

Eq. (1.35) represents a transition between two states through an intermediate state j,
and is defined as Leading Order (LO). In general, it is necessary to consider all possible
intermediate states to calculate the transition matrix element, as this is the only way to
ensure that the T, is gauge invariant. Taking only the LO contribution as TY; yields
an error of the order of the squared coupling constant of the interaction. Higher order
contributions can be calculated by considering more intermediate states in the transition
matrix element, and are defined as Next-to-Leading Order (NLO), Next-to-Next-to-Leading
Order (NNLO), and so on.

The transition matrix elements are usually calculated using Feynman diagrams , which
are graphical representations of the terms in Eq. . An example of a Feynman diagram
is given in Figure which represents the transition from an initial state of a pair of up
quark and anti-quark to a final state of a pair of top quark and anti-quark through the

exchange of a gluon. This transition is made possible by the term

T A i
Ling = gs¢7“§Gu¢7 (136)

of the QCD Lagrangian density, which couples the quark fields to the gluon fields.

1.8 Renormalization

Renormalization is the process of removing the unphysical divergences that appear in the
perturbative calculations of the transition matrix elements. This section describes the
renormalization of interaction vertices. A further discussion, in addition to the description
of renormalization for the masses of particles, and for fermionic fields can be found in
Ref. [9]. The origin of the divergences can be understood looking at the diagram shown
in Figure[1.3] which represents a possible diagram for the scattering of an electron and a
positron. The process proceeds through the exchange of a photon, which creates a loop
of a virtual electron-positron pair. The loop enters the perturbative calculation of the
transition matrix as an integral over the momentum of the virtual particles in the loop,

which is a divergent quantity.

Renormalizing the theory consists in absorbing the loops of the Feynman diagrams into

the definition of the coupling constant of the theory, in this case the electric charge e. The

13
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Figure 1.3: Feynman diagram representing the scattering of an electron and a positron
proceeding through the exchange of a virtual photon which creates a virtual
electron-positron pair.

treatment consists in considering the electric charge e(q2) as a function of the momentum
q of the exchanged photon, i.e., a running coupling constant. Intuitively, this dependency
can be understood by considering a free electron as always surrounded by a cloud of virtual
fermion-antifermion pairs which screen the bare charge of the electron. The electric charge
of the electron can be measured through its interaction with a photon. The higher the
energy of the photon, the shorter the distance it can penetrate the cloud of virtual pairs,

effectively interacting with a higher net charge.

The running of the coupling constant is usually stated in terms of o = ¢’ /4w, which for
QED is the fine structure constant. The variation of o with the energy scale is described by
the equation of the renormalization group, which links the value a(qz) at a certain energy

scale q2 to the value a(u) measured at a reference energy scale pu:

a(p)
a(q’) = — (1.37)
L— a?g:) log (iQ)

For QED, the value of « increases with the energy scale from a(q2 ~0)=1/137.

Renormalization is necessary for QCD as well, as the theory presents the same type of
divergences as QED. Due to the self-interaction of the gluons, the loops of the Feynman
diagrams also include loops of gluons, additionally to the fermion loops already present

in QED. The running of the strong coupling constant «, = g? /4w is described by the
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Figure 1.4: Summary of measurements of «, at different energy scales Q, from Ref. .

equation:
ag(p
as(q®) = s(1) —, (1.38)
1+ B () log (%)
1IN, — 2N,
_ e = 2y 1.39
T (1.39)

where N, is the number of colors of the theory, and N is the number of flavors of quarks
accessible at the energy scale considered. In the SM, N, = 3 and N; < 6, and therefore the
value of 8 is always positive, meaning that the value of a, decreases with the energy scale,
differently from the running of o in QED. Intuitively, this behavior can be understood by
considering that the cloud of gluons surrounding a quark enhances the bare color charge of
the quark, in contrast to the screening effect of the virtual pairs in QED. The measured

values of a, at different energy scales are shown in Figure

This behaviour has several consequences. At low energy scales, the value of «, is large,
and a perturbative approach is not possible. This causes the value of a, obtained from
Eq. to diverge for ¢* = Agep ~ O(300 MeV) || This energy scale is called
the QCD scale, and represents the energy scale at which the strong interaction becomes
non-perturbative and the quarks and gluons are confined into hadrons. On the other hand,
for higher energies, and therefore lower distances, a, =~ 0, allowing the quarks inside the

hadrons to be treated as free particles. Hence, when considering the scattering of hadrons at
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high energy scales, the perturbative approach is valid, and the interaction can be described

as a scattering of free quarks and gluons.

1.9 Proton-proton collisions at the LHC

The analyses described in this thesis work employ data collected by the CMS experiment
at the LHC, which collides protons at a center-of-mass energy of /s = 13 TeV. Protons
are composite particles made up of three valence quarks, two up and one down quarks, and

a sea of gluons and virtual quark-antiquark pairs, collectively named partons.

1.9.1 Factorization

As mentioned in Section [1.8] at the high collision energy of the LHC, the partons can
be treated as free particles. This behaviour is summarized by the QCD factorization
theorem, which states that the cross section o, ,x of a process pp — X can be

factorized as:

OppsX = Z//dxldefi(xluM%)fj(x27/~5%’)a'ij—>X(xapa’xbpbvﬂi“vlﬁ%) ; (1.40)
,J

where f, (2., u3) and f(xy, p3) are the parton distribution functions (PDFs) of the partons
¢ and j in the protons, which describe the probability of finding that parton with a fraction
z of the proton momentum. &;;_,x is the partonic cross section, i.e., the cross section
related to the scattering of the partons ¢ and j into the final state X, also defined as hard
process. The PDFs depend on the factorization scale pr, which is the energy scale at which
the PDFs are evaluated. 6;;_, x additionally depend on a renormalization scale g, which
affects the value of the couplings, as described in Section and on the center-of-mass

energy of the partonic collision v/3.

Figure shows a Feynman diagram representing the process pp — tt proceeding through
the hard process gg — tt. The remnants of the protons, which are not involved in the

hard scattering, are considered through the parton showering and hadronization methods,

described in Sections and

The PDFs are not yet calculable from first principles. In the analyses described in this thesis
work, the PDFs used for the simulation of the proton-proton collisions are the NNPDF3.1
set , which are determined from a global fit to a wide range of experimental data. The
extrapolation of the PDFs to an arbitrary energy scale is performed using the DGLAP
evolution equations . Figure shows the PDFs of the proton as a function of the

momentum fraction z at two different factorization scales.

When considering partonic processes that are initiated by b quarks, two schemes are
employable for the PDFs. The 4-flavor scheme (4FS) does not consider the b quark as
a parton in the proton, and therefore the PDFs do not include the contribution of the b
quark, which can only originate from splitting of a gluon, and can be massive. On the
other hand, the 5-flavor scheme (5FS) considers the b quark as a massless parton in the

proton with its own PDF.
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Figure 1.5: Feynman diagram representing the process pp — tt proceeding through fusion
of two gluons coming from the protons.
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Figure 1.6: PDFs of the proton as a function of the momentum fraction x at the factorization
scale % = 10 GeV? (left) and p% = 10* GeV? (right), from Ref. . The v
subscript indicates the valence quarks. The fraction of momentum carried by
partons from the sea increases with the energy scale.
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1.9.2 Parton showering

When using the factorization theorem, the hard process can only account for energy scales
higher than the factorization scale. The range of phenomena that occur at lower energy
scales is usually modeled by factorizing them in other components, so to cover the whole

energy phase space of a hadronic collision.

The parton showering model accounts for the radiation of additional particles, e.g., partons
and photons, from the initial and final particles of the hard process. These are defined as
Initial State Radiation (ISR) and Final State Radiation (FSR), respectively. The model is
based on the DGLAP equations, which in this case describe the probability of an initial
state parton to be radiated from an additional parton, and the probability of a final state
particle to radiate an additional parton or a photon. The same formalism is used to
describe the radiation of photons in QED from fermions, and the conversion of photons
into fermion-antifermion pairs, as well as the decay of possible resonances created in the

hard process.

At the same energy scale as the parton showering, Multiple Particle Interactions (MPI)
can occur, which are the result of the interaction of the remnants of the protons that are
not involved in the hard scattering, described in Refs. [37H39)].

1.9.3 Hadronization

The parton showering model uses a perturbative approach which is valid at energies larger
than the QCD scale Agop, below which the colored partons recombine into colorless
hadrons. The process of hadronization is non-perturbative; simulation of QCD processes

rely on phenomenological models for hadronization. One such model, used in the PYTHIA8

generator , is the Lund String model .

This model considers two interacting quarks as connected by a flux tube of gluons, called
a string. The energy of the string is linearly proportional with the distance between the
quarks. When this energy is higher than a certain threshold value, the string can break,
and the energy is converted into the mass of new quark-antiquark pairs, which recombine

with the original partons to form the colorless hadrons.

Several models exist to describe between which partons the strings are formed, the one

used in PYTHIAS8, and therefore in the simulation of events in this thesis, is the leading

color model .

1.10 The top quark

This thesis work is centered around the study of the top quark, which is the heaviest known
elementary particle. It was first predicted, together with the b quark, in 1973 by Kobayashi
and Maskawa, to describe the CP violation in the weak interaction . It was discovered
in 1995 by the CDF and DO experiments at the Tevatron collider at Fermilab, through the

observation of the production of pairs of top quark and antiquark in proton-antiproton

collisions , .
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Figure 1.7: Feynman diagrams representing the t-channel single top quark (anti-quark)
production, on the left (right).

The measured mass of the top quark is 172.57 £+ 0.29 GeV, which makes it the heaviest
elementary particle in the SM. Its total decay width is I'; = 1.42 + 0.19 — 0.15 GeV [14],
which is one order of magnitude larger than the QCD scale, which is the hadronization
scale. Therefore, the top quark decays before being confined into hadrons, a special case in

the SM, which allows for the study of a bare quark.

The top quark decays weakly, and almost exclusively into a W boson and a b quark. The
decay of the W boson can proceed into a pair of quark and antiquark, in 67% of the cases,

or into a charged lepton and a neutrino, for the remaining 33%.

At the LHC, the main production mechanism of top quarks is the pp — tt process, of
which an example Feynman diagrams is shown in Figure The production cross section
measured by the CMS experiment at /s = 13 TeV is 0,7 = 791 + 25 pb . The top
quark can also be produced in weak interactions, mainly through t-channel single top
quark production, for which a Feynman diagram is shown in Figure using the 5FS.
The cross section of t-channel single top quark production at /s = 13 TeV was measured
by the CMS collaboration to be oy, = 130 £ 1 (stat) £ 19 (syst) pb for the quark, and
05, = 77+ 1 (stat) £ 12 (syst) pb for the antiquark . The difference in the cross section
between the two processes is due to the different PDFs for the up and down-quark, which
are present in the initial state of the two processes, as shown in Figure

The summary of the production cross sections measured by the CMS experiment for all

processes involving the top quark are shown in Figure

This thesis work focuses on the production of a single top quark in association with a
W boson and an additional photon or Z boson. The details of the production of these
processes are described in Chapter [2|
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quark as measured by the CMS experiment as of Summer 2023, from Ref. .
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2 Modeling of the tWZ and tW~

processes

One of the many points in common between the tWZ and tW+~ processes is the difficulty
in their modeling in event generators caused by the overlap with the t£Z and tty processes,
respectively. This chapter will describe the methods used to model the two processes and
their similarities and differences. Hereafter, the tWZ and tW~ processes are described as

tW X when considered together, where X represents either a photon or a Z boson.

The tW X production at LHC is well defined at LO in QCD, using the 5FS. A Feynman
diagram of the partonic process gb — tWX is shown in Figure [2.1]

The situation becomes more complicated when the tW X process production is considered at
NLO in QCD. In this case, one possible partonic process contributing is gg (bb) — t W~ Xb.
The same initial and final states, with the same order in the perturbative expansion
in the coupling constants ag and ayy, can also be the result of the QCD LO process
gg (bb) — ttX, with the top antiquark decaying into a W~ boson and a bottom quark.
The diagrams related to the LO process are defined as resonant diagrams. Illustrative

diagrams of the two different processes are shown in Figure

W

13

Figure 2.1: Example of leading order Feynman diagram for the tW X process.
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Figure 2.2: Example of Feynman diagrams with the same gg initial state and ¢t W~ Xb final
state. Production of the tW.X process at NLO in QCD, with the real emission
of a bottom antiquark (left). Production of the ttX process at LO in QCD,
with the decay of the top antiquark into a W~ boson and a bottom quark
(right).

Figure 2.3: Example of leading order Feynman diagram for the ¢t process where the top
antiquark decays into a b antiquark, a W= and an X boson.

Furthermore, diagrams related to the X process are not the only ones appearing in the
perturbative expansion of tW X. Figure shows that considering the same powers of the
coupling constants ag and ayy, we also obtain diagrams that would naturally be regarded
as pertaining to the tt process, where the top antiquark decays into three bodies: the
bottom antiquark, the W~ and the X bosons. Contrary to ttX, these diagrams are treated
differently for tWZ and tW+.

When the top quark is close to being on-shell, the perturbative expansion of the LO ttX (tt)
process is enhanced by a factor proportional to 1/ag, coming from the top quark propagator.
Because of this, the perturbative expansion of the tW X process itself becomes dominated
by the resonant t¢X (tt) process, effectively spoiling it by obscuring the contributions from

diagrams that genuinely originate from the tW X process.

There is one more problem with the top quark being treated in two different ways in these
doubly-resonating diagrams: it appears simultaneously as both a stable asymptotic state
(the final-state top quark) and an intermediate state (the decaying top quark). A final state
top quark requires its width to be treated as zero in order to cancel infrared divergencies.

In contrast, in the case of a decaying top quark, the finite decay width must be used so
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as to regularize the propagator; including both treatments at the same time violates the
gauge invariance [49]. A more complete review of this issue can be found in [50]. In the
next section, we will describe the algorithms used for the overlap removal, often used in
literature to face these issues, and how we have applied them to study the modeling of
tWZ and tW+.

2.1 Overlap Removal

The problem of overlapping diagrams described in the previous section is not exclusive to
the tWZ and tW+ processes. A similar issue exists for ¢t diagrams overlapping with the ¢t W
production or for ttH production overlapping with ¢ W H. Moreover, overlapping resonant
diagrams are fairly frequent in BSM models that include new particles. To address this
issue, Refs. and describe in depth the concepts behind the Simplified Treatments
of Resonances (STR).

The starting point is considering a process that is well-defined at LO in some interaction:
af — dp. (2.1)
At NLO, the real emission diagrams will bring about a final state:
aff — 0. (2.2)
If there exists a resonance A such that the decay
A — 09 (2.3)

is possible, and
aff — Ap (2.4)

is a possible LO process, then it is also possible to have the same final state as in (2.2)

through a double-stage process:
af — Ap — 5. (2.5)

The diagrams relative to this final stage are related to the LO production of Ay, not the
d¢p final state we are interested in. Furthermore, if the production cross section of Ay is
considerably larger than the one of g, it becomes impossible to have a definite modeling
for the process under study, which gets extremely watered down by the more prominent

background.

In order to have a proper definition of the d¢p final state, the STR schemes have been
devised. Let the amplitude corresponding to (2.2) be decomposed into:

Aagﬁ&mg = .A% + .AA, (2.6)
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with A4 being the amplitude corresponding to the process in (2.5), and .A/A corresponding

to the remaining ones. The matrix element is, therefore, proportional to:

Aaposonl” = |AAT + 2R(AATA2) 11422 (2.7)

Clearly, in order to describe the §¢ process, it is desirable to minimize the effect of the
second and third terms on the right-hand side of as much as possible so that the
contributions from the resonant diagrams become negligible compared to the process under
study. To do so, Diagram Removal (DR) and Diagram Subtraction (DS) schemes are
implemented. The DR scheme straightforwardly removes the terms in that contain
A? | leaving only the term |A/ﬁ\2.

While easy to implement and understand, the DR scheme introduces an undesirable
dependence on the gauge choice because of the indiscriminate removal of Feynman diagrams
from the calculation. Nevertheless, Ref. studied the STR in the context of the tW
production at the LHC and found that, for all the simulated observables, every choice
of gauge led to the same results within the statistical uncertainties, effectively making

Diagram Removal usable for the modeling of the tW process.

On the other hand, DS is devised in such a way as to conserve gauge invariance. The
scheme’s endpoint is that the removal of resonant diagrams should be local, i.e., only in
the part of phase space where the § particle is on-shell. This is obtained by defining the

DS infinitesimal cross section as:

DS

bt
daaﬂ—)é@ﬁ = daa5—>6g019 - daaﬁ—nﬁoﬁsu ; (28)

with do,z_, 5,9 being calculated from the Eq. (2.7), and dcra/@_wwgsubt is defined so that:

AT g 15050 O [Aap_ssp0|°dd — f(msy)PlA%do, (2.9)

where d¢ is the differential final state three-body phase space, f is an arbitrary function
which respects the limit
lim  f(mgy) =1, (2.10)

msyg—mMA

and P is a kinematic projector operator that maps any configuration of 1 to one that

has mgy = ma.

The P operator effectively works by reshuffling the momenta of the particles involved in
the process to produce an on-shell A particle, while conserving the spin correlations in the
process. There are many possible choices for both f and P. Ref. introduced MadSTR, a
MadGraph_aMC@NLO plugin that automatically implements STR, providing two possible
reshuffling strategies for projecting to the resonant configuration: either by varying the

momenta of the recoil system or the center of mass energy.
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Regarding f, the choice typically used is to define it as:

BW a(msy, )
= =" 2.11
where BW 4 is the generalized Breit-Wigner function
1
BW(m,z) = (2.12)

(m® —m%)? 4 2°T%

and = can be chosen in MadSTR to be either m, or mgy, respecting Eq. (2.10) in either

case.

These conditions on the DS subtraction term are enough to guarantee that the DS scheme
conserves the gauge invariance while still minimizing the contribution from the resonant

diagrams as much as possible.

Despite the possibility of implementing DS in most cases with MadGraph_aMC@NLO and
MadSTR, this is not the case for processes where one resonance can decay into three particles.
This is the case for the tW X process with the diagrams shown in Figure 2.3] where the
reshuffling of the momenta is not easily performed. The literature does not currently

provide examples of DS being applied in this kind of case.

However, it is important to note that the difference between the results obtained in the
DR and DS scheme is a proxy for the impact of the interference between the resonant and

non-resonant diagrams:

dJagH(gsngS - dO’aﬁ%&pﬁDR X 'R,(.AAT.AA) (213)

Therefore, Ref. suggests that, in order for the production of d¢ to be a proper physical
process, the difference between the DR and DS results should be smaller than the theoretical
uncertainties on the calculation themselves. Otherwise, the process cannot be well-defined

and should only be considered as a subset of the a5 — Ay process.

Subsequent studies of the t W H and tWZ processes , followed the path of looking
for selection criteria that would define a phase space region where the interference term is

minimized, and was therefore pure in the single top quark process in study.

Experimentally, the most-used strategy in analyses of the tW process in the CMS collab-
oration is to consider the DR prediction as the nominal one and the DS prediction as a
systematic uncertainty on the modeling, as done in Refs. .

Finally, the one last STR scheme to be mentioned is the DR with interference (DRI or
DR2), which consists in only removing the rightmost term in Eq. , i.e., the squared
module of the resonant diagrams, while keeping the interference term. Like DR, DRI is not
gauge-invariant. However, it is conceptually more similar to DS, as it keeps the interference

term but has a less involved implementation.
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For the tWZ and tW~ analyses presented in Chapters 5| and [6, DR has been used as
nominal prediction, and DR2 has been considered for setting an uncertainty on the
modeling. Hereafter, the standard DR procedure, without interference, is referred to as
DR2.

2.2 tWZ modeling

This section presents the theoretical predictions regarding the production of the tWZ
process in proton-proton collisions at /(s) = 13 TeV. The first complete study of the
process, both at Fixed Order (FO) and NLOPS, was presented in Ref. . While the
scope of the paper is to provide a complete description of the process in the context of the
Effective Field Theory, this section focuses on the modeling of the process in the SM, with
comparisons between DR1 and DR2, and the selection criteria that have been devised in
order to define a tWZ-pure phase space. FO refers to the simulation at the matrix element
level, i.e., before the decay of resonances, the parton shower, and hadronization. NLOPS,

on the other hand, includes the parton shower and hadronization.

2.2.1 Fixed Order predictions

Events are simulated in the final state where the Z boson decays into two leptons using
MadGraph_aMC@NLO. The PDF set used is the NNPDF3.1, interfaced to Madgraph using
LHAPDF6 . The DR1 and DR2 methods are applied on the resonant diagrams
attributable to both the ttZ and tt processes.

As discussed in the introduction to this chapter, the overlap between the tWZ and ttZ
process descends from the fact that at NLO in QCD, the tWZ final state can be accompanied
by the real emission of a b quark. These quarks are typically produced with low energy,
in the order of a few GeV, and in a direction close to the beam axis, as opposed to the
b quarks in the ttZ process, which come from the decay of the top quark. In the rest
frame of the decaying top quark, the b quark is produced with an energy of ~ 67 GeV and,

therefore, a higher pt that makes it distinguishable from real-emission quarks.

The authors of Ref. introduced a threshold on the characteristics of hard b quarks in
order to define a phase space region where the interference term is minimized for the t W H
process. Similar requirements, named b-veto, are used in the tWZ study , where events

containing a b quark with pp higher than 30 GeV and |n| < 2.5 (hard b quark) are vetoed.

Figure shows how the four different scenarios, i.e., DR1 and DR2, with and without
b-veto, describe the distribution of the invariant mass of the two leptons and the associated
W boson in the simulated tWZ process. The b-veto is clearly effective in reducing the
interference term contribution, as the two predictions are much closer to each other when

it is applied.

In addition, it is worth mentioning that when the b-veto is not applied, the DR2 and DR1
prediction drift away from each other rapidly at high invariant masses, showing that the

interference between the resonant and non-resonant amplitudes becomes more relevant.
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The cause of such behavior might be traced back to the fact that in this high-energy region,
the top quarks in the t# and ttZ diagrams are not likely to be produced on-shell anymore,

and the removed diagrams lose their special status of doubly resonant.

1073} tlIW production at the LHC, 13 TeV
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Figure 2.4: Invariant mass of the two leptons and the W boson in the tWZ process,
comparing the DR1 and DR2 schemes, with and without the b-veto selection [54].
The first and second insets show the relative scale uncertainties of DR1 and
DR2 without b-veto (upper), and with the b-veto (center). The lower inset
shows the ratio between DR1 and DR2 with and without b-veto. The b-veto cut
is effective in reducing the interference term contribution and defines a phase
space region which is purer in the tWZ process.

Another FO study from Ref. , relevant for this thesis, is the comparison of the invariant
mass of the two leptons, considering the Z boson in tWZ on-shell and off-shell. The
results are shown in Figure where the two distributions are compared for the DR1 and
DR2 schemes, with the b-veto applied in both cases. The plot clearly shows that the two
distributions are very similar in the region around the mass of the Z boson, which is the
region of interest for the experimental tWZ analysis. Also, it allows us to only consider

the modeling of the process with an on-shell Z boson in the NLOPS studies presented in
subsection

2.2.2 NLOPS predictions

The signal events used in the experimental tWZ analysis have been simulated using
MadGraph_aMC@NLO interfaced with PYTHIA8 to simulate the parton shower and hadroniza-
tion, and using MadSTR to implement the Diagram Removal schemes. The Z boson is forced
to be on-shell. Given the high mass of the final state, an on-shell top quark cannot decay
into a b quark, a W boson, and a Z boson. Therefore, the diagrams with the 1 — 3 decay
(Figure of the top quark cannot feature an on-shell top and need not be removed.
As a result, the DR1 and DR2 schemes are only applied to remove the overlap with the

27



107" W production at the LHC, 13 TeV

b-veto: (py < 30 GeV || n|>2.5) DR2-sch

o[ My>30GeV DR1-sch
107F DR2-Normal —
DR1-Normal —

o per bin [pb/GeV]

MadGraph5_aMC@NLO

f ratios w.r.t DR1-Normal

1 -b-w-ﬁrtf‘—-v-—w:-u—d‘—’bdﬂud‘—’lglbﬂhd-q—ﬂl

50 100 150 200 250 300
M;[GeV]

Figure 2.5: Invariant mass of the two leptons coming from the Z boson in the tWZ process,
comparing the DR1 and DR2 schemes, with (s-ch) and without (normal) forcing
the Z boson to be on-shell before the decay . The lower plot shows the
ratio between the 3 other cases and DR1 with off-shell Z boson. It displays
how all four distributions are very similar in the region around the mass of the
Z boson.

ttZ diagrams, analogously to how it was done for the phenomenological t W H study in
Ref. .

At NLOPS, the definition of the b-veto needs to be updated with respect to FO in such
a way as to take into consideration the b quark coming from the decay of the top quark.
The NLOPS b-veto is defined such as to keep events which include at most one hard b
quark, defined as having pt > 30 GeV and || < 2.4. Additionally, the associated Z and
W bosons are required to be central, |n| < 2.4.

The results of these simulation studies and selection criteria are showcased in Figure
for the transverse momentum of the top quark (left) and the W boson (right). For
both distributions, it is evident how the initial disagreement between DR1 and DR2 is
successfully fixed through the application of the b-veto, minimizing the contribution from
the interference with tZ.

The difference between the DR1 and DR2 for the pp of the top quark before the b-veto seems
to have narrowed down to the different normalizations of the two predictions, cpp; = 129 fb
and oppe = 120 fb. On the other hand, the interference term presents a quite manifest
shape effect on the pp of the W boson, causing the two predictions to have increasing
disagreement with the increasing pr of the boson. This is also successfully recovered by

the b-veto, even if not as well as for the pp of the top quark.

2.3 tW~ modeling

Original studies on the tW+ process were conducted in the context of this thesis work

and, similarly to the tWZ results presented in the previous sections, include predictions

28



(13 TeV) (13 TeV)
- -
ot ~+ DRt 1 © 8001 — DR1
O goof- 1 o f
w DR2 ] wzoof [ bRz 1
S sk | — DR1 beto ] s b7 — DR bveto ]
=t IH —— DR2bveto 1 = 6001 17 — DR2bveto
[] F R [} 1
T 400 [ LH E (G 500 HW E

[ y

] 200f ¢ E
E 100fF E
= o Ty ]

w
o
o
T
=
|
wW S
o o
o o
T T

o F T o T T T T T T T
T 1.5 — inclusive bveto ;[ T 1.5 — inclusive bveto . Jﬂf_‘f E
c [ IRy ] T [ ey ]
oy 1.0 o o bl o 1.0f

o b L o b
Q o0 100 200 300 400 500 600 [SEE) 100 200 300 400 500 600
= top pr [GeV] 5 W pr [GeV]
o o

Figure 2.6: Transverse momentum of the top quark (left) and the W boson (right) in
the tWZ process at NLOPS, comparing the DR1 and DR2 schemes, with and
without the b-veto cut. The b-veto cut is effective in reducing the interference
term contribution, but only in the bulk of the distribution for the W boson,
where the disagreement displays a pronounced shape effect. The plots are
normalized to an arbitrary integrated luminosity.

both at the FO and NLOPS levels. The specific differences between the tW~ and tWZ
processes mainly originate from the photon being massless, as opposed to the substantial
mass of the Z boson. The most evident consequence is the possibility of the photon being
radiated from the decay of either the top quark or the W boson, with Figure showing
one potential Feynman diagram for such an occurrence in the final state with two charged

leptons.

Another point of difference between the two processes is that the overlap between tW~ and
tt must be accounted for when implementing the Diagram Removal schemes. Diagrams of
the class shown in Figure now allow for the top quark mediator to be on-shell for a wide
range of energy of the photon and, therefore, give rise to the same kind of issues existing
with tty. Hence, the MadSTR plugin cannot be employed for the simulation of tW+, as it is
not able to handle the case where the resonance to be removed decays in a 1 — 3 body
process. Luckily though, MadGraph_aMC@NLO automatically generates all the diagrams of
the process and stores the relative information before performing the necessary calculation
for event generation, thus allowing the implementation of DR1 and DR2 at the diagram

level by hand.

Staying in the scope of the dileptonic final state of W+, one feasible way to model the
process would be a complete simulation of pp — b[fl/gl by Vg7, as done in Ref. for
the simultaneous simulation of both tW~ and tty at LO in QCD. It is not yet possible to
simulate the same final state at NLO to achieve a more accurate description of the process,

both in terms of the total cross section and of the shape of various observables.
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Figure 2.7: Example of possible Feynman diagram for the tW~ process where the photon
is radiated by any decay product of either the top quark or the W boson. Due
to the masslessness of the photon, this class of diagrams needs to be considered
in the modeling of the tW+~ process, differently from what is done for the tWZ
process.

One remarkable example of the importance of the NLO accuracy for this kind of processes
is the search for the SM tWZ process presented in Chapter |5, where the inclusion of NLO
modeling for the signal process granted not only the possibility of a better discrimination
from the main ttZ background but also a novel understanding of ttZ itself, which was also

had already been thoroughly studied.

A different approach, which is the one used in the remainder of this section and in Chapter [6]
is to separately simulate cases when the photon is emitted by any lines of the tW process
(from now on referred to as photon from hard process) as illustrated in Figures and
and cases in which the photon is radiated by any of the decay products of the top quark
and the W boson (photon from decay), demonstrated in Figure . The hard process
is simulated in MadGraph_aMCONLO by requiring pp — ¢t W v (and i W'~) and the DR
schemes are implemented by hand before the event generation; the top quark and W boson
are then decayed into leptons through the use of MadSpin , before interfacing the results

to PYTHIAS for parton showering and hadronization.

The events with photons from decay are also generated in MadGraph, as pp — t W~ (and ¢ W+).
At the ME level, the only overlap is between tW and tt. Therefore, we can use MadSTR
to apply DR1 and DR2. After simulating the decays into leptons with MadSpin, which
does not support three-body decays, the events are interfaced to PYTHIA8. Finally, only
the events with photons coming from the decay products of the top quark and the W
boson are kept. The emission of the photons is simulated through the Parton Showering
(PS) algorithm. This choice allows us to retain the NLO accuracy of the simulation at
production. A drawback of using PS to generate photons from decay is that it is not
possible to have photons from decay at FO level. As a consequence FO studies can only be

performed using photons from the hard process.
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Figure 2.8: FO distribution of pp for the photon (left) and W boson (right) in the tW~
process, in the scenarios with DR1 and DR2, with and without the b-veto. The
first two insets show the relative scale uncertainties of DR1 and DR2 without
b-veto (upper), and with the b-veto (center). The lower inset shows the ratio
between DR1 and DR2 with and without b-veto. In both cases, the b-veto cuts
allow the definition of a phase space where the interference from tt and ttv is
minimized.

2.3.1 Fixed Order predictions

At Fixed Order, the tW+ events are generated with requirements on the photon to have
pr > 20 GeV and to respect the conditions of the Frixione isolation with

§o=04, e, =1, n=1, (2.14)

After applying DR1 or DR2 by removing both ¢t and tty diagrams, it is found that the
calculated cross sections are opr; = 258 fb and oppy = 200 fb. The effect of the b-veto is
studied, following the same definition from subsection [2.2.1]

Figure shows the distributions of the pr of the photon and the W boson in the four
scenarios: DR1 and DR2, with and without b-veto. The b-veto succeeds in defining a phase
space where the contribution of the interference is minimized: the large difference between
DR1 and DR2 predictions is cured after the application. Additionally, it is interesting to
notice the differences between the behaviour of the two predictions for the two different
observables. As for the pp of the photon, interestingly, the b-veto seems to define the same
phase space as DR2, and the discrepancy between DR1 and DR2 before the cut has a much
less pronounced shape effect than it is for the W boson, where, furthermore, DR1 and

DR2 both considerably drift away from their b-veto counterparts in the higher-pr regions.
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Figure 2.9: Distribution of the transverse momentum of the top quark in the tW+~ process
at FO, simulated with DR1 and DR2, with and without the application of the
b-veto. The first two insets show the relative scale uncertainties of DR1 and
DR2 without b-veto (upper), and with the b-veto (center). The lower inset
shows the ratio between DR1 and DR2 with and without b-veto. The difference
between DR1 and DR2 is fundamentally just due to a different normalization,
and it is successfully removed by the application of the b-veto.

As for the pp of the top quark, shown in Figure the difference between DR1 and DR2
is also mainly due to the different normalization. A similar feature was observed in the
tWZ simulation in Figure[2.6l Similarly to the photon pr, the b-veto makes the DR1 and
DR2 distributions agree with each other, while the shapes show almost no change before
and after the b-veto.

2.3.2 NLOPS predictions

The tW+ events at NLOPS level have been generated in the final state with two leptons
with the recipe described earlier in the current section. Further requirements are the
invariant mass my, of the two final-state leptons being my, > 30 GeV, the photon having
pr > 15 GeV and |n| < 1.5, and the Frixione isolation same as for[2.3.1l

The resulting cross sections for this phase space are opg; = 23.0 fb and opre = 21.8 fb.
The NLO predictions are also compared to the ones obtained at LO in QCD, simulated
with MadGraph_aMC@NLO requiring pp — b@l/gl ly Uty Y which results in a cross section
oro = 10.6 fb.

Figure shows the distribution of the pt of the top quark, the W boson, and the photon,

normalized to an arbitrary integrated luminosity. The plots display how, in this phase
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space, DR1 and DR2 are in very good agreement for all of the observables shown, without

the need for any additional selection criteria, as shown in the first inset.

The same figure also shows the comparison between the shapes of DR1 and LO, in the

second inset.

It can be seen that tW+~ at NLO, summing the contributions of photons from the hard
process and from decay, is compatible with LO, which includes both photon origins, when
the inclusive cross section is factored out. It is also shown that DR1 and DR2 differ only

in the overall cross section estimation.

In conclusion, the NLO modeling of the tW+ process is found to be solid and it is chosen

for this thesis work.
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Figure 2.10: NLOPS and LOPS distribution of the pt of the top quark (left), W boson
(right), and photon (lower) for the tW+ process, normalized to arbitrary
luminosity. For all observables, the central inset shows the comparison between
DR1 and DR2. The lower inset displays the ratio between DR1 and LO, with
both normalized to unity.
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3 Statistical methods and multivariate

techniques

The evolution of particle physics has always gone hand in hand with the evolution of the
machinery used to study it. New accelerators and new detectors allowed new discoveries,
which in turn showed the direction for the development of new machinery. As technology
advanced and ushered us into the LHC era of high-energy physics, innovations did not stop
at the hardware only. The degree of complexity of the proton-proton collision events at
LHC forced particle physicists to develop robust statistical methods and tools in order to

derive sound results from the vast amount of collected data.

Some statistical methods described in this chapter include profile likelihood ratio and
the CL, method for defining upper limits in searches, introduced at LEP and used at
Tevaton as well . In this thesis work, the statistical methods are implemented using
the CMS Combine package , which has been devised to discover the Higgs boson in
2012 (3] and is still further developed, including in the analyses presented in this thesis.

A different and complementary approach that has been undertaken is the employment of
machine learning methods as means to better reconstruct physics objects and also classify

whole collision events, among other tasks.

This chapter will describe the statistical and machine learning techniques used in the

searches for the tW~ and tWZ processes.

3.1 The statistical model

The statistical model used in both the tWZ and tW+~ analyses is implemented in Combine,
and it is based on the construction of a likelihood function from simulated and observed
data.

The events relevant to the analysis are selected among the data collected by the CMS
experiment through a combination of requirements on the physics objects and then summa-

rized in histograms, which show the distribution of the chosen observables, e.g., the output
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of a multivariate classifier. The same workflow is applied to the simulated events, divided
by physics process, and the resulting histograms are used as templates to be fitted to the
data.

From the simulated data, it is possible to write the expected number of events in bin i of a

histogram as a sum over the P processes:
N, v) = Z M, (fi, ﬁ)w,-p(ﬁ) + E; (i, V), (3.1)

where ji are the parameters of interest of the fit, 7/ are the nuisance parameters, w;,(7) is
the expected number of events from process p in bin 4, M, (ji,7) is an overall multiplicative
factor to the total rate of the process that considers the effects of the parameters of the
model, and E; is a term that takes into account the finite number of simulated events

according to the Barlow-Beeston method .

In the physics models used in this thesis, the parameter of interest is the signal strength u,

defined for any signal process g as
obs

Pg = ﬁ, (3.2)
q

with o, being the cross section expected from the theory model, and Ugbs the measured

one. The M, (i, V) can therefore be factorized as

,upMp(ﬁ), if p is a signal process;

M,

(i, 7) = (3.3)

(V), otherwise.

The functions Mp(ﬁ) only depend on the effect of the nuisance parameters.

To model the systematic uncertainties affecting the shape of the histograms of every process,
for each uncertainty two additional histograms are provided through the 10 variation of
the nuisance parameter v. The w;,(7) are then produced by interpolating these histograms,
normalized to the rate of the nominal histogram, in such a way as to be continuous with
their first and second derivatives. The renormalization of the varied histograms is necessary
so only to consider the effect that the nuisance parameters have on the shape of the
distributions; possible differences in the total event rate are considered in the M, (ji,?)
function through multiplicative factors, together with the effect of systematics which purely

affect normalization, e.g., the uncertainty on the measurement of the luminosity, as shown

in Ref. .

The A; functions are then used in the definition of the likelihood function, which consists of
the product of a Poisson distribution for every bin count of each histogram and a normal

distribution for each nuisance parameter.

S
E(ﬁ? 17|n1) = HPOIS(nZME‘? 17) HN(Vjv VO,j)Uj)7 (34)
i J
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and therefore
)\?i ([L D’)e_)‘i(ﬁ’ﬁ) S

e * . (3.5)

J

L, ;) o< I ,
with ¢ going through all the bins of all the histograms and j looping through all the §
systematic uncertainties in the model. The observed number of events in bin 7 is denoted
by n;, whereas vy ; and o; are the initial value and the prior uncertainty on the nuisance

parameter j, respectively.

The best-fit values ﬁ for the parameters of interest are then those maximizing £. Equiv-
alently, fj is usually obtained by minimizing the negative log likelihood (NLL), which

numerically is a less complex problem.

3.1.1 Likelihood scan for uncertainties

The step immediately following the estimation of f is the estimation of its uncertainty.
One prescription for this is given in Ref. and is based on the construction of a profile

likelihood ratio test statistic

>

L(7, 7)) 56

A= :
L1,

v

~—

v

where 7/ is the value of the nuisance parameters that maximizes £, and ﬁ'(ﬁ) is the value

that maximizes £ for a fixed value of [i.

According to Wilks’ theorem , for a large enough sample, —21n A follows a X2 distribution
with r degrees of freedom, with r being the number of parameters of interest. As a result,
it is possible to calculate the (1-a)% confidence interval on the parameters of interest by
performing a likelihood scan: scanning —2In A\ and finding the values of i for which the

value of —21n A increases by the « percentile of X2 with r degrees of freedom.

Figure shows the result of this method for » = 1. In this case, given the form of the

test statistic with one degree of freedom,

(b —p)?

—2In )\ ~ (3.7)

it is sufficient to find the values of u for which —2In A = n* to obtain the no confidence

level for the parameter p, with o being the standard deviation of the distribution of f.

The same procedure can be applied to obtain the uncertainties on the j-th nuisance

parameter, by scanning the likelihood as
) (3.8)
where 6§ includes all the nuisance parameters except v;, and fi.
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Figure 3.1: Example of a likelihood scan for one parameter of interest. It is possible to
find the 1o (20) confidence level for p by finding the values of p for which
—2In )\ =1(4).

3.1.2 Significance

This thesis’s main topic is searches for rare, still unobserved, processes. Such analyses are
said to provide observation (evidence) for the existence of the processes when the statistical

significance of the search is 50 (30).

The statistical significance Z in this case is the probability, given as the number of standard
deviations of a Gaussian distribution (the higher the number, the lower the probability),
that the fitted value of the signal strength [i, or a larger value, is obtained under the
assumption that the real value is © = 0. Paraphrasing, the significance represents the
probability of rejecting the hypothesis that the process has signal strength p = 0 (the

process does not exist) if this hypothesis is actually true.

The test statistic used to calculate the significance ¢q is also based on the likelihood ratio

A defined in Eq. (3.6)):
21 A(0), ifp>0;

9 = (3.9)
0, ifji < 0.

Considering only the non-trivial case, for a large enough sample,

>
[\

qo = (3.10)

QM‘"‘;

Ref shows that, under these assumptions, the significance is

Z = 1. (3.11)
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3.1.3 Saturated goodness of fit test

Calculating the significance and checking it against a threshold is a way to disprove the
null hypothesis (¢ = 0) in favor of a well-defined alternative hypothesis (1 > 0). In some
occasions, a well-defined alternative hypothesis is not available, for instance, when it is
necessary to prove the compatibility between the statistical model and the observed data.
These cases are usually resolved through goodness of fit (GoF) tests. They are used in
Chapter [6] to study the compatibility between simulated and observed input features for a

multivariate classifier.

The GoF test considered in this thesis employs the saturated model, as it considers a test

statistic oL
L(ji, V)

Lg
where Lg is the likelihood of the saturated model. The saturated model is defined so that
it matches the observed data exactly: \; = n; for every ¢ in Eq.[3.5|

t=—-2 , (3.12)

In this thesis, the observed data is used to calculate the value ¢4 from Eq. (3.12)), and the
statistical model is considered compatible with data when the p-value of t; is greater than
0.05, i.e., when the value of £, is within the 95 percentile of the distribution. Unfortunately,

the distribution of ¢ is not generally known and is inferred from pseudo-data sets.

The pseudo-data sets are simulated through parametric bootstrap [68]: first £(, 7 is
fitted to data, in order to find the values 7 that maximize it, and the respective posterior
uncertainties &. Then, the value v; of the j-th nuisance parameter is generated according

to the probability distribution
N2
p(v;;0j) = exp <(VJVJ)> , (3.13)

and the number of events n; in bin ¢ for the pseudo-data set is defined from Eq.

Uy

i = A7, D). (3.14)

After fitting the statistical model to the pseudo-data sets, the values of ¢ are collected for
each instance to evaluate the distribution of the test statistic. Once the distribution is

known, the p-value for the observation of ¢; can be calculated.

Examples of this procedure and relative distributions are shown in Section [6.4.1]

3.1.4 Upper limits with the CLg technique

When the accuracy of a search is not enough to have a meaningful measurement of a

parameter of interest u, it is still possible to calculate upper limits; at LHC it is usually
done with the CLg technique .
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The starting point is the definition of a test statistic:

—2In A, ifo<p<uy,
_ L7 (1) (u)) e
qg=4—2In , if 1 <0, 3.15
£(0,7(0)) : ( )
0, if 4> .

Being u a signal strength, once again, the discussion can be restricted to the case where
p > 0. The third line in Eq. (3.15) ensures that upward variations of 1 do not go against
the signal hypothesis.

ObS(

For a fixed value of p, the value ¢”°(u) is calculated from data, together with the two

p-values

- / I (3.16)

obi
=" staioas (317

where the probability distributions f(q(u)|p) and f(g(p)|0) are determined through pseudo-
data sets, which can be generated through parametric bootstrap, similarly as how described
in Subsection with the difference that fi in Eq. is replaced by either p or 0. p,
and 1 — p, represent the compatibility of ¢°™ with the hypothesis that the signal strength

has, indeed, value p or it is 0, respectively. Hence, the CLg criterion is calculated as:

Du

CL¢ = .
ST 1—p,

(3.18)
The upper limit at (100-«)% Confidence Level is then calculated by finding the value of u
for which CLg = a.

3.2 Machine Learning

Machine Learning (ML) is extensively used at different levels in particle physics and
executes several key functions in the CMS experiment; in this thesis, ML is used for the
classification of physics objects (boosted-top tagging) or events (signal discrimination).
The remainder of this chapter is devoted to the description of the ML algorithms used to

devise these solutions.

3.2.1 Deep Neural Networks

The basis of the ML algorithms that have been devised in this thesis is the Deep Neural
Network (DNN), which consists of a stack of neuron layers that can be trained to achieve a
specific task. In particular, in this subsection, the discussion is restricted to fully connected
feed-forward DNNs, in which every neuron in a layer is connected to all the neurons in

the following layer. The elementary unit is an artificial neuron similar to Rosenblatt’s
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Figure 3.2: The neuron is a map from the input & to the output ¢(u - ).

perceptron and, in essence, it is a map from an input vector & to an output
y=o¢(W-T—0b), (3.19)

where ¢ is an arbitrary non-linear function called the activation function, w is a vector of
weights that are adjusted through the training of the neural network, and b is an additional
bias. Usually @ and & are redefined in such a way that they have an extra term which is

wo = —b and xy = 1, respectively, so that

y = o(i - 7). (3.20)
A visual representation of this process is given by Figure

Considering all neurons in a layer, Eq. (3.20) can be expanded to take the whole output of

a layer as:

-

j=H(W- @) (3.21)

with W being the matrix whose rows are the weights of each neuron.

In the case of a DNN these layers are called hidden layers and are placed between two
additional layers which take care of the input and output. The input layer injects the
DNN’s input features into the first layer of neurons, while the output layer returns the

DNN’s outputs, one for each neuron of the layer.

DNNs can also employ residual connections : this is the case when the input of a layer
is summed to its output. In this thesis, pre-activation residual connections have been
used: the result of the activation function of a layer is summed with the input of the layer

itself. Therefore, the output of a layer would be:

—

Yres = O(W - T) + Z. (3.22)

If the input and output of the layer have different dimensions, it is possible to project the

input through a learnable linear transformation before the summation:

-

Yres = (W - T) + W z. (3.23)

proj
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Inputs Input Layer Hidden Layer 1 Hidden Layer 2  Output Layer

Figure 3.3: Example of a DNN with two hidden layers and one output node. The input
features are distributed to the first hidden layer, whose output is the input to
the following layer. After the hidden layers, the output layer finally returns the
neural network outputs. In this case, this DNN returns one output, as there is
one output node.

Several choices are possible regarding the activation function: a common possibility is the
Rectified Linear Unit (ReLU) (73]

x, if x>0,
ReLU(z) = (3.24)
0, if z<O.

There are also several variants of the ReLU; in this thesis, the Leaky ReLU and the
Sigmoid Linear Unit (SiLU), also called swish have been used:

x, if x>0, T
Leaky ReLU(z) = , SiLU(z) = -
0.0lz, if z<0 L+e

(3.25)

"

One more example of activation function is the Scaled Exponential Linear Unit (SELU),
which is shown to have self-normalizing properties, i.e., the distribution of the activated

outputs of a layer is a normal distribution with mean 0 and variance 1 . It is defined as:

z, if x>0,

SELU(z) = A { (3.26)

)
ae’ —a, ifz<0

with A =~ 1.0507 and o ~ 1.67326.

Figure shows the design of a DNN with two hidden layers and one output node.
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Fully connected feed-forward DNNs are well-suited for problems where there is a fixed
number of physics objects with different features considered as input variables, as is the
case for the DNN shown in Section

Training of a neural network

The training of a DNN is the process through which the network’s weights are adjusted
so that the DNN can carry out its designed task. In the case of a classification task, the
training is performed by learning from a set of data points whose classification is already
known, the training sample. In particle physics, the training samples are often derived by

MC simulations.

Let the task be a binary classification: in this case, the network needs to learn how to
discriminate between points in category y = 1 (signal) and y = 0 (background). The output
y of the neural network is a composition of the activation functions ggl of the H hidden

layers and the output layer in the form:

—

y=00(Wo  oug(Wi - ..r (W, -3)...)) = f(# W, ..., Wi, Wo). (3.27)

In this task, a sigmoid function is often used for ¢p:

_ 1
1+e

po(Z) (3.28)

Z
whose minimum and maximum are, respectively, 0 and 1, and is therefore suitable to
represent the probability that the input data point belongs to the signal category. Hence,
the training objective is to update the weights of the DNN so that the output y is as close
as possible to the category 7 for each of the N data points z; in the training sample. The
usual way to proceed consists of minimizing a loss function L, which is a measure of how
distant the network’s predictions y; are from the true categories ;. A common loss for a

binary classifier is the binary cross-entropy:

AR
L=<> (g -yl (3.29)
=1

The minimization of L as a function of the weights is performed through gradient descent,
with different possible implementations. Intuitively, the gradient of a function represents
the direction in which the function grows the quickest; therefore, moving against the
gradient in the space of weights takes the function to lower values, i.e., where the differences
between the predictions of the DNN %4 and the categories of the events y are closer to each

other.

The gradient descent algorithm used in this thesis is Adam : the data is divided into
fractions, called batches, and the weights are adjusted one batch at a time. The peculiarity
of the Adam algorithm is that the adjustments depend not only on the gradient calculated

for the current batch but it is combined with information from the previous batches.
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Figure 3.4: An example of a graph. The edges represent connections between the nodes.
7; and Z; represent the input features of nodes ¢ and j, while ¢; ; are the input
features of the edge connecting them.

After the whole training sample has been used, new batches are composed again from the
total sample, and the process is restarted. One iteration over the entire training sample is

defined as epoch.

The gradient itself is calculated through backpropagation , which exploits the chain
rule of derivatives applied to the activation functions of the layers in the DNN. The use
of gradient descent is one of the reasons why the activation functions of the neurons
are non-linear: the gradient of a linear function is constant and does not provide any

information valuable to the training.

3.2.2 Graph Neural Networks

Graph Neural Networks (GNN) are a class of Neural Networks with the characteristic
of accepting a mathematical graph as input . A graph is a collection of nodes and
edges connecting some of the nodes. Both can be associated with some input features, as
shown in Figure Typically, the nodes represent some object, and the edges represent
the relationships between pairs of such objects. An example from particle physics is
a graph consisting of reconstructed particles as nodes, with transverse momentum and
pseudorapidity as features, and the edges representing features of the connected pair of
nodes, such as the invariant mass or the angular separation. It is advantageous to use
graphs and GNNs to represent the final state of collision events where the number of some
components, for example, jets, is not fixed, but the features of all the observed jets are
meaningful for the task performed, as it applies to the GNN designed in Section

The main element of a GNN is a layer that takes the features of the nodes and, possibly,
edges as inputs and returns new features for the nodes. Let all the nodes in the graph be of
the same type, e.g., they have the same input features. Let also &; be the input features of
node 4, €; ; the input features of the edge connecting nodes i and j, NV (i) the set of nodes

connected to node ¢ by an edge, and 0; the output features of node ¢. Then, one possible
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choice for the output of the i-th node is

JEN (D)

where W 5 5 are the trainable weights of the layer, and ¢ is the activation function.

Compared to the layers discussed in the previous section, a GNN treats each node and
its vicinity as a separate instance of the layer, but the weights are shared between the
instances. The layer’s output is then a new graph with a new set of features for each node,

which can be used as input for a subsequent layer.

Generally, three types of prediction tasks can be performed with GNNs: node-level, edge-
level, and graph-level. Node-level predictions require an output for each node under study,
on top of the graph layers. This output can either be a single output node or a DNN
that takes the node output as input. Edge-level predictions demand the extra step of
embedding a feature representation for the required edge. One way of performing the
task is, for instance, concatenating the features of the two nodes connected by the edge
in the last graph layer. The following steps are analogous to the node-level predictions.
Graph-level predictions, on the other hand, require an output for the whole graph and
need an embedding of the graph itself into a feature representation of fixed size. This can
be achieved, for example, by averaging each feature across all the nodes in the last graph
layer of the GNN, a procedure called global mean pooling. So, if the output graph of the
last graph layer of a GNN has N nodes with feature vectors ; the graph-level embedding
would be:

b= 7. (3.31)

1
N =

Figure shows the embedding procedure for the case where each node has M features.
Hence, a graph-level prediction can be obtained by applying an output layer, or a DNN, to
the graph-level embedding, as in the previous cases.

Transformer Convolutional layers

The main graph layer used for the design of the GNN in Chapter [6]is the Transformer
Convolutional Layer [80], which applies the attention mechanism typical of transformer
neural networks to a graph layer. The output o; of the i-th node, using a Transformer

Convolutional Layer, is
0 =¢ | Wi T; + Z o; j(Wy - Z;+ W3- € ;) |, (3.32)
JEN(9)

with the attention coefficient q; ;

Q4

= softmax <(W : iJ)) ) (3.33)
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Figure 3.5: Example of embedding of a graph into a fixed-size feature representation through
global mean pooling. The output of the last layer of the GNN is averaged
across all the N nodes.

where, as in Eq. (3.30), ¢ is the activation function, #; is the feature vector of the i-th node,
€;,j is the (possible) feature vector of the edge between the i-th and j-th node, and the
W, ¢ are the trainable weights of the layer. Additionally, d is the sum of the dimensions

—

of #; and €; ;, and the softmax function applied to a vector z" of size K is defined as

2.

et

Z]K:1 e’

=

softmax (%), = (3.34)

and is treated as an activation function for the attention coefficient.

The attention mechanism allows a node to find the values from the connected notes that
are more important, i.e., that need to be paid more attention. This kind of layer is used
in Section where the physics object represented by the node (lepton, jet, photon) is
one-hot encoded in the node features. For instance, the attention coefficient between two
leptons might be larger than the one between a lepton and a jet, signaling that the lepton
node is paying more attention to the fact that a connected node is a lepton, compared to a
different object. This mechanism allows the GNN to autonomously find which edges are

meaningful to the designed task.

One last thing to notice is that the Transformer Convolutional Layer can also be defined
with multiple attention coefficients and weight matrices, in a configuration called multi-
headed attention. When designed this way, the layer can pay attention to multiple patterns

in data and retain more information.
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The output of H-headed attention Transformer Convolutional Layer o; is defined as

H
3 of (W -, + Wh &) | ; (3.35)

(3.36)

Another implementation of H-headed attention for a Transformer Convolutional Layer
consists of simply having H different outputs in the form of Eq. (3.32), with the Wy 53 in

h
common and separate own OZ,L"j.

Of course, increasing the number of attention heads is not the only possible way to improve
the accuracy of a model, and as with every procedure in ML, can bring to significant

drawbacks, such as overfitting and increased computational time and resources.
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4 The CMS experiment

The Compact Muon Solenoid (CMS) is one of the four experiments located place at the
Large Hadron Collider (LHC) at the European Organization for Nuclear Research (CERN)
in Geneve, Switzerland. CERN was founded in 1954 and throughout its history it has been
the stage of many discoveries in particle physics, such as the discoveries of weak neutral
currents with the Gargamelle bubble chamber, and the discovery of the Higgs boson at the
LHC, already mentioned in Chapter |1 Furthermore, the W and Z bosons were discovered
at CERN, in 1983, by the UA1 and UA2 experiments .

4.1 The Large Hadron Collider

The Large Hadron Collider [85] is the world’s largest and highest-energy particle collider,
where two beams of particles travel at about the speed of light and are collided in four
points of intersection, where the four main experiments are located: the Compact Muon
Solenoid (CMS) [86], ATLAS [87], A Large Ion Collider Experiment (ALICE) [88], the
Large Hadron Collider Beauty (LHCb) [89]. The LHC is able to accelerate protons and

ions.

LHC is the last stage of a complex of different accelerators: each machine brings the energy
of the particle beams to a threshold before injecting them into the next stage. As of Run
2 of LHC, between 2016 and 2018, protons are obtained from a hydrogen tank using an
electric field to strip the atoms of their electrons. They are injected into [90]:

e Linac 2, a linear accelerator, which accelerates them up to 50 MeV of energy;
o Proton Synchrotron Booster (PSB), which brings them to 1.4 GeV;
o Proton Synchrotron (PS), which accelerates them to 25 GeV;

o Super Proton Synchrotron (SPS), which raises the energy to 450 GeV before injecting
the beam into the LHC.
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Figure 4.1: A schematic view of the accelerator complex at CERN, including the LHC and
its accelerator chain. For each accelerator, the year in which the operations
began is reported. From Ref .

Since 2020, Linac 2 has been replaced by Linac 4, which accelerates negative hydrogen ions
to 160 MeV before feeding them to the PSB. A schematic view of the LHC and its current
injector chain is shown in Figure

The LHC is housed in a tunnel 27 km long in circumference, which was originally built
for the Large Electron-Positron Collider (LEP), which was in operation from 1989 to
2000 . Protons in the LHC are accelerated by sixteen superconducting radiofrequency
cavities, which bring the energy of a proton beam to a maximum of 6.8 TeV. The use
of radiofrequency cavities forces the protons not as a continuous beam, but in bunches,
which are separated in time by 25 ns. During Run 2, the maximum energy was 6.5 TeV

per beam, corresponding to a center-of-mass energy of 13 TeV.

A second parameter to describe the performance of a proton-proton collider is the luminosity
(or instantaneous luminosity) £, which is related to the rate of proton-proton collisions R

in the machine through the total inelastic cross section oy,

R="Lo

pp- (4.1)
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Figure 4.2: LHC integrated luminosity over time for the 2015-2018 period. From Ref.

The luminosity only depends on the characteristics of the collider. If the beams collide
with each other without a crossing angle (head-on), the luminosity for a single colliding
bunch ¢ can be calculated as :

L= Nlsz/pl(w,y)pg(%@/)dxdy, (4.2)

where Ny and N, are the number of protons in the two colliding bunches, f = 11246Hz is the
LHC orbit frequency, and p; and py represent the normalized particle density distributions
in the two bunches. The values of p are obtained using a method known as Van Der
Meer scan, from its inventor Simon Van Der Meer, which consists in measuring the rate of

interactions as a function of the beam separation at the interaction point .

Related to the luminosity is the integrated luminosity L, which is the time integral:

L— / L, (4.3)

integrated over the time in which the collider is in operation. Figure shows the integrated
luminosity collected by the CMS experiment during the Run 2 period as a function of time.
While Run 2 extended from 2015 to 2018, the analyses presented in this thesis work are
based on data collected from 2016 to 2018, corresponding to an integrated luminosity of
138 fh .
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Figure 4.3: A picture of the CMS detector. From Ref. .

4.2 The Compact Muon Solenoid

CMS is a general-purpose particle detector, i.e., it has a broad physics program which ranges
from the study of the Standard Model to the search for new physics beyond it. The detector
is built around a superconducting electromagnet, the Solenoid in the CMS acronym, which
provides the apparatus with a magnetic field of 3.8 T, bending the trajectory of charged
particles and therefore allowing to precisely measure their momentum. The detector is in
the shape of a 28.7-meter-long horizontal cylinder with a 15-meter-long diameter, centered
around the collision point to exploit the cylindrical symmetry of the interaction. Figure
shows a picture of a layer of CMS during maintenance in Run 2. The CMS detector is
divided in different subdetector systems, each designed for specific measurements and with

precise requirements.

The experiment uses a right-handed Cartesian system of coordinates to describe the collision

events:
e the z-axis points to the center of the LHC ring;
e the y-axis points upwards, orthogonal to the ring;

e the z-axis is along the beam pipe in the counterclockwise direction, observing the

ring from above.

Furthermore, a cylindrical coordinate system is used to describe the quantities related to

the particles arising from the collision:

o the radial distance r from the z-axis;
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Figure 4.4: The coordinate systems in CMS. Image produced according to instructions in
Ref. .
e the azimuthal angle ¢ in the zy plane, increasing from the z-axis;
e the polar angle # in radial direction, increasing from the positive z-axis.

Most commonly, an alternative variable is used instead of #: the pseudorapidity

n=—lIn {tan (g)} , (4.4)

which transforms linearly under the effect of a Lorentz transformation along the z-axis,
if the energy of the particle is much larger than its mass. Because of this property, the
difference in pseudorapidity between two particles is, in this approximation, invariant under
this kind of boosts. Figure shows the coordinate systems used in CMS.

Other quantities which are invariant under a Lorentz transformation along the z-axis are:

AR =\/A¢® + An®?; (4.5)

e the angular distance:

e the transverse momentum pr:

b=y pxz +py2- (46)

4.2.1 The subdetector systems of the CMS experiment

The CMS detector is composed of several subdetector systems and components:
o Beam Radiation, Instrumentation, and Luminosity (BRIL);
o tracking system;
o electromagnetic calorimeter (ECAL);

o hadronic calorimeter (HCAL);
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e superconducting solenoid;
e muon system.

Many of the systems are divided in two subcomponents: the barrel, which is a cylindrical
layer coaxial with the beam pipe, and the endcaps, which are plane layers placed at the

two ends of the cylinder to ensure the detection of particles which travel close to the z-axis.

The tracker

The tracker is designed to precisely detect the passage of charged particles arising from the
collision, allowing for a good reconstruction of their trajectory. It is the subdetector closest
to the interaction point, as it starts only 30 mm away from the beam pipe. The short
distance allows for the best-possible accuracy in the reconstruction of the secondary vertices
of interaction, e.g., the decay vertices of mesons containing b quarks. The tracker has a
diameter of 2.5 m and a length of 5.8 m; it covers the pseudorapidity range —2.4 < n < 2.4.
It is composed of the inner tracker, made of silicon pixel detectors with pixels of size
100 x 150 pm, and the outer tracker, made of silicon strip detectors with strip pitches
ranging from 10 cm x 80 pm to 25 cm x 205 pm.

When a charged particle passes through the tracker, it knocks out electrons from the silicon
atoms, creating electron-hole pairs. The pairs are directed by an electric field to electrodes
applied to the sensors, where they are collected. The movement of the electrons and holes

generates a current which is picked up and amplified by a readout system.

The inner detector has an accuracy of 10 pm and of 20 pm for the radial and transverse
positions, respectively . It was originally designed to include 60 millions pixels dis-
tributed in three barrel layers and the two endcaps. After an upgrade performed between
the years 2016 and 2017, it features 124 million pixel detectors distributed in four barrel
layers and three endcaps . Additionally, the outer tracker has an accuracy between

35 nm and 52 pm for the radial position and 530 pm in the transverse position.

The Electromagnetic Calorimeter

The ECAL is a hermetic homogeneous calorimeter made of lead tungstate (PbWOy)
crystals . Its main purpose is the measurement of the total energy of high-energy
electrons, or positrons, and photons which enter the detector. Electrons interact in the
material of the ECAL by undergoing bremsstrahlung, which is the radiation of a photon.
Photons, instead, interact in the material by converting into electron-positron pairs. The
combination of these phenomena causes the energy of an incoming particle to be quickly
dissipated into the production of a multitude of lower-energy particles; a process called
electromagnetic shower. The energy of the shower is deposited into the crystals of the
ECAL, causing its atoms to reach excited energy states. The return to the ground energy
state of the atoms of the PbW O, lattice is mediated by the emission of photons in the
visible spectrum, which are collected by different photodetectors, generating an electric
signal. Avalanche photodiodes are used in the barrel, while the endcaps are equipped with
vacuum phototriodes. The ECAL is placed at a radial distance between 1.25 m and 1.8 m

from the beam pipe.
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Figure 4.5: Longitudinal view of one quarter the CMS detector. The locations of the
hadron barrel (HB), endcap (HE), outer (HO) and forward (HF) calorimeters
are shown. From Ref. [36].
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The Hadronic Calorimeter

The HCAL is a sampling calorimeter, i.e., it is made of layers of active material and
absorber. The active material is made of a fluorescent scintillator, the absorber is cartridge
brass. The main purpose of the hadronic calorimeter is the measurement of the energy of
hadrons produced in the collision event. The hadrons interact with the nuclei of the atoms
of the absorber through the strong interaction, which causes the production of hadronic
showers. The showers present an electrically charged component, e.g., charged mesons or
leptons from their (semi-)leptonic decays, which create a signal in their passage through
the fluorescent scintillator, with a similar mechanism as in the ECAL. The presence of
the absorber is made necessary by the fact that the mean free path for a hadron in a
material is one order of magnitude larger than for an electron, or a photon, in the same
material . The mean free path is inversely proportional to the density of the material,
as the presence of more nuclei translates to a higher probability of a hadron interacting
with one of them. Hence, alternating layers of active material and higher-density absorber
allows the calorimeter to contain the entire development of the hadronic shower in the
thickness of the detector.

The HCAL is divided in Barrel (HB) and Endcap (HE) sections, with a range |n| < 3.0.
Additionally, an Outer Barrel (HO) and a Forward (HF) sections are present, realized with
different materials. A view of all four HCAL section is displayed in Figure

The HF is 11.2 m away from the interaction point along the z-axis, covering the pseudora-
pidity range 3 < |n| < 5.2. It is made of quartz fibers embedded within a 165 cm long steel
absorber and exploits a technology based on the Cherenkov effect. The HO is composed of
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scintillators that are placed outside the solenoid to ensure adequate sampling depth and to

measure late shower development.

Solenoid

The solenoid is a superconducting coil surrounding the tracker and calorimeters, apart for
a small portion of HCAL. It provides the detector with a uniform 3.8 T magnetic field. An
iron return yoke is located around the magnet to avoid border effects, and to bend the
lines of force in a way to provide an almost constant magnetic field of 1.8 T magnitude

outside the solenoid bore, as well.

Muon system

The muon system is the part of the detector which is used for muon identification, momentum
measurement and triggering. Muons are the final products in many processes, and can
pass through multiple layers of material while losing only a small fraction of their energy.
Therefore, the muon system of CMS is the outermost layer of the detector, placed in
between layers of the iron return yoke, where only muons are expected to survive. It covers
an active area of about 25000 m?. Three types of gas detectors are used: drift tubes (DTs),
cathode strip chambers (CSCs) and resistive plate chambers (RPCs). Their functioning
principle is based on the ionization of the gas by the passage of the muon. The electrons
and ions are then collected by electrodes (wires, strips, or plates), generating a signal which

is read out by the dedicated electronics.

The DTs are placed in the barrel and cover a pseudorapidity range |n| < 1.2. They are
arranged in four stations which form concentric cylinders around the beam line. The DTs

are used are the main tracking system for muons in the barrel.

The CSCs are placed in the endcaps, covering a range 0.9 < |n| < 2.4. The cathode strips
and anode wires in the CSCs are arranged in a cross pattern, allowing to measure two
position coordinates for each passage of a muon. In a CSC, the electrons knocked out of

the gas atoms create electronic avalanches next to the anode wires, creating a clear signal.

The RPCs are placed both in the barrel and the endcaps and have very fast response,
in the order of nanoseconds, and very good time resolution. These features make them

especially valuable for triggering purposes.

Trigger

The LHC provides proton-proton bunch crossings at a maximum rate of 40 MHz, with an
average of 35 collisions per crossing. The maximum rate of collision events collected by
CMS that can be stored was, for Run 2, around 1 kHz. This drastic reduction in the rate
of stored events is achieved by the trigger, which is composed of Level-1 trigger (L1 trigger)
and High Level Trigger (HLT).

The main principle behind the trigger selection is to select all possible interesting events,

which are the ones that can be used for new physics analyses and measurements.

56



The L1 trigger, built with custom-designed electronics, has a latency of 4 ps, reducing
the incoming rate to 100 kHz [102]. It is divided in a muon component and a calorimeter

component.

The former is based on information from the muon systems, whose signals are combined
together into trigger primitives (TPs). The TPs are used in the reconstruction of muon
tracks, which are ranked in quality and sent to the Global Muon Trigger, which removes
duplicate tracks coming from different TPs and in turn sends the information to the Global

Trigger.

The L1 calorimeter trigger is divided in two layers. The first layer reconstructs TPs from
the energy deposits in the ECAL and HCAL. The second layer combines this information
into the reconstruction of the physics objects, such as electrons, photons, jets, and energy
sums. The second layer communicates with the Global Trigger, whose task is to take the

final decision to reject the event or to pass it to the HLUT for further evaluation.

The HLT, is an offline software trigger which runs a streamlined version of the reconstruction
algorithms, described in the next section, and finally select events for further analysis and
storage . The HLT functioning revolves around the concept of trigger paths, which
are sets of algorithmic processing steps. These include steps to reconstruct the particles
produced in the collision events, and to select the events if the reconstructed objects respects

predetermined thresholds, e.g., in transverse energy, isolation, reconstruction quality.

BRIL

The BRIL subsystem is responsible for the monitoring of the luminosity collected by
the CMS detector. It uses both detectors specifically built to measure luminosity, such
as the fast beam conditions monitor BCM1F and the pixel luminosity telescope (PLT),
and information coming from other subsystems, such as the inner tracker, the HF, and
the DTs. The redundancy results in a reduction in the systematic uncertainties of the
luminosity measurements and in the safeguard against the possibility of all detectors not

being available in the same period.

The measurement of the luminosity is performed through the measurement of a rate R
specific to the detector (hits, tracks, clusters), with the proportionality constant given by

the visible cross section o;:

L= i, (4.7)

Ovis

The value of o, is specific to each detector and includes factors due to the conditions of
the detector, its geometric acceptance and efficiency. It is usually measured according to
the provisions in Ref. in special LHC fills devoted to VdAM scans.

4.3 Event reconstruction

The event reconstruction at CMS is based on a Particle-Flow (PF) algorithm [105], i.e., a

global reconstruction technique which optimally combines information from all subdetector
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Figure 4.6: A schematic view of a transverse slice of CMS, showing the interactions of the
particles with the subdetector systems. From Ref. [105].

systems to reconstruct all final-state particles produced in the collision event. Typically,
in CMS, electrons can be reconstructed by the hits they generate in the tracker, and a
matching energy deposit in the ECAL. Photon reconstruction is based on the energy deposit
in the ECAL. Charged hadrons are also reconstructed by hits in the tracker, followed
by a hadronic shower, which can start in the ECAL, but ultimately is absorbed by the
HCAL. Neutral hadrons are reconstructed by the energy deposit in the ECAL and HCAL.
Finally, muons can be reconstructed by the hits they generate in all detector layers, as
they are usually the only particles which pass through the entire detector. Their transverse
momentum is reconstructed by the curvature of their trajectory in the magnetic field of

the solenoid.

The interactions of the particles in the volume of the detector are graphically summarized

in Figure where a schematic view of a transverse slice of CMS is shown.

This section describes the methodologies used in the reconstruction of the different particles
produced in the collision events.

Tracks and primary vertices

The first reconstruction step is the determination of the tracks of the charged particles
produced in the collision. This is done through a combinatorial track finder algorithm
based on a Kalman filter [106] [107]. It proceeds in three stages: a few hits compatible

with the passage on one particle are taken as seed; a pattern recognition algorithm is used
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to collect all hits compatible with the seed track; a global fit is performed to extract the
properties of the charged particle.

This algorithm is run iteratively for ten times, with looser quality requirements for the
tracks at each step. Hits corresponding to reconstructed tracks are not considered in
following iterations of the track finder algorithm. Moreover, the last iteration is designed to
consider hits in the muon system as seed, aiming at increasing the reconstruction efficiency
for muons. This procedure ensures high efficiency in the reconstruction of the tracks, while

maintaining the misreconstructed track rate at the same level as the first iteration.

The reconstructed tracks are used for the primary-vertex reconstruction, i.e., the measure-
ment of the location of all proton-proton interaction vertices in an event, including both
the signal vertex and vertices from pileup (PU) collisions. The PU collisions are comprised
of all other proton-proton collisions that are simultaneous with the signal collision under
study. Primary-vertex reconstruction consists of three steps . First, tracks that are
compatible with the primary interaction region are selected. This region consists of the
volume close to the interaction point. Secondly, the tracks that appear to originate from
the same vertex are clustered together, and are then used in a fit to extract the position of

each vertex.

Muons

In CMS, isolated muons are reconstructed with an efficiency close to 100%, and the
reconstruction of their tracks is different from the one generally used in the PF algorithm.
Three non-mutually-exclusive types of muons are reconstructed in CMS. Hits in the DTs
and CSCs detectors are clustered to form track segments which act as seeds used by a
pattern recognition algorithm to cluster all compatible hits in the muon system. These
tracks are defined as standalone muons. If the standalone muon is compatible with a track
reconstructed in the inner tracker of the detector, the hits from the two tracks are combined
to perform a new fit which returns a global muon. Lastly, each track reconstructed in the
inner tracker with pp > 0.5 GeV and p > 2.5 GeV is extrapolated to the muon system. If

at least one track segment matches the track, this latter is considered a tracker muon.

Electrons and photons

Electrons and photons are expected to deposit all their energy in the ECAL, through
an electromagnetic shower. Because of the similarities in the way they interact with the
detector, electrons and photons are reconstructed in the same step. Because of the thickness
of the tracker, the electromagnetic shower can be initiated before the particle is able to
reach the ECAL, generating multiple particles which, in turn, produce scattered energy
clusters in the ECAL, which need to ultimately be related to the original incoming electron
or photon. Additionally, the emission of a photon from an electron in the tracker causes
the electron to bend while in the tracker. In order to accurately reconstruct electrons,
their track finding algorithm is based on a Gaussian-Sum Filter (GSF) [108], and not on a
Kalman filter.
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The reconstruction proceeds in the following steps . ECAL clusters are formed by
grouping together crystals which measured energy exceeding a predefined threshold. In any
specific region, a seed cluster is defined as the one with the most energy, which needs to be
greater than 1 GeV. Clusters within a certain area around a seed cluster are combined
together into a supercluster (SC). Seeds in the pixel detector that are compatible with
the position of the SC, and the trajectory of an electron, are used as seeds to the GSF

algorithm.

At the same time, a dedicated algorithm [109] is used to identify tracks which are compatible
with the conversion of a photon into an electron-positron pair in the volume of the tracker,
defined as conversion tracks. Electrons are identified by SCs linked to a GSF track
compatible with the trajectory of an electron. Photons are identified by SCs which do not

have a GSF track, or that are compatible with conversion tracks.

Missing transverse energy

The last step of the PF algorithm is the calculation of the missing transverse energy (MET),
which is defined as the negative vector sum of the transverse momenta of all the particles

reconstructed in the event:
= > P (4.8)

i=particle
The interacting partons in the colliding protons have no transverse momentum, so the
total transverse momentum of the particles in the final state should be zero. A deviation
from zero, i.e., a non-null MET can indicate the presence of undetected particles, such as

neutrinos.

4.3.1 Detector simulation

After parton showering and hadronization, simulated proton-proton collision events need to
be processed through a full simulation of the CMS detector, in order to be compared with
the observed data. The simulation of the passage of the particles through the detector, and
their interactions with the subdetector systems and the magnetic field are performed with
the GEANT4 toolkit . The software includes a full model of the CMS detector. The
output of the GEANT4 simulation is then processed by the PF algorithm in the same way
as the data collected by the detector. Furthermore, the simulated events at CMS include

the effect of pileup, whose distribution is based on the one expected in the observed data.
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5 First evidence for the production of the

tWZ process

The first analysis discussed in this thesis is the search for the SM tWZ process, which
resulted in the first evidence for the process and was published in Ref. [111].

The tabulated results of this analysis are provided in the HEPData record [112].

Section presents an introduction to the analysis and its motivations. The overview of
the strategy and workflow of this search, outlining the trigger selection, the reconstruction
and identification of the physics objects, and the processes that represent a background to
the tWZ process, are given in Section Section defines the signal and control regions
in which the analysis is performed; it also describes the design, training, performance, and
validation of the classifiers used to discriminate between the signal and the background
processes in the signal regions. Section is dedicated to the detailed description of the
DNN algorithm which is used to classify top quarks with high transverse momentum which
decay in leptons. Section details the systematic uncertainties that are considered in the
maximum likelihood fit used to extract the signal strength and statistical significance of
the tWZ process. Finally, the results of the search are presented in Section [5.6]

5.1 Introduction

The associate production of a top quark with a W and a Z boson is conceptually similar
to the tW production process. The main difference is, of course, the emission of a Z boson
from any internal or external line of the Feynman diagrams for the production process.
These are shown in Chapter 2] together with the studies performed on the modeling of the

physics process.

The theoretical interest in tWZ does not stop at the definition of a reliable and sound
modeling; the process has been found to be a very promising channel to uncover effects of
physics beyond the Standard Model in the context of the Effective Field Theory (EFT)
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Figure 5.1: Illustrative Feynman diagrams for the tWZ (left) and ttZ (right) processes
in the final state with three leptons. The main difference between the two is
represented by the presence of one hard b jet coming from the decay of the top
anti-quark in 2.

approach [113]. Furthermore, recent theoretical studies suggested that these effects are

enhanced in the regions of phase space where the final state particles are produced with
high energy .

The most challenging aspect of the experimental search for the tWZ process is undoubtedly
represented by the extreme similarity with the t¢Z process. This similarity not only affects
the modeling of the signal process, but it also makes it complicated to distinguish between
collision events traceable to either process. The only difference in the final state signatures
consists of one additional b jet arising from the decay of the second top quark in the ttZ

process, which is not always reconstructed or identified.

The two illustrative Feynman diagrams in Figure show the difference between tWZ
(left) and ttZ (right) in the case where three leptons are present in the final state.

One more hurdle in the identification of {WZ events is represented by the fact that its
cross section is significantly smaller than the theoretical cross section for the production of
the ttZ process. It is calculated to be o7, = 8591@2 fb at NLO, in QCD and electroweak,
and next-to-next-to-leading logarithmic accuracy [114]: almost seven times as large as the
theoretical tWZ cross section of atDMI/%ZI = 130 fb. The latest measurement performed by the
CMS experiment resulted in a measurement of 777 = 0.95 £ 0.05 (stat) £ 0.06 (syst) pb,
compatibly with the theoretical prediction.

The tWZ analysis is carried out in the three- and four-lepton final states, where the Z
boson decays into oppositely charged leptons, and either the W boson or the top quark, or
both, decay with a charged lepton in the final state. The final state signature with three
leptons is completed by the presence of a b jet coming from the decay of the top quark
and two light jets which come from the hadronic decay of the W boson, in addition to a

neutrino, which results in high MET. The four-lepton final state is characterized by the
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presence of the b jet alone and two neutrinos, which are also responsible for high MET.

The charged leptons considered are electrons and muons.

The strategy employed in this search is based on dividing the collected data into multiple
signal and control regions, so to constrain the uncertainties coming from all the contributing

processes as well as possible.

Additionally, the analysis relies heavily on the use of machine learning algorithms to create
classifiers to separate the signal from the background processes in each signal region of the
analysis. Most of the classifiers are used as templates to be fitted through the Maximum
Likelihood Estimation technique, as described in Chapter

Furthermore, the analysis employs a boosted leptonic top-tagger, described in Section
which is used to identify combinations of b jets and leptons that are likely to come from
the decay of a high-pt top quark. The aim of this high-energy region is to define a phase

space where the tWZ process might be more sensitive to the effects of new physics.

The result of the search is presented in Section where the statistical significance of the
signal is calculated through both a fit where the signal strength of tWZ u;y7 is the only
parameter of interest, and a simultaneous fit of u;y 7 and pz5, the signal strength of the
ttZ process. In either case, the significance of the signal is found to be greater than three

standard deviations from the background-only hypothesis, representing first evidence of
the tWZ process at the LHC.

5.2 Analysis overview

The search for the SM tWZ process has been carried out using proton-proton collision data
collected by the CMS experiment at /s = 13 TeV in the years 2016-2018, corresponding
to an integrated luminosity £ = 138 fb~!. The data-taking was divided in four periods:
2016 pre-VPF, 2016 post-VFP, 2017, and 2018. While the division between different years
is justified by upgrades made to the CMS subdetector systems at the end of every year,
the division between 2016 pre-VFP and post-VFP is due to an issue in the silicon tracker
during the Summer of 2016. It was found that the discharge time of the pre-amplifiers
used in the readout of the tracker showed a dependency on the occupancy rate, i.e., to
the instantaneous luminosity. This caused a loss of efficiency in the detection of tracker
hits. The solution was the application of a voltage bias to the pre-amplifier (VFP) which
increased the discharge speed of the pre-amplifiers .

This section describes the simulation of the signal samples, the trigger logic used to select
the events of interest, the physics objects reconstruction, and the background processes

present in the analysis.

5.2.1 Signal simulation

The signal process is simulated according to the prescriptions given in Chapter |2l The
simulated samples are produced using the MadGraph_aMC@NLO generator at NLO in QCD
with the 5FS, using MadSTR to implement the DR1 and DR2 schemes. The DR1 modeling
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is considered as the nominal prediction for the process, while the DR2 scheme is used
to estimate the theoretical uncertainties. The samples produced by MadGraph_aMC@NLO
are generated to the matrix element level. Pythia8 is then used to simulate the parton

showering of the events and the hadronization.

Furthermore, in order to increase the number of simulated events used to model the
high-energy region of the phase space, additional samples have been produced with a
requirement on the pp of the top quark, which is set to be greater than 270 GeV. In order
to correct the disagreement between the DR1 and DR2 schemes in the high-pr region, the
b-veto criterion is applied to these samples, as described in Section The number of

events is then renormalized to the pre-veto value.

5.2.2 Trigger selection

Only a part of the events collected by the CMS experiment can be stored for further
analysis, due to the high rate of collision events produced by the LHC. The decision on
whether to record or discard a collision event is taken by the CMS two-tiered trigger system.
As explained in Chapter [4], the final decision on the selection of a collision event is taken
by the HLT. For this analysis, the events are collected using an extensive combination of
single-, di- and tri-lepton (muon or electrons), plus photon trigger paths. These latter ones
are included in the analysis to increase the efficiency for the selection of high-pt electrons,
which can be wrongfully reconstructed as photons. This combination has first been used for
the measurement of associated production of a top quark and Z boson (tZq) in Ref. ,
where it has been proved to have a selection efficiency close to 100% for the selection of

events with three leptons with transverse momenta pt > 25, 20,10 GeV.

5.2.3 Objects reconstruction and identification

Following the trigger selection, the PF candidates are required to pass a series of offline

selection criteria in order to be considered for the subsequent steps of the analysis.

Leptons

The main strategy of this analysis is using a multi-lepton final state in order to reduce the
contamination from the background processes, as the SM does not allow many processes
that produce three or four leptons in the final state at LHC; the ones that are allowed
are described in Section Nevertheless, this choice comes at the cost of increased
probability of selecting nonprompt leptons. Prompt leptons are the ones coming from
the decay of the W and Z bosons or from the leptonic decay of a 7 lepton, which itself
originated from the decay of a boson. Nonprompt leptons are misidentified hadrons,
misidentified photons, or genuine leptons, which are produced in semileptonic decays of
hadrons, especially b hadrons. They are identifiable by being less isolated, originating from

a secondary vertex, or being close to a b jet.

It is fundamental to reduce the rate of nonprompt leptons that are erroneously selected

as much as possible. The TOP LeptonMVA boosted decision tree algorithm has been
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developed to identify prompt leptons with high efficiency and low rates of nonprompt

lepton misidentification and has been profitably used in CMS analyses in multileptonic

final states .

Table 5.1: Preselection criteria for the TOP LeptonMVA algorithm for electrons and muons.

Electron Muon
pr > 10 GeV pr > 10 GeV
In| < 2.5 In| < 2.4
dyy < 0.05 dyy < 0.05
d, <0.1 d, <0.1
SIP; < 8 SIP; < 8
Lnini <04 Tnini <04
Nhjss < 2 Has track in both tracker and muon system
Medium ID

The PF lepton candidates are first required to respect a set of preselection criteria,
which are reported in Table , where d,, and d, are the transverse and longitudinal
impact parameters, respectively, and SIP5 is the significance of the impact parameters in
three dimensions, defined as the ratio of the impact parameter itself and its uncertainty.
Additionally, IV, is the number of missing hits in the inner tracker, and the muon Medium
ID refers to a set of identification criteria described in Ref. [118]. Also, the muons undergo
a further correction of the measured py, as prescribed in Ref. .

Furthermore, the relative isolation of the leptons is defined as the scalar sum of the pr of
the PF candidates in a cone centering on the lepton direction, excluding the lepton itself.

For electrons, the relative isolation is given by:

1

La=— 1| > pr+max |0, > pr+ Y pr—pAl], (5.1)
Pr charged neutral photon

where p is the average pp flow density in the event, and A is the area of the geometric cone
used to calculate the isolation. For muons, the term pA is replaced by %ZPU charged PT>
where the pt is summed over the charged PF candidates not associated with the primary
vertex [120]. In the case of the mini-isolation, used for the preselection, the radius of the

isolation cone R is given by

0.2, Pty < 50 GGV,
R= (185N 50 GeV < ppy < 200 GeV, (5.2)

0.05,  pry > 200 GeV.

The idea of correlating the size of the isolation cone with the pr comes from considering
the decay of a massive particle with a lepton and a jet in the final state , as it is the
case for the leptonic decay of a top quark. If the top has high energy, the decay products
tend to be collimated, with a typical angular distance between them AR, ,q ~ 2%, with

my and pr, being the mass and the pt of the decaying top quark, respectively. Decreasing
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R with the increasing pr of the lepton reduces the probability of the isolation cone and

the b jet accidentally overlapping.

The TOP LeptonMVA employs input features related to the kinematic properties, isolation,

and impact parameters of the lepton, and properties of the closest jet.

The leptons in this analysis are selected when their MVA output is above the medium
working point, for which the prompt lepton selection efficiency is 93%, and the nonprompt
lepton selection efficiency is O(1%). Both efficiency values are calculated with respect to

the preselection.

Jets

In the final state of the tWZ process, hadronic jets arise either as b jets from the decay of
the top quarks or from the hadronic decays of the W boson. Furthermore, the presence of
an extra b jet in the selected event is a good indicator of the t£Z process, and it is useful in
the discrimination between the two processes. In this analysis, the jets are reconstructed
using the anti-kp algorithm with a distance parameter of 0.4 (AK4 jets) [122], with the
PF candidates used as input. The charged PF candidates which are associated with a
pileup vertex are not considered in the jet reconstruction, following the Charged Hadron
Subtraction (CHS) algorithm [123].

Jets are selected in the analysis if they satisfy the requirements outlined in Ref. , they
have pr > 25 GeV and are central, |n| < 2.5. In case their pr is smaller than 50 GeV, they
are also required to pass the loose working point of an MVA-based PU jet ID, defined as
selecting non-pileup jets with 99% efficiency. Furthermore, jets need to be separated from
the selected leptons by AR > 0.4.

The jets undergo a series of corrections to the energy scale calibration, and the differences
in the jet energy calibration (JEC) and resolution (JER) between data and simulation are
corrected according to the prescriptions in Ref. [124].

A jet is considered b-tagged if it passes the medium working point of the DeepFlavour
algorithm [125, [126]. The DeepFlavour algorithm is a DNN that leverages information
from PF candidates and secondary vertices in a jet to provide the probability that a given

jet is a b jet, a c jet, or a light jet.

Fat jets

In addition to AK4 jets, the analysis also makes use of anti-k jets with a distance parameter
of 0.8 (AKS jets), with the aim of reconstructing the hadronic decays of high-pt top quarks.
The decay products from a high-p top quark are expected to receive a large Lorentz boost,
which collimates them and makes them appear as a single large-radius jet. An AKS jet is
selected if it has pp > 300 GeV and |n| < 2.4, and it is required to be separated from the
selected leptons by AR > 0.8. Additionally, the AKS jet is required to be within AR < 0.8
from a selected AK4 jet.
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Missing transverse energy

The neutrinos produced in the leptonic decays of the W bosons cannot be detected in
CMS, as they exit the detector without interacting with it. The MET is used as a proxy

to reconstruct its properties. In this analysis, type 1 MET is used, which is calculated as:

= X me X)), 53
Unc. PF Jets

where the unclustered PF candidates are the ones that are not associated to any jet. The

jets, after the application of energy corrections, are used instead of the PF candidates they

were reconstructed from. This increases the precision of the p%iss measurement, as the pp

of jets is usually measured with higher precision than the pt of its components.

5.2.4 Top quark reconstruction

The properties of the top quarks in the events contribute significantly to the discrimination
between the tWZ and ttZ processes, and they are employed in the phase space with three
leptons in the final state. There are two main complications in the reconstruction of top
quarks from their decay products. The first one is the presence of a neutrino in the final
state, whose longitudinal momentum cannot be measured. The second one is that there is
no unique way to assign the leptons and the jets to either the top quark or the W boson

in the process.

Neutrino longitudinal momentum

The momentum of the neutrino is reconstructed according to the recipe given in Ref..
It is based on imposing the conservation of energy in the W /v vertex, where the lepton is
the one not associated with the Z boson, and the neutrino is considered to be the only
source of MET. Therefore, the longitudinal component of the neutrino momentum p,, is

calculated as the solution of the equation:

with
Pry=pT - (5.5)

A detailed description of the solution to Eq. (5.4) is given in Appendix

Assignment of the decay products

Having reconstructed the momentum of the neutrino, it is now possible to assign the lepton
and the jets to the top quark and the W boson. Two chi-square quantities are constructed,
X}21ad representing the hypothesis where the top quark decays into jets and the W boson

into a lepton and a neutrino, and X12ep representing the hypothesis where the lepton comes
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from the top quark decay and the W boson decays into jets. The two chi-square quantities

are:
m 2 m me, \ m 2
2 bjj—m w = gy bjj—m
Xnad=|—— | +|———| =|—""F] (5.6)
O¢,had OW lep Ot had
where the second term vanishes because of Eq. (5.4), and
2 2
m..
2 Mpey — MYy N—mw
Xlep = + . (57)
Ot,lep OW ,had

In these equations, my,;; is the invariant mass of the three jets selected, my,, is the invariant
mass of the b jet and the lepton and neutrino, m, is the top quark mass, my, is the
W boson mass, my, is the invariant mass of the lepton and the neutrino, and m;; is the
invariant mass of the two jets which are not b-tagged. If the discriminant in Eq.
is positive, two solutions are found, and the one that yields the smallest value of Xlgep is
selected. The o terms are the resolution on the reconstructed invariant masses of the top

quark and the W boson and are measured in simulation to be:

Ot.had = 22 GeV, (58)
Tt1ep = 19 GeV, (5.9)
UW,had =12 GeV. (510)

5.2.5 Background processes

Because of its extremely similar topology, the ttZ process is the main background in this
analysis. Its contribution is estimated using simulated data, which is generated with the
MadGraph_aMC@NLO generator at NLO in QCD with the 5FS and interfaced with PYTHIA8
for parton shower and hadronization. Nevertheless, tWZ and ttZ are not the only processes
that can decay into a final state with three (or four) leptons and a b jet in the final
state. Other processes that contribute to the same final space signature have cross sections

comparable, or larger, than tWZ.

tZq

The tZq process is the production of a top quark in association with a Z boson and a light
quark, as shown in Figure 5.2l When the Z boson decays into a pair of leptons and the
top quark decays leptonically, the final state signature is similar to the one of the tWZ
process. One main feature of the tZq process is that the light jet tends to be collinear
with the beam axis ; this information is useful in the discrimination between the two
processes. The tZq process is simulated using MadGraph_aMC@NLO at NLO in QCD with
the 4FS and PYTHIAS.

W Z and ZZ with associated jets

The associate production of two heavy vector bosons, shown in Figure is also a

significant background in this analysis, as it can decay into a final state with three or four
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Figure 5.2: Example of a Feynman diagram for the tZq process in the 4FS.

g —>——r~n~ W (2)

Yd'(q)
0000000, g
Yd'(q)

7 (q) —+— Z

Figure 5.3: Example of a Feynman diagram for the associate production of WZ (ZZ) and
hadronic jets.

leptons and be produced in association with hadronic jets via additional QCD radiation.
The cross section, being in the order of tens of picobarn , makes the contribution
from erroneously b-tagged light jets significant. The ZZ production is simulated at LO
level using PYTHIAS.

A smaller contribution is represented by the production of WZ in association with a
genuine b jet. This process is simulated using MadGraph_aMC@NLO at NLO in QCD and
PYTHIAS.

Processes with photons

Processes that produce a pair of leptons and a photon in the final state represent a
contribution to the background in the analysis. The photon can convert into a pair of
leptons because of the interaction with the detector, and one of the leptons can be produced
so that it can pass the required selection criteria. The main processes that contribute to
this kind of background are the associate production of a Z boson or of a top quark pair
with a photon, simulated with MadGraph_aMC@NLO at NLO at LO in QCD, respectively, and
interfaced with PYTHIA8. The conversion of photons in the detector materials is simulated
with GEANT4, which was found to provide a good modeling of the process in Ref. .
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Other background processes

Other background processes that contribute to the final state signature of the analysis are
the associated production of a top quark (pair) with heavy vector bosons, such as ttW,
shown in Figure 5.4 which is generated at NLO in QCD with MadGraph_aMC@NLO and
PYTHIAS. Other examples are the V'V processes, with V being a W or a Z boson, which
are all generated at LO in QCD with the same generators. Finally, the VV'V processes are
also considered, and the used simulation was generated with MadGraph_aMC@NLO at NLO
in QCD and interfaced with PYTHIAS.

Figure 5.4: Example of a Feynman diagram for the associated production of a W boson
and a top quark pair.
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Processes containing nonprompt leptons

Despite the effectiveness of the TOP LeptonMVA in rejecting nonprompt leptons, residual
considerable contamination remains. The main sources are represented by the Drell-Yan
and tt processes, in virtue of their large cross sections. Unlike others, the contribution from
this background is not inferred from simulation but is calculated from data, using the fake
rate method (also known as tight-to-loose method), largely inspired by Refs. .

The method is based on the definition of fakable leptons, i.e., leptons which fail the TOP
LeptonMVA medium working point while still passing the preselection criteria (Table
and additional requirements defined in Table Here, Electron MVA 1D is the output
of the MVA algorithm developed by the CMS collaboration to identify electrons [131],
the associated jet is the one that shares PF candidates with the leptons, if it exists, and
pff’”tio is the ratio between the pp of the lepton and the pt of the associated jet. These
requirements are found to be the ones for which the DNN distributions in the Application
Regions and Measurement Regions (defined below) are the most similar. For the remainder
of the discussion on the fake rate method, the leptons that pass the TOP LeptonMVA
medium working point are referred to as tight leptons in order to distinguish them from

the fakeable leptons.

The following step in the modeling of the nonprompt-lepton background is the construction
of Application Regions (AR) which are defined in the same way as the Signal Regions of
the analysis, with the key difference that at least one lepton is required to be fakeable.
The estimation of the distribution of nonprompt-lepton background in the SR is obtained
through the following calculation, which is valid for phase spaces with two leptons; it is
then generalized to the cases with three and four leptons, which are relevant to the tWZ

analysis. Denoting as f; the fake rate, i.e., the probability that the i-th lepton in an event
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Table 5.2: Additional selection criteria for fakeable leptons.

Variable Data-taking era | Electron | Muon
Electron MVA ID All Loose -
2016 pre-VFP < 0.15 < 0.60
. . 2016 post-VFP < 0.08 < 0.60
DeepFlavour score of associated jet 9017 < 0.08 < 0.60
2018 < 0.06 < 0.50
2016 pre-VFP < 0.30
1 2016 post-VFP < 0.35 i
pr 2017 < 0.30
2018 < 0.35

is nonprompt but tight, and as ¢; the probability that the i-th lepton is prompt and tight,
it is possible to relate the number of pairs of tight or fakeable lepton to the number of

pairs of prompt or nonprompt leptons:

Ny €1€2 €1f2 Ji€2 Jifa Npp
Ntf _ 0 e(l-fa) 0 fi(1 = fo) an : (5.11)
th 0 0 (1- fi)e (1= f1)fe an
Niy 0 0 0 (1=~ f2)) \Non

under the assumption that 1 —¢; ~ 0. The subscript ¢ (f) in the i-th position on the
left-hand side of Eq. (5.11) indicates that the i-th lepton is tight (fakeable). On the
right-hand side, the subscript p (n) indicates that the i-th lepton is prompt (nonprompt).

The factor €;e5 NV, is taken from simulation and the number of events, in the signal regions,
coming from the background of nonprompt leptons is:
bk
Nttg:61f2an+f1€2an+flf2Nnn (512)

The 323 submatrix of the last three rows and columns of the matrix in Eq. (5.11) can be

inverted analytically in order to find:

1 . h
an e1(1-fz) (1) 61(1*1315(1*]5) Ntf
an - 0 ea(1—-1f1) _62(1*{5(1*]02) th ) (5'13)
Non 0 0 /) \Nes

By replacing into Eq. (5.12), it is found that the distribution of the nonprompt-lepton

background in the signal regions is

fi
1—f

Jifa
(1= f1)A = f

Repeating the calculation for a higher multiplicity of leptons, the number of events coming

bk J
Ny? = 1 _zfQNtf +

N - R (5.14)

from the background of nonprompt leptons in a signal region is given by the data events in
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the correspondent AR weighted by:

n
w(ly,ly, s ly) = (=D)" ] Ji : (5.15)
i=1 L=
where [; is the i-th fakeable lepton and n is total number of fakeable leptons in the event.
Since some of the fakeable leptons can be prompt, the contribution to the AR from prompt
leptons is estimated by simulation and subtracted from the data events in the AR before

applying the weights.

The fake rates are measured from simulation using QCD multijet samples. Events are
required to have exactly one lepton, whether tight or fakeable, and at least one jet within
AR < 0.7 from the lepton. The fake rates are calculated, separately for electrons and
muons in the different years of data-taking, as the ratio of the number of events with a
cone e

tight lepton to the total number of events, in bins of p7"® and |n|. The quantity pT° is
defined as:

plTepton’ if lepton is tight,
pme = o7 chlosesest jet. if lepton is fakeable and a jet exists within AR < 0.4,

0.7 -plTelDton (14 1), iflepton is fakeable and no jet exists within AR < 0.4,

(5.16)
with I being the isolation of the lepton in a cone of radius R = 0.4. The use of the
pr ¢ variable is motivated by the fact that often nonprompt leptons are produced in the
hadronization of a parton. Using the p of the closest jet instead of the lepton pp improves
the calculation of the fake rates by making them more stable across the possible nonprompt

cone

lepton sources. The 0.7 pre-factor in the definition of the pt ~ is chosen so to ensure the

pr ¢ is continuous as a function of the TOP LeptonMVA output.

5.3 Signal and control regions

The tWZ process is a rare process with a cross section quite smaller than the t£Z process,
with which it shares an extremely similar final state. As a way to retain as many signal
events as possible while maximizing the statistical power, the analysis makes use of several
signal regions (SR) and control regions (CR), all of which are orthogonal to each other and

fitted simultaneously in order to extract the signal strength p;y7.

5.3.1 SRgys;

The main SR of the analysis is the SRsy 3;, which is designed to include all the events
in which the tWZ process produces a final state with three leptons. The three jets, of
which one is b-tagged, account for the hadronic decay products of either the top quark
or the W boson, and the b jet coming from the top quark decay. Figure shows an
illustrative event display for an event in the SRgy 3;. The two green lines represent the two
electrons compatible with a Z boson; the red line represents the muon coming from the

decay of either the W boson or the top quark, the other branch of the same decay being
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Figure 5.5: Event display for an event in the SRg 3;.

the neutrino, which is reconstructed starting from the MET, represented by the purple
arrow. Finally, the three cones represent the three jets, of which the orange one is the

b-tagged jet.
The SRy 3; is defined by requiring:
e exactly three leptons with pp > 25, 20, 20 GeV;
e at least one pair of leptons compatible with a Z boson:
— the two leptons have opposite charge and same flavor (OSSF);
— the invariant mass my, of the pair respects |my, — my| < 15 GeV;

— if two pairs respect the aforementioned criteria, the pair with the invariant mass

closest to my is selected;
o at least three selected AK4 jets;
o at least one AK4 jet is b-tagged.

o the event are not selected in the SRBOOSted, defined in Section m
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In this region, a fully connected feed-forward DNN multiclass classifier (multiclassifier)
is used to discriminate between the signal and the background processes. It provides
three outputs which represent the probability for the analyzed event to belong to the tWZ
process, the ttZ process, or any other background process. The event shown in Figure
has been chosen for display in virtue of its high probability to be a tWZ event, as predicted
by the multiclassifier.

The multiclass classifier, together with all the other DNNs designed for this analysis, is

realized using Keras [132] interfaced with TensorFlow [133].

The variables used as input to this DNN are listed in Table

Variable | Description
DPT,20 pr of the sub-leading lepton
PT.3¢0 pr of the trailing lepton
N3y n of the trailing lepton
maxA Ry, | Maximum AR separation among lepton pair combinations
maxAR;; | Maximum AR separation among jet pair combinations
njet Jet multiplicity
nbjet b jet multiplicity
maxr; Maximum 7 among the jets (useful for the recoiling jet in tZq process)
maxm;; | Maximum invariant mass among jet pair combinations
Migys Invariant mass of the system composed of leptons, jets, and MET
pT?;aX Maximum pt among any combination of a lepton and a jet
125 7 of the sub-leading jet
35 71 of the trailing jet
my Invariant mass of the reconstructed top quark
Mpad w | Invariant mass of the reconstructed W boson decaying into hadrons
PTy pr of the reconstructed top quark
Priep w | Pr of the reconstructed W boson decaying into leptons
PThad w | Pr of the reconstructed W boson decaying into hadrons
Nhad W 7 of the reconstructed W boson decaying into hadrons
Mep W 71 of the reconstructed W boson decaying into leptons
Phad W ¢ of the reconstructed W boson decaying into hadrons
Plep W ¢ of the reconstructed W boson decaying into leptons

Table 5.3: List of the variables used as input features to the multiclass classifier in the

SRs¢ 35, and their descriptions.

Figure 5.6 shows the distribution of the ppy;™* (left) and mgy (right) input variables in the

SR3@73]'.
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Figure 5.6: Pre-fit distribution of the pry;™" (left) and myy (right) observables in the SRy 3;.
The lower insets show the ratio between data and simulation, underlining an
overall good agreement between the two within uncertainties.

The multiclassifier DNN is composed of two hidden layers of 100 and 64 neurons, respectively,
both using a SELU activation function. The output layer is composed of three neurons, each
representing the probability for the event to belong to the tWZ, ttZ, or other background
processes, using a softmax activation function. This activation function, described in
Section in the context of the transformer model, is the generalization of the sigmoid
function to multiple dimensions, and its outputs are constructed as to sum up to one,
therefore representing the probability that the considered data point belongs to each of the
classes. The layers are interposed with batch normalization layers and droupout layers.
The formers transform their inputs so that they become distributed according to a normal
distribution with 4 =0, and ¢ =1 . The dropout layers randomly set 10% of the
input units to zero at each update during training, in order to prevent overtraining ,
i.e., fine-tuning the weights of the DNN on the training sample in such a way that it is

unable to generalize the learned classification to unseen data

1.5 million simulated events are used for the training and validation of the multiclassifier,
composed of 44% tWZ events, 36% ttZ events, and 20% other backgrounds. Two equivalent
versions of the multiclassifier are trained, each one using one half of this sample, which is

furthermore divided into a training sample (80%) and a validation sample (20%).

In the analysis workflow, each multiclassifier acts solely on the half of simulated events that
it has not been trained on, so as to avoid any bias. Regarding data, each event is assigned

the output of either one of the two multiclassifiers, chosen randomly with equal probability.

As discussed in Section the identification of two b jets is a strong indicator that the
considered event could belong to the ttZ process. Therefore, the SRgy 35 is further divided
into two regions: the SRsy 3; 15, where the events have exactly one b-tagged jet, and the
SRay,3j,26, Where the events have at least two b-tagged jets. The SRy 351 is purer in tWZ
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Figure 5.7: Pre-fit distribution of the {WZ output of the multiclass classifier in the SRz 35 15
(left) and ttZ output in the SRy 30, (right). The lower insets show the ratio
between data and simulation. The low yield of tWZ events in the SRgy 3; 93
makes the region analogous to a control region for the ttZ process, thus making
it useful to use the t¢Z output of the multiclassifier as a template in the fit.

events, while the SRs 3; 25 has a very large contribution from the ttZ process and is useful
to constrain the ttZ background in the fit. Figure shows the pre-fit distribution of the
tWZ (ttZ) output of the multiclass classifier in the SRg/3;15 (SR3,3595), on the left (right)
side. These are the stacks of signal and background histograms which are fitted to data

points in these regions.

SRBoosted

In addition to the division in SRap3;1, and SRgg3;9p, the SRy 3; further includes a

SRP°°%°d which is defined with the intention of selecting events in which the top quark is

produced with high energy. Both decays into jets and leptons are considered, with different

requirements.

As mentioned in Section interest in the definition of this region is led by the fact that
the high-energy spectrum of the tWZ process might be more sensitive to the presence of

new physics, compared to lower energies.

Events selected in the SRg 3; are first checked against the presence of a boosted top quark

decaying hadronically, reconstructed as an AKS jet with the following requirements:
e pp > 300 GeV;

e 105 < mgp < 210 GeV, where mgp is the soft drop mass of the jet with 8 = 0 and
Zeut = 0.1 ||

e a b-tagged jet is present within AR < 0.8 from the AKS jet.

The mgp selection is motivated by the property of the soft drop mass to act as a tagger

for the top quark when its value is compatible with the mass of the top quark.
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Events in which a boosted top quark decaying hadronically is not found are then considered
for the presence of a boosted top quark decaying leptonically, identified starting from the
lepton which is not compatible with the Z boson. A boosted leptonic top quark is found if:

e the lepton has pr > 30 GeV;
e the lepton is within AR < 2 from a b-tagged jet;
e the b-tagged jet has pp > 200 GeV;

o the lepton-jet pair is classified as signal from a purpose-designed DNN, described in

Section

The selection on DeltaR is justified by the fact that the decay product of a boosted top
quark tend to be collimated; AR > 2 indicates that either the leptons and b quark do not
originate from a boosted top quark, or they are not the decay product of the same particle.
The selection threshold for the pp of the b quark acts as a proxy for the pp of the top
quark from which it originates. The event yield is used as the input to the fit to data for
the SRBOOSted, in view of the low number of selected events: five signal and 81 background

events.

5.3.2 SRy

In some events, one of the jets produced in the final state of the tWZ process can fall
outside the acceptance of the detector and, therefore, not be reconstructed. With the
intention of retaining as many signal events as possible, the SRg,; is defined to select

events that only feature two jets. The requirements for the SRgy »; are:
o same selection criteria for the leptons as in the SRy 3;
e exactly two selected AK4 jets;
o at least one AK4 jet is b-tagged.

The peculiarity of this region is that the ttZ process is expected to have a very low yield
because of the strict requirement of two jets, two less than expected from ttZ events in the
three-lepton final state. In fact, in this region, events with nonprompt leptons, the WZ +
(b) jets process, and the tZq process are all expected to have comparable yields, greater

than the ttZ process.

In order to discriminate the contribution of the signal process to this region, a fully
connected feed-forward DNN binary classifier is used to discriminate between the tWZ
process and all the other backgrounds. The total sample used for the training and validation
of this classifier is composed of 950 thousand simulated events, with 40% of tWZ and
60% of background events. The decision to use a binary classifier in place of a multiclass
algorithm resides in the multitude of relevant background processes. Not enough events are
available separately for each class in order to train two multiclassifiers effectively, according
to the same training scheme described in Section [5.3.1]

The input features to the binary classifier are listed in Table

7



Variable | Description

Pre pr of the leading lepton
Pr20 pr of the sub-leading lepton
PT.30 pr of the trailing lepton

Nap 71 of the trailing lepton
nbjet b jet multiplicity

maxm;; | Maximum invariant mass among jet pair combinations
maxpy j; | Maximum transverse momentum among sum of two jets
maxr); Maximum 7 among the jets (useful for the recoiling jet in tZq process)

Pt pr of the leading jet
Pr 25 pr of the sub-leading jet

Ui 7 of the leading jet

25 7n of the sub-leading jet

Migys Invariant mass of the system composed of leptons, jets, and MET
DT sys Transverse momentum of the system composed of leptons, jets, and MET
pre; | Maximum pr among any combination of a lepton and a jet

Table 5.4: List of the variables used as input features to the binary classifier in the SRy o5,
and their descriptions.

Figure shows the distribution of the transverse momentum of the leading lepton (left)
and jet (right), which are two of the input variables to the binary classifier in the SRgy ;.

Figure 5.8: Pre-fit distribution of the transverse momentum of the leading lepton (left)
and jet (right) in the SRgp9;. The lower insets show the ratio between data
and simulation, underlining an overall good agreement between the two within

uncertainties.
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The DNN is composed of two hidden layers of 75 and 25 neurons, respectively, both using
a SELU activation function. The two layers are interposed with batch normalization layers
and dropout layers with a 10% dropout rate. The output layer is made up of a single

neuron, which outputs the probability that the event belongs to the tWZ process after
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Figure 5.9: Pre-fit distribution of the output of the DNN in the SRy 5;. The lower inset
shows the ratio between data and simulation.

the application of a sigmoid activation function. The training and validation samples are
divided in the same way as for the multiclassifier in the SRy, 3;, with the same training

scheme.

The pre-fit output of the DNN in the SRgy9; is shown in Figure This simulated

distribution is fitted to data points in the maximum likelihood fit.

5.3.3 SRy,

The last signal region of the analysis is the SRy, whose aim is the selection of events in
which the tWZ process produces a final state with four leptons. The total event yields in
this region are expected to be very low, as the branching ratio for the four-lepton decay is
one fourth of the three-lepton decay, for both the tWZ and ttZ processes. An important
background to this region is the ZZ process, where both Z bosons decay into leptons.

The selection criteria for the SR, are:
o exactly four leptons, with pp > 25, 20, 20, 10 GeV;

« one pair of leptons compatible with a Z boson, according to the same criteria as in
the SR3@73]';

e the remaining pair is not compatible with a Z boson;
o at least one b-tagged jet.

The multiplicity distribution of b-tagged jets is chosen to be fitted to data in this region, as
it provides a good degree of separation between the tWZ and ttZ process in this low-yield
region. The pre-fit distribution of the b-tagged jet multiplicity in the SR, is shown in

Figure

79



81 O°Private Work 138 fb™' (13 TeV)

8_ FCMS I tWZNLO tiz WZ+j
~ 0.18F I Nonprompt t(t)X I tzq
@ 0.16F- . wz+b XY 2z
c  F (V) ¢ Data 77/} Unc.
O 0.14
> C
W02
0.1 4¢
0.08F
E t
0.04
0.02)=
OE i L L L I J
L§> 14E
| O Sy
Y M
© 0.6E
o 1 2

Number of b jets

Figure 5.10: Pre-fit distribution of the b-tagged jet multiplicity in the SR4,. The lower
inset shows the ratio between data and simulation.

5.3.4 Control regions

Two control regions, CRy 7 and CR 4, are defined in the analysis and fitted simultaneously
with the signal regions, in order to provide constraints on the normalization of the associated

production of W Z and light jets, and of the ZZ process.
The CRyy 7 is defined by requiring;:
e exactly three leptons, with pp > 25, 20, 20 GeV;
e at least one pair of leptons compatible with a Z boson;
o the p™ is greater than 50 GeV;
e no b-tagged jet is present.

In these criteria, the veto on b jets is introduced in order to reduce the contribution from
the tWZ and, most importantly, the ttZ processes. This causes the CRyy; not to provide
a constraint on the associate production of WZ and b jets. Nevertheless, this is a minor
background, as discussed in Section

The CR 4 is defined by requiring:
e exactly four leptons, with pp > 25, 20, 20, 10 GeV;
e two pairs of leptons compatible with originating from Z bosons.
Both control regions enter the maximum likelihood fit through their event yields.

The expected yield in all the signal (control) regions, for all the processes, together with
the observed number of events in data is shown in Table (Table [5.6)).

5.4 DNN for boosted leptonic top tagging

A boosted leptonic top-tagger has been designed as a fully connected feed-forward DNN to
recognize high-pp (boosted) top quarks to define the leptonic boosted region.
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Table 5.5: Expected yields for all simulated processes and observed number of data events
in the signal regions. The uncertainties are related to the limited size of the
simulated samples, except for the nonprompt-lepton contribution, which is
extracted from data and assigned a 30% uncertainty.

SRy 3 SR s SRy SRPoosted
twWz 7747+0.12 28.19+£0.07 15.984+0.06 5.444+0.02
ttz 6579+ 1.6 12276 £0.61 113.86+0.64 59.03 4 0.50
Nonprompt leptons 139 £ 42 170 £ 51 1.02+£0.31 1.94 +0.58
tZq 86.45+0.78 108.69 +£0.71  0.29 +£0.04 4.37£0.17
Z7 22.7+24 60.6 +4.1 20.0+2.3 0.30 £ 0.29
w2z 166.4 £+ 3.3 227.8+4.0 0.59 +£0.19 6.84 £+ 0.66
VvV (V) 15.51 +£0.11  10.55 £ 0.09 1.354+0.03 0.64 £+ 0.02
t(t) X 108.30 +0.99 494 +1.2 17.32+0.34  6.26 +0.19
X~ 54.11+2.6 78.3 £ 3.7 6.92 + 0.95 1.08 £0.31
Total backgrounds 1249 + 42 822 £ 51 159.9 £ 2.6 80.8 £ 1.1
Data 1463 849 180 7

The input to the neural network is a top quark candidate, consisting of the pair of a
b-tagged jet and a charged lepton within an angular distance AR = \/A¢2 + A772 < 2
from each other. Furthermore, so as to consider boosted top quarks, the b jet is required
to have pt > 200 GeV, while the lepton needs to have pr > 30 GeV. The output of the
network is a value between 0 and 1, which represents the likelihood that the top quark

candidate represents a genuine boosted top quark.
The 14 input features to the DNN are:
e pr, 1, and ¢ of the b jet;
e p7, 1, ¢, and invariant mass of the top quark candidate;
e DeepFlavour b-tagging score of the b jet;
e mini-isolation I ;.;;
 Dryrer = P X Dol/1Pb;
e pr and 1 of the b jet in the top quark candidate rest frame;
e pp and 7 of the lepton in the top quark candidate rest frame,

with the top quark candidate consisting of the sum of the four-momenta of the b jet (p})

and the lepton (py).
The DNN consists of:

e Batch normalization layer: normalizes the input of the DNN to be distributed
according to a normal distribution centered in zero and with unitary standard

deviation;

« Two dense layers: two hidden layers of 15 fully connected neurons with SiLU as

activation function;
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Table 5.6: Expected yields for all simulated processes and observed number of data events
in the control regions. The uncertainties are related to the limited size of
the simulated samples, except for the nonprompt-lepton contribution, which is
extracted from data and assigned a 30% uncertainty.

tWz 31.96 +£0.08  2.39£0.02
ttZ 11241+ 0.73 14.44 £ 0.23
Nonprompt leptons 1450 £ 430 23.0£7.0
tZq 74.84 +0.67  0.05+£0.01
A 597 +£ 12 2202 4+ 22
wWZ 10610 % 25 0.68 +0.16
VvV (V) 166 £ 14 16.52 +0.07
t(t)X 39.4+1.8 1.08 +0.07
Xy 519 £ 11 2.53 £ 0.60
Total backgrounds 13520 £+ 430 2028 £ 23
Data 12743 2352

« Gaussian Dropout layer [137]: multiplies every input by a random noise value

drawn from a normal distribution with ¢ =1 and ¢ = 0.3;

« Two dense layers: two more hidden layers, also with 15 fully connected neurons

and SiLU as activation function;

e Output layer: provides the network output after the application of a sigmoid

activation function.

The hyperparameters of the DNN, e.g., the number of layers and neurons, and the standard
deviation for the Gaussian Dropout layer have been chosen by performing a hyperparameter
grid search, i.e., several possible combinations of hyperparameter values have been tested,

and the one yielding the best validation loss, defined below, are chosen.

Two different DNNs with the same architecture have been trained: one for which the
lepton considered is an electron, and the second one for muons. The training sample for
the electron (muon) DNN consists of 1.846 (2.115) M top quark candidates, selected from
simulated events of tt production in CMS in the ¢ + jets decay channel. In both cases, half
of the training sample consists of genuine top quark candidates (signal), while the other
half is made of background top quark candidates. These include the cases in which the b
jet does not arise from the primary interaction vertex, or the b jet and the lepton do not

originate from the decay of the same top quark.

The training has been performed using the Adam gradient descent algorithm to minimize
a binary cross-entropy loss function. In order to avoid overtraining the DNNs,; the trend of
the loss function during training has also been observed when calculated on a statistically
independent validation sample (validation loss), consisting of 273 thousand top quark
candidates for the electron DNN and 330 thousand top quark candidates for the muon
DNN.
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The training is stopped when the validation loss has not decreased for 30 epochs, and the

selected trained model is the one at the epoch with the lowest validation loss.

Figure shows the trend of the training and validation losses for the electron and muon
DNNs.

Electron Loss vs Epoch
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Figure 5.11: Plot of the training and validation losses against epoch of training for electron
(upper) and muon (lower) leptonic top-tagger. The training is interrupted
after the validation loss has not decreased for 30 epochs, and the selected
weights are the ones corresponding to the lowest validation loss.

The output distributions of the DNNs are shown in Figure [5.12\ Both cases show the
background accumulating towards 0 and the signal towards 1 and a clear distinction
between the two distributions. Furthermore, the plot compares the distribution of the
outputs for the training and the validation samples, which are sampled from the same
distribution. This hypothesis has been tested through Kolmogorov-Smirnov (KS) tests

between the distributions. Both the signal and background distributions for muons and
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electrons returned a p-value greater than 5% for the compatibility of training and validation

distributions. This suggests that the algorithm is able to generalize the classification

capabilities to data that have not been used for training it.

Electron DNN output
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I B (training)
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[ S (training)
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12: Output of the top-tagger for electrons (upper) and muons (lower). In both
cases, the background and the signal are clearly discriminated, and the outputs
of the validation and training samples follow the same distribution, i.e., the
p-value of the KS test between the two is greater than 5%.

In order to quantify how well the classification task is carried out, it is common to use a

Receiver

Operating characteristic (ROC) curve [139], which shows how the true positive

rate (TPR) changes as a function of the false positive rate (FPR). Considering a top quark
candidate selected when the output of the classifier is greater than a certain threshold,
or working point, the TPR (FPR) is the ratio of the selected signal (background) top
quark candidates out of the total signal (background) candidates. Both TPR and FPR are

calculated using the validation sample.
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The ROC curves for the electron and muon top-taggers are displayed in Figure where
they are also compared with the curve that would be obtained by an algorithm that selects
top quark candidates randomly. The area under the ROC curve (auc) is often used to
summarize the classification power of an ML algorithm, with values that range from 0.5
for a random choice to 1 for a perfect classifier. The results of almost 0.9 obtained for the

boosted leptonic top-taggers show excellent discriminating power for both leptons.
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Figure 5.13: ROC curves for the electron (upper) and muon (lower) top-taggers. The
diagonal dashed curve represents the ROC curve for an algorithm randomly
selecting data. The area under the ROC curve is close to 90% for both
classifiers, showing excellent discriminating power.

The following necessary step before being able to use the DNN for the classification task is
the choice of a working point (WP), which has been performed by maximizing the product
of the TPR and the precision. Precision is defined as the fraction of the selected top quark

candidates that are signal, determined from simulation data.
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The distribution of this metric with respect to the selection threshold is shown in Figure

The chosen WP, which maximizes the metric in both cases, is 0.4.
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Figure 5.14: Distribution of the product of TPR and precision with respect to the selection

5.4.1 Validation of the taggers

threshold for the electron (upper) and muon (lower) DNNs. The threshold
that maximizes the metric is 0.4 in both cases, and it is chosen as WP for the

Before using the classifiers in the workflow of the search for the tWZ process, the perfor-

mance of the algorithms needs to be evaluated on real data insensitive to tWZ in order to

verify possible discrepancies between the behavior of the simulation used for training and

the observed data.

A validation region has been defined by targeting the selection of a phase space rich in

events of production of #¢, in the decay channel with two charged leptons. The selection

criteria for the validation region are:
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e exactly two muons, or two electrons, with opposite charge and pp > 25 GeV;

o invariant mass of the leptons my, outside a 15 GeV window around the Z boson mass:
|mge — my| > 15 GeV;

e at least 2 hadronic jets with pt > 30 GeV;

o exactly 1 boosted top quark candidate.

Figure shows how, in the validation region, the output of the DNN compares for data
and simulation for electrons and muons; the simulation reproduces the data particularly
well, especially for the muon DNN. The same does not hold for the electron DNN, which
presents disagreements between data and simulation that reach more than 20% in the

lowest two bins.
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Figure 5.15: Output of the boosted leptonic top-tagger for electrons (left) and muons (right)
in a region enriched in dileptonic ¢t events. The lower insets of both plots
show the ratio between the observed data and the total MC.

The shape of the output is not directly used in the analysis but only the binary classification
between signal and background. Therefore, the disagreement between data and simulation
in the electron DNN does not translate to high disagreement in the selection efficiency at
the selected WP of 0.4. This is shown in Figure which displays the selection efficiency
as a function of the selection threshold for electrons and muons. The selection efficiency at
the WP is fully consistent between data and MC for the muon DNN, and for electrons, the

disagreement is almost negligible, as it is less than 2%.
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Figure 5.16: Selection efficiency of the boosted leptonic top-tagger for electrons (left) and

muons (right) as a function of the selection threshold in a region enriched in
dileptonic tt events. The lower insets show the ratio between the efficiency in
data and MC. At the chosen WP of 0.4, the behavior of data and MC is very
consistent for muons, and for electrons, the disagreement is less than 2%.

The benefits arising from this validation region does not end at the selection efficiency, as

the tt process also allows the validation of the modeling of the input features of the DNNs.
Figure shows the comparison between data and MC for the pp,. variable. Both the

electron and muon distributions show that the simulation is able to model the observed

data in a fairly consistent manner. The distributions for all the variables are shown in
Appendix
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Figure 5.17: Distribution of the py . variable for electrons (left) and muons (right) in the

validation region. The lower insets show the bin-by-bin ratio between data
and MC. For both lepton flavors, the simulation is able to model the data
faithfully.
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5.5 Corrections and systematic uncertainties

Several corrections are applied to the events and physics objects in the analysis, in order
to account for both experimental and theoretical effects, leading to known discrepancies
between simulation and data. In the maximum likelihood fit, systematic uncertainties
are mapped to nuisance parameters. Correlated systematic effects result in only one
nuisance parameter in the likelihood function, while uncorrelated systematic uncertainties
are treated as separate nuisance parameters. The definition of the likelihood function and
the fit methodology are described in Section

5.5.1 Experimental corrections
Pileup

Event scale factors are applied to correct the distribution of pileup interactions in the simu-
lation to match the one observed in data. This number is obtained from the instantaneous
luminosity collected by the CMS detector L; and the total proton-proton inelastic cross
section oy, at /s = 13 TeV according to:
L,o;
p= el (5.17)
f
where f is the LHC revolution frequency of 11246 Hz. The value used for o;,. is 69.2+3.2 mb,
and its 4.6% uncertainty is propagated to the event scale factors, and it is treated as a

systematic uncertainty correlated across all the years of data taking.

Luminosity

The uncertainty in the integrated luminosity collected by the CMS experiment is translated
into a normalization uncertainty in total event yield in each year of data taking. The value
of the uncertainties range between 1.2% and 2.5% and are divided into correlated and
uncorrelated components, depending on the different uncertainty sources , .

Trigger efficiency

As mentioned in Section the trigger efficiency is measured in data to be compatible
with unity. Therefore, no scale factor is applied to the simulated events, but a 2%
normalization uncertainty is assigned to the event yields in order to account for the limited
size of the data sample used for the efficiency measurement. Since the trigger paths used
in the analysis are different in the four periods of data taking, the uncertainty is treated as

uncorrelated across the years.

Lepton identification

The lepton selection efficiency is not consistent between data and simulation. Scale factors
are applied to the simulated events to correct for this discrepancy. The efficiencies have
been measured in data and simulation using the tag-and-probe method in a phase
space targeting the selection of Drell-Yan events decaying into two leptons . The
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lepton scale factors are obtained as the ratio of the efficiencies in data and simulation in
bins of pt and absolute value of the pseudorapidity (pseudorapidity of the supercluster)
for muons (electrons). Two sources of uncertainties are considered for the scale factors:
the statistical uncertainty arising from the limited size of the data and simulation samples
used for the efficiency measurement, and the uncertainty in the modeling of the processes

considered.

In this analysis, the simulated events are assigned a weight equal to the product of the
scale factors of all the selected leptons. The uncertainties of the scale factors are obtained
by varying them within one standard deviation of their uncertainties. The statistical
uncertainties are treated as uncorrelated across the years, while the uncertainties in the

modeling are treated as correlated.

Jet energy scale and resolution corrections

As mentioned in Section the jets in the simulation are corrected to match the energy
scale and resolution of the jets in data. The relative uncertainties in the corrections are
propagated to the jets, and the uncertainty histograms for the maximum likelihood fit are
obtained by recomputing the templates with the modified objects. When applying the jet
energy scale uncertainties, the MET is also recomputed according to the new values of the

energy of the jets.

Missing transverse energy

The MET depends on both the energy scale of all jets and the energy of unclustered
objects. While the jet energy scale uncertainties are already considered in the analysis, one
additional systematic uncertainty is considered by varying the energy of the unclustered

objects by their resolution, and recalculating the MET accordingly.

B tagging efficiency

As for the leptons, the b tagging efficiency is not consistent between data and simulation.
Scale factors have been calculated in bins of pp, 1, and flavor of the jets (b jet, ¢ jet or
light jet) as the ratio of the efficiencies in data and simulation in a region enriched in QCD
multi-jet event . A weight is applied on an event-by-event basis to the simulated
events:

1 — SFje¢;

w = SF, _— 5.18
I I S (5.18)
i=tagged jets j=not tagged jets J

where the product is over all the jets in the event, and ¢ is the efficiency of the b tagging
algorithm in the phase space used in the analysis, also binned in pr, 1, and flavor of the
jets. The uncertainties in the scale factors are considered according to their individual
sources and the templates for them, to be used in the maximum likelihood fit, are obtained

by reanalyizing the events after applying the weight modified by their uncertainties.
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Level-1 trigger prefiring

In 2016 and 2017, the Level-1 ECAL trigger system of the CMS detector had an issue that
caused some trigger decisions to be applied to the previous bunch crossing . The CMS
trigger does not allow two consecutive bunch crossings to fire the same trigger, therefore
the events affected by the issue are not recorded. This effect, which is not present in

simulation, is corrected by applying a scale factor to the simulated event

w=1-p(n,pr), (5.19)

where p is the probability of the event to be affected by the prefiring issue; 7 and pt are
the pseudorapidity and the transverse momentum of the object that fires the trigger. A
similar effect is also present in the L1 muon trigger system, for all the years of data taking,
due to the time resolution of the system. The uncertainties in the scale factors are obtained
by varying the probability of the event to be affected by the prefiring issue by 20% and are

correlated across the years.

HEM15/16 issue

During the 2018 data taking, the CMS detector experienced a failure of the Hadronic
Calorimeter in the region with —3 <7 < —1.3 and —1.57 < ¢ < —0.87. This affected the
reconstruction of jets and the measurement of the MET. This effect is not present in the
simulation, and it is accounted for by the implementation of an n-dependent systematic

uncertainty of between 20 and 35% for the pp of the jets in the affected region.

5.5.2 Theoretical corrections
Normalization uncertainties

Uncertainties in the cross sections of the simulated processes are considered as normalization
uncertainties in the templates used in the maximum likelihood fit. A 15% uncertainty is
assigned to the t#Z process, in order to account for the discrepancy between the measured
cross section and the theoretical prediction 147). Similarly, a 10% uncertainty is
assigned to processes with a photon in the final state .

Other uncertainties are assigned in order to reflect the experimental precision in the
measurement of the inclusive cross sections: 11% is assigned to the tZq process , 10%
to the di- and tri-boson processes . The W Z production in association with b
jets is assigned an uncertainty of 20%, coherently with what was observed in Ref. .

Finally, the nonprompt lepton background is assigned a conservative 30% bin-by-bin
uncertainty, in order to account for the different origins of the nonprompt leptons in the

regions used for the measurement of the fake rates and for the analysis.

PDF uncertainties

As discussed in Chapter |1, the PDF set used for the simulation of the samples is the
NNPDF3.1. The set provides 103 alternative distributions, obtained with the hessian
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method [152]. The uncertainty in the PDF set is translated to the maximum likelihood fit
by recomputing the templates for the signal and background processes with the alternative
PDF sets. The envelopes of the up- and down-variation, normalized to the same yield as

the nominal distribution, are used as templates for the systematic uncertainty.

Separately, the effect of the uncertainty in the value of the strong coupling constant ayg is
considered by obtaining alternative distributions by varying the value of ag by factors of
1/2 and 2, and normalizing the resulting distributions to the same yield as the nominal

one.

Parton shower modeling

In order to account for the uncertainty in the parton showering in simulation, alternative
distributions are obtained by varying the value of ag used in the simulation by factors of
1/2 and 2, and normalizing the resulting distributions to the same yield as the nominal
one. This is done separately for initial state and final state radiation. In view of the
different production mechanisms of EWK-induced (as tWZ and tZq) and QCD-induced
(ttZ) processes, the uncertainties are treated as uncorrelated across the two, for the ISR

uncertainty. The FSR uncertainty is treated as correlated across all processes.

Factorization and renormalization scales

Finally, uncertainties in the QCD factorization and renormalization scales, pur and pp,
are considered by varying them by a factor of 2 and 1/2, separately, and recomputing the
templates for the signal and background processes. Similarly to is what done for ag for the
ISR PS modeling, the variations are considered uncorrelated between the EWK-induced

and QCD-induced processes.

Signal modeling

As mentioned in Section the signal is modeled using the DR1 prediction. The shape
difference between the DR1 and DR2 templates is considered as a systematic uncertainty
in the signal modeling in the maximum likelihood fit. Since only one alternative is
considered, the difference between DR1 and DR2 is the regarded as variation by one
standard deviation in the positive direction for the associated nuisance parameter, while
the nominal distribution also acts as variation by one standard deviation in the negative

direction.

5.6 Results

The result of the maximum likelihood fit provides a value for the signal strength of the
tWZ process
Wiz = 2.6 £0.4 (stat) £ 0.7 (syst), (5.20)

with an observed statistical significance over the background-only hypothesis of 3.5 standard

deviations. This is the first search for the tWZ process and provides the first evidence
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of its existence. Furthermore, the result is consistent with the SM prediction within 2

standard deviations.

The observed significance is larger than the one expected through a fit of the simulation
to pseudo-data, obtained as the sum of all the simulated processes, which is 1.4 standard
deviations. This result is due to the high value measured for the signal strength of the

process.

Figure shows the post-fit distribution of the templates used in the maximum likelihood
fit, for the SR/ 3; 15, (upper left), SRy 3; 9, (upper right), SRgy9; (lower left), and SRy,
(lower right).

It is interesting to consider the impact of the systematic uncertainties on the signal strength.
The impact of the j-th nuisance on the parameter of interest is defined as |4 — f1(6; = A;)],
where fi(v; + 0;) is the value of y that maximizes the likelihood when the j-th nuisance
is varied by its uncertainty. The uncertainties in the signal strength, and of the nuisance
parameters, are obtained through the procedure described in Section

Figure shows the ten largest impacts of the nuisance parameters.

The most impactful systematic uncertainty is the one related to the normalization of the
ttZ process, which has an impact of the order of 0.5 on the signal strength. This explains
how the systematic uncertainty is the dominant component of the total uncertainty in
the signal strength, despite the rather low production cross section of the tWZ process.
Due to the extreme similarities between the t£Z and tWZ processes, even after using ML
discriminants, small differences in the normalization of former process have a large impact
on the latter. Furthermore, the deviation of ~ 0.5 Af,;,, with A#,;; being the pre-fit
uncertainty, shows how, inherently, a measurement of the tWZ process also results in a
measurement of the t£Z process, once again because of the processes are tightly related to

each other.

In order to further investigate the correlation between the measurement of the tWZ and
ttZ processes, and to avoid the bias introduced by the treatment of the normalization of
the ttZ process as a systematic uncertainty with a prior, a second fit is performed. This
time, both the signal strength of the tWZ process u,yyz and of the ttZ process ju,;, are

used as parameters of interest.

The likelihood scan is performed in the two-dimensional space of the two signal strengths,
and the result is shown in Figure The signal strengths p; 7 and 1,7, are found to be
strongly anti-correlated as expected, with a correlation coefficient p,y 7 17, = —0.63, and
the significance of the tWZ process is found to be greater than 3 standard deviations in
this fit as well.

A previous measurement of the cross section of the ttZ process in CMS found a value
for the signal strength of the ¢tZ process of y,5, = 1.13 +0.10. The main difference with
Ref is that, in the search for the tWZ process, data samples simulated at NLO in
QCD are used for the description of the tWZ process.

As mentioned before, this result represents the first evidence for the tWZ process.
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Figure 5.18: Post-fit distribution of the discriminating variables used in the maximum
likelihood fit for the SRy 351, (upper left), SRgg 359, (upper right), SRgp o;
(lower left), and SRy, (lower right). The lower insets show the ratio between
the observed data and the simulation, which display good agreement between
the two, and reduced uncertainties, when compared to the pre-fit distributions

(Figures and .

94



—e— Fit constraint (obs.) —— +1o impact (obs.) —— -1o impact (obs.)
Fit constraint (exp.) +10 impact (exp.) -lo impact (exp.)
CMS
Normalization of ttZ I 'I_°_I' I |
Normalization of ZZ '—0—-
Trigger efficiency -—o-—-
Diagram Removal modeling uncertainty .—o—-
Normalization of ttX ’—0—'
Normalization of WZ + b jet -—o—-
Luminosity ._._.
b tagging scale factors -—o—-
PDF ttZ __._. :
e N
(8-6,)/08

=267

-0.8

Au

05
twz

Figure 5.19: Impacts of the ten dominant nuisance parameters on the signal strength of
the tWZ process. The central column shows the defined as the difference
between the best-fit value and the nominal value, in units of pre-fit uncertainty,
for the nuisance parameters. It furthermore shows the observed (expected)
post-fit uncertainties as black bars (dark gray band). The right column shows
the impact of the nuisance parameters on the signal strength, for both the
observed fit (blue and red bars) and the expected fit (blue and red bands).
The blue (red) color represents the variation of the nuisance parameter by

+1o (—10).
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Figure 5.20: Two-dimensional likelihood scan of the signal strength of the tWZ and ttZ
processes. The plot shows the 68, 95, and 99% confidence level contours, and
the best-fit point, which is consistent with the SM prediction within 2o.
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6 Search for the tW~ process

This chapter describes the first search, and the first evidence, for the SM production of the
tW~ process. An introduction to the analysis and its motivations is given in Section
Section provides a full overview of the workflow of this search, outlining the simulation
of the signal and background samples, the trigger selection, and the reconstruction and
identification of the physics objects. Section describes the definition of the signal and
control regions in which the analysis is performed. In the signal regions, a GNN-based
binary classifier is used to discriminate between the signal and the tty background; the
design, training, performance, and validation of this classifier are described in Section
Section details the systematic uncertainties that are considered in the maximum
likelihood fit used to extract the signal strength of the tW~ process. Finally, the results of
the search are presented in Section

6.1 Introduction

The associated production of a top quark with a W boson and a photon is a rare single top
production process, similar to the tW and tWZ processes. As mentioned in Section
the photon can be radiated from any internal or external lines of the tW process (hard
process) (HP), or from the decay products of the top quark or the W boson (decay).
Figure shows illustrative Feynman diagrams for the tW~ process in the final state with
two charged leptons and a photon coming from the hard process (left) or the decay (right).

As for the case of the t WZ process, the tW~ process also has been found to be sensitive to the
presence of physics beyond the Standard Model in the context of the EFT framework [113].

The main obstacle to an experimental search for the tW~ process is the discrimination of
the signal from the ¢ background, which has a significantly higher cross section and a
very similar final state topology. The major difference between the two is the presence of
an extra b jet in the final state of the ¢ty process, arising from the decay of the second top
quark in the event. For most events, this jet is not reconstructed and/or identified, and

the two processes overlap significantly in phase space.
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Figure 6.1: Illustrative Feynman diagrams for the tW+ process in the final state with two
charged leptons and a photon coming from the hard process (left) and decay
(right).

The CMS collaboration has published an inclusive and differential measurement of the tty
process [148], in which the cross section was found to be 175.2 & 2.5 (stat) & 6.3 (syst) b
in the fiducial phase space defined by the presence of two charged leptons, a photon, and
at least one b-tagged jet. The measurement was performed using data collected at a
center-of-mass energy of 13 TeVin the years 2016, 2017, and 2018, corresponding to an
integrated luminosity of 138 L.

The same dataset is the one used in the search for the tW~ process performed in this
thesis. The considered final state is the one in which both the top quark and the W boson
decay with a charged lepton in the final state. The analysis makes use of a GNN-based
binary classifier to discriminate between the tW+ signal and the tty background in the
signal regions. Two control regions and two signal regions are defined in the analysis and
the simulated GNN classifier distributions, obtained in these regions, are fitted to data
through a maximum likelihood fit, in order to extract the signal strength 1y, and the

statistical significance of the tW+ signal.

6.2 Analysis overview

This section provides an overview of the procedures used for the simulation of signal and
background samples, the trigger selection and the reconstruction and identification of

physics objects.

6.2.1 Simulation of the tW+~ and tty samples

The signal process is simulated at NLO in QCD following the recipes outlined in Section
Two samples are produced: one simulating events in which the photon is emitted from the
hard process and a second one in which the photon is radiated from any decay product
of either top quark or the W boson, both using the DR1 scheme for overlap removal.
Alternative samples are produced using the DR2 scheme in order to estimate a systematic
uncertainty in the modeling of the signal. All the signal samples are produced using
MadGraph5_aMC@NLO.
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A similar spirit is followed for the ¢ty process. A dedicated ¢ty sample is produced at NLO
in QCD with MadGraph5_aMC@NLO for the case in which the photon is radiated from the
hard process. The contribution from photons from the decay products of the top quarks is
obtained from an inclusive tt sample. Events from the inclusive sample that do not include
a generated photon are used for the modeling of nonprompt photons. The tt sample is
produced using the POWHEG generator [153H156].

All the tW+ and tty samples are interfaced with PYTHIA8 for parton showering and

hadronization.

The phase space considered is defined by requiring:
o exactly two charged leptons with opposite charge and pt > 15 GeV;
o the invariant mass of the two leptons to be my, > 30 GeV;

o at least one photon with pt > 15 GeV, |n| < 1.5, and no particle with pp > 5 GeV

in a cone of AR = 0.4 around the photon direction.

These choices are dictated by the intention of defining a phase space with a slightly larger
acceptance than the phase space at the reconstruction level, defined in the next paragraphs.
In this way, it is possible to properly consider events whose simulated properties are lower
than the selection thresholds, but that pass the reconstruction selection in virtue of the

imperfect resolution of the detector.

The simulated cross section for the tW+~ process is oy, = 23.0 fb, considering both
possible photon origins. Additionally, the simulated cross sections for the tty process are
04, gp = 67.5 fb for photons from the hard process, and o4, p = 194.0 fb for photons
from the decay products of the top quarks.

6.2.2 Trigger selection

The events in this analysis are selected using a combination of single- and double-lepton
trigger paths (muons or electrons). The single-lepton trigger paths employed allow for the
selection of events with leptons with pp as low as 24 GeV, for muons, and 23 GeV, for
electrons. The selection thresholds are lower for di-lepton trigger paths. As mentioned in
Section the different selection thresholds are a result of the changes to the trigger
menu during Run 2 of the LHC.

In order to account for the different trigger efficiencies in data and simulation, scale factors

are applied to the simulated events.

6.2.3 Object reconstruction and identification

The analysis makes use of electrons, muons, AK4 jets and loose jets, and photons. The
following paragraphs describe the reconstruction and identification criteria for these physics

objects.
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Table 6.1: Identification criteria for photons.

Variable Criterion
H/E < 0.02197
Oinin < 0.01015
PF charged hadron isolation < 0.02197
PF neutral hadron isolation | < 1.189 + 0.01512 - pp(y) + 2.259 - pp(y)* - 10°
PF photon isolation < 2.08 4+ 0.004017 - pr(7)
Photons

The photons employed in this analysis are prompt photons, produced by radiation from
any internal or external line in the hard process, or from the immediate decay products of

the top quarks or W bosons.

In proton-proton collision events, photons can also be produced during the hadronization
of partons, for instance in the decays of neutral pions. Another source of reconstructed
photons are electrons that are misidentified as photons. These photons are referred to as
nonprompt photons and tend to be surrounded by hadronic PF candidates. Additionally,
photons produced in the interaction of particles with the detector material tend to deposit
a large part of their energy in the HCAL, as opposed to prompt photons which deposit
most of their energy in the ECAL.

In order to reduce their contribution to the selected events, the photon candidates are
required to pass the identification criteria defined by the CMS collaboration, described
in Table 6.1, Here, in the first line, E is the energy of the supercluster associated with
the photon, and H is the energy deposited in the HCAL tower which is behind the seed
crystal of the supercluster, in the 7 direction. The quantity o;,;, is the width of the energy

distribution of the supercluster in the n direction. The isolation variables are defined as:

1

PFy = — max (O, ZPT - ,oA) , (6.1)
Pr ieX

where X = charged hadrons, neutral hadrons, photons and ¢ runs over the PF candidates

present in a cone centering on the photon direction, excluding the photon itself. The width

of the isolation cone is AR = 0.3. Furthermore, p is the average pt flow density in the

event, and A is an effective area which depends on the n of the photon.

The (non)prompt photon selection efficiency is estimated to be 80.29% (10.64%) for these
selection criteria, in data. In order to account for the difference in the efficiency between

data and simulation, scale factors are applied to the simulated events.

Additionally, a reduction in the number of electrons misidentified as photons is achieved by
requiring that there is no more than one hit in the pixel detector in the direction of the
reconstructed photon (pizel seed veto). Scale factors are used to account for the differences

in efficiencies between data and simulation in this case as well.

The identified photons are then selected for the analysis if their pp is greater than 20
GeV, and the absolute value of their pseudorapidity is less than 1.44, which corresponds
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to coverage of the barrel detector region. The last requirement is that no selected lepton

should be within a cone of AR = 0.4 around the photon direction.

Leptons

The lepton selection criteria are the same as the ones defined for the tWZ analysis in

Section [5.2.3]

During 2024, the CMS collaboration recognized an issue in the calibration of electrons in
data: the ones whose associated supercluster had 1.5 < || < 2 and R9 > 0.98 had their pt
erroneously calibrated to a value of 0. The value R9 is defined as the ratio between the
energy deposited in the 3 x 3 cristal array centered around the most energetic crystal in
the supercluster and the energy of the supercluster. These electrons have therefore been

vetoed in the simulated samples for this analysis.

Jets and MET

The AK4 jets are reconstructed and identified according to the definitions in Section [5.2.3]
with the addition of the requirement that no selected photons should be found within a
cone of AR = 0.1 around the jet direction. This analysis also makes use of loose jets, which
follow the same requirement as the regular jets, but have 20 GeV < pp < 30 GeV. The
missing transverse energy is also calculated as in Section

6.2.4 Background processes

Analogously to the case of tWZ, the main background to the tW~ process is the tty process,

with which it shares an extremely similar topology.

Z~

Another process that contributes significantly to the phase space with two leptons and
a photon is the Z~ process, where the Z boson decays into two charged leptons. The
photon can be radiated from either the initial state quarks (Z7gg) or the final state leptons
(Zvpsr), as shown in Figure The contribution from the Z~ process is estimated using
a simulation produced at NLO in QCD with MadGraph5_aMC@NLO and PYTHIAS.

Nonprompt photon background

The modeling of the nonprompt photon background is obtained from simulated samples.
The main contribution comes from the tt process, where the photon is produced in
the hadronization of partons. Smaller contributions come from the Drell-Yan process,
simulated at NLO in QCD with MadGraph5_aMC@NLO, and the tW process, generated with
POWHEG . All the samples are interfaced with PYTHIAS.
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Figure 6.2: Example Feynman diagrams for the Z~ process, where the photon is radiated
from the initial state quarks (Z7gg, on the left) or the final state leptons
(Zvpgg, on the right).

Other backgrounds

Other backgrounds include processes with two heavy bosons in the final state (WW W Z,Z7)
and the radiation of a photon. These processes are estimated using simulated samples pro-
duced at tree level with PYTHIA8. The contribution from the V'V'V process is also considered
and is estimated using a simulation produced at NLO in QCD with MadGraph5_aMC@NLO
and PYTHIAS.

In addition to the tW process, the production of a top quark (pair) in association with a
heavy boson (pair) and a photon is also considered, and is estimated using a simulation
produced at NLO in QCD with MadGraph5_aMC@NLO and PYTHIAS.

Also for the minor background processes, the photon can be radiated from either the hard

process, or the decay products of the top quarks or the heavy bosons.

6.3 Signal and control regions

The strategy of the search for the tW+~ process is inspired by the one used for the tWZ
analysis. The rare tW+ signal has a significantly lower cross section than the t£y background
while the final state topologies only differ by the presence of an additional b jet. This
latter is not reconstructed or b-tagged in more than half of the selected events, leaving a

substantial overlap between the topologies of the two processes.

The analysis strategy consists of the definition of two control regions used to estimate the
Z~ contribution to the phase space, and two signal regions defined to include the tW~y
signal. To overcome the difficulty of extracting the signal from regions with a very large
tty background, a GNN-based binary classifier was developed. The output of the classifier
is used as template in a maximum likelihood fit, in order to extract the signal strength

pw~ and the significance of the tWZ signal.

Additionally, a nonprompt photon control region is defined to assess the uncertainty in the

modeling of the nonprompt photon background.

This section describes the selection criteria for the signal and control regions which are

fitted simultaneously in the maximum likelihood fit.
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6.3.1 Baseline selection

The baseline selection is defined in order to select the events with a final state compatible
with the tW~ production and decay into leptons. The requirements for an event to be

selected are:
o at least one selected photon;
o exactly two selected leptons, with opposite charge;
o the pp of the (sub)leading lepton must respect the conditions pp > 25(20) GeV;
e the invariant mass of the two leptons must be my, > 30 GeV;
o at least one selected b-tagged jet.

All the events that pass the baseline selection are then divided into the control and signal

regions.

6.3.2 Control regions

Two control regions are defined in the analysis to estimate and constrain the contributions
from the Zyiqg and Zvypgr processes to the phase space. The purpose of the CRygR is to
select the majority of the Zv;qr events, where the Z boson decays into two leptons. This
is achieved by requiring that the two leptons in the event have the same flavor, and that

their invariant mass my, should respect the condition |m,, — mz| < 15 GeV.

The CRpgp is instead defined to be pure in Zypgg events. In this case, both the leptons and
the photon ultimately originate from the decay of the Z boson, as shown in the right diagram
in Figure Therefore, events are selected in this region if the two leptons have the same
flavor, and the dilepton-photon invariant mass 1., is such that [mg., —mz| < 15 GeV.
Additionally, the invariant mass of the lepton pair must be such that |mg, —myz| > 15 GeV,
as to suppress the presence of Zvyqg events and be mutually exclusive to the CRigR.

Both control regions feature a prominent disagreement between data and simulation in the
distribution of the number of jets in the events, as shown in Figure

The modeling of the Zv processes is improved by assigning to it an unconstrained shape
uncertainty in the maximum likelihood fit. This procedure works by assigning three
systematic uncertainties to the Zv;qp and Z~ypgr processes: one each to the events with
one, two, or more than two jets. These uncertainties cover the range from 10% to 200%
of the nominal yields, and are correlated between the Zv;qg and Zvypgr processes. In
order to account for differences in total normalization between the two processes, an
additional normalization uncertainty is assigned to the Z~ypgr process. This decouples the
normalization of the two processes while still tying together the shape of the distribution

of the number of jets.

To validate this procedure, a fit is performed in the control regions only. The results are
shown in Figure 6.4, where the insets show the improved agreement between data and

simulation for the distribution of the number of jets in the CRigg and CRpgR.
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6.3.3 Signal regions

Two signal regions are defined in the analysis to select the events with a final state compatible
with the tW+~ process. All events in which the selected leptons have different flavors are
included in the signal regions. Additionally, the remaining events are selected if they
respect the following conditions: [mg —my| > 15 GeV and |myp, —my| > 15 GeV. This
is done to suppress the contributions from the Z+ processes, which are mostly contained in

the orthogonal control regions.

Figure shows the distribution of the number of b-tagged jets after this selection for
the simulated events. The first bin of the distribution includes the most part of the signal
events, as well as more than half of the selected ¢ty events. Additionally, the Zvigr and
nonprompt photon backgrounds are also significantly present in this bin. This is not the
case for the following bins, where there is a smaller fraction of signal events, and the Zvygg

process is not present at all.

In virtue of the different topologies and fractions of signal and background events in the
different bins of the distribution of the number of b-tagged jets, the SRy ., is defined to

include all the events with one b-tagged jet. The remaining events are selected in the SR, .

In these regions, the output distribution of the GNN-based binary classifier, defined in
Section is used as the stack of signal and background histograms which is fitted to

data points in the maximum likelihood fit.
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have a disagreement of at most 20% in almost all the bins of the distribution.

6.3.4 Nonprompt photon control region

The last region defined in the analysis is the nonprompt photon control region. This latter
is not fitted in the maximum likelihood fit, but it is employed to assess the uncertainty in

the modeling of the nonprompt photon background.

This control region is established on the definition of a fakeable photon. This is a photon
candidate that respects all the identification criteria defined in Table but fails the
condition on the o;,;, nin > 0.012.

The nonprompt photon control region is then defined according to the same selection as

variable. The requisite for a fakeable photon is to have o;

the signal regions, but with the additional requirement that there is exactly one photon
in the event, and that this photon is a fakeable photon. This region is therefore almost

exclusively populated by events with a nonprompt photon.

The distribution of the ;,,,

is shown in Figure The lower inset shows the ratio between data and simulation, which

variable for the events in the nonprompt photon control region

presents an overall good agreement between the two. The same considerations hold true for
the distributions of the pp and 7 of the fakeable photons, shown in Figure An overall
20% normalization uncertainty is therefore assigned to the nonprompt photon background
in the maximum likelihood fit, in order to account for the maximum discrepancies in the

bins that contain the most events.
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nonprompt photon control region. The lower insets show the ratio between
data and simulation, which have a disagreement of at most 20% in almost all
the bins of the distribution.

6.4 Graph Neural Network for the discrimination of tW~ and
tty

A GNN-based binary classifier has been developed to discriminate between the tW+~ and
tty processes in the signal regions. The choice of a GNN is motivated by the aim of training
only one classifier for both signal regions, while still being able to capture the differences in
the topologies of the two processes and achieving excellent performance. Indeed, a GNN has
the ability of accepting as input the features of a variable number of jets, and of learning
the relationships between them. It is particularly useful in this analysis, where the number
of jets in an event and their properties carry important information regarding the nature of
the event. This is due to the only difference between the tW+ and ttvy processes being the
presence of an additional b jet in the former process. If this jet is not reconstructed and/or
identified, the GNN is still able to infer the right classification from the other hadronic jets

in the event.

6.4.1 Graph structure and input features

The input to the GNN is a fully connected graph, i.e., a graph in which each node is
connected to all the other nodes, shown in Figure

The nodes of the graph represent the physics objects in each event, i.e., the leading photon,
the two leptons, and the hadronic jets. The input features associated with each node
are the pp and 7 of the object, together with an encoding of the object type. The latter
consists of four values which can only be 0 or 1, and represent if the node is associated to

a photon, a lepton, a jet, or a b-tagged jet, respectively.
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Figure 6.8: Example of a fully connected graph with seven nodes, with each node repre-
senting either a photon, a lepton, or a hadronic jet.

The edge features carry information regarding the kinematic relationships between the
physics objects. They are: the invariant mass, the transverse momentum, and the pseudo-
rapidity of the sum of the four-momenta of the two objects connected by the edge. The
last variable is the AR between the two objects.

Separately from the graph structure, six global features of each event are also included as

input to the binary classifier. They are:
o the pP™;
e the My~ ;
e the number of loose jets;
¢ a flag indicating if the leptons in the event have the same flavor;

e the invariant mass of the system of the photon, the lepton pair, and all the jets
(mgys);

e the ratio between the pp and the energy of the system of the photon, the lepton pair,
and all the jets (centrality).

Validation

The modeling of the input features used for the binary classifier is validated with data
using the saturated GoF test described in Section The variables that underwent
the test are all the global features, except for the lepton-flavor flag, and the four elements
of the momenta of each node, divided by the physics object type. Leptons and jets are
additionally ordered in pp. The fits are performed including all the systematic uncertainties
described in Section considering only the region defined by the sum of the SRy, and
SRyz,- All the fitted variables passed the test, i.e., the observed value of the test statistic
t, obtained from the fit to data has a p-value greater than 0.05.

The distributions of the employed test variables compared to the respective fitted ¢, are
collected in Appendix [C| Figure shows the example of the centrality variable, which
has a p-value of 0.851.
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Figure 6.9: Distribution of the test statistic used in the saturated GoF test for the centrality
variable, compared to the value t; obtained from the fit to data. The p-value
of the test is 0.851.

6.4.2 GNN architecture

The GNN used in this analysis is based on the use of Transformer Convolutional Layers
that act on the graph structure. The graph is then embedded into a fixed-size vector,
which is concatenated with the embedding of the global features and passed through a
fully connected neural network. The node features, edge features, and global features are

all normalized through batch normalization layers before being fed to the GNN.

The GNN architecture can be divided in a graph branch, a global branch, and a final

branch. The graph branch is based on the repetition of a module composed of:

e a Transformer Convolutional Layer with three attention heads, which returns a

96-dimensional output for each node and employs a Leaky ReLU activation function;

e a batch normalization layer, which normalizes the output of the Transformer Convo-

lutional Layer;

¢ aresidual connection based on a trainable projector, which increases the dimensionality

of the input node variables to 96 and sums the result to the output of the layer.

The residual connection used in this ML architecture always employs the input node
variables of the GNN, as this was found to result in better performance than using the
output of the previous layer, for this task. The graph branch therefore consists of three of
these modules, followed by a global average pooling layer which returns a flat 96-dimensional

vector.
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The global branch is composed of only one linear layer which takes the global features as
input and returns a 6-dimensional vector with a Leaky ReLU activation function. The

output is then fed into a batch normalization layer.

The global and graph branches come together into the final branch, where they first undergo

a concatenation operation.

The concatenated values are passed to an intermediate output node whose output represents
the likelihood of the photon in the event to originate from the hard process or the decay
products. The activation function used for this node is a sigmoid function. The intermediate

output is not used in the analysis, but it was found to slightly improve the performance of
the GNN.

This output is concatenated with its own input and the resulting values are passed to a fully
connected neural network with five hidden layers of 64 nodes each, activated by a Leaky
ReLU function. Each layer is intertwined with batch normalization layers. The output of
this network is a single node, which uses a sigmoid activation function and represents the

likelihood of the event to belong to the tW~ process.

The described architecture was chosen after a hyperparameter optimization process on
simulated data, which found this model to have the best performance in terms of the area
under the ROC curve. The optimization employed a Bayesian approach , and was
performed using the Ax library [159].

6.4.3 Training and testing

The total dataset is made up of 672 batches of 4096 events each. All the batches are

composed of:
e 26% of hard process tW+ events with the DR1 scheme;
o 12% of hard process tW+ events with the DR2 scheme;
e 11% of decay tW~ events with the DR1 scheme;
e 5% of decay tW~ events with the DR2 scheme;
e 41% of hard process ttvy events;
e 5% of decay ttvy events.
The hard process and decay labels refer to the origin of the photon in the event.

The training is performed according to the procedure described in Section The dataset
is divided into two halves, so that two GNN models can be trained, one for each half. These
sub-datasets are further divided into a training and a testing set, with a ratio of 80% and
20%, respectively. In the analysis workflow, the two models then act on the half of the
dataset they were not trained on, and the results are combined to obtain the final output
of the GNN. The observed data and the simulation samples which are used to train the

GNNs are also randomly acted upon by either of the two models.
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The training is performed using the Adam optimizer using a binary cross-entropy loss
function, both for the tW+ vs tty output and the hard process vs decay output. The total

loss for a batch of the training sample is defined as:

N
L= 3w (1 — l) +04In(|% =), (62)
=1

where N = 4096 is the number of events in the batch, w; is the weight of the event, y; is the
output of the GNN for the tW+~ vs tty classification, z; is the output of the GNN for the
hard process vs decay classification, y; is a label whose value is 1 (0) if the event belongs
to the tW+y (tty) process, and z; is a label whose value is 1 (0) if the photon in the event
originates from the hard process (decay). The factor of 0.4 applied to the photon origin
part of the loss reflects the fact that the main task of the GNN is to discriminate between
the tW+ and tty processes. Finally, the weights w; for the hard process tty and decay tty
events are set to the ratio between the number of events in the batch and the number of
selected events of same type in the signal regions. The same procedure is used for the hard
process and decay tW+~ events, with the difference that the weight for both DR1 and DR2
events has the number of selected DR1 events in the signal regions as denominator. The
weights for the tW+ signal are furthermore divided by a factor of two to account for the

two DR schemes.

The two models are trained for 3000 epochs, or until the loss of the testing set has not
decreased for 100 epochs. In both cases, the final weights of the model are the ones
associated with the epoch that has the lowest loss of the testing set. The first model trained
for the entire 3000 epochs, while the second one stopped at epoch 2095. Regardless of this,

the two models have similar performance.

Figure shows the output of the GNN for the tW+ vs tty classification for both
models for events from both signal regions. The GNN proves very good discrimination
abilities, as also shown by the area under the ROC curve values of 0.791 and 0.790, as
shown in Figure Additionally, Figure shows that the GNN performs better in
discriminating the signal against the ¢ty background when the photon originates from the

hard process, rather than the decay products.
Figures and show the output of the GNN divided by events in the signal regions

SRyw~ and SRy, respectively. The models exhibit very good discrimination power in
both, while returning significantly different distributions for the two signal regions. This is
a further reason for splitting the phase space in these two signal regions, as the GNN is

able to capture the differences in the topologies of the two processes.

Finally, the GNN is added to the analysis workflow to provide the output for the tW-~ vs
tty classification in the signal regions. This is shown in Figure with SRy, on the
left and SRz, on the right. These are the templates used in the maximum likelihood fit

for the two signal regions.

Regarding the SRy, region, the GNN distribution has very good discriminating power
against the t¢y background, but it is not able to separate the tW+ signal from the Zvygn
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Figure 6.11: Output of the GNN for the tW+~ vs ttvy classification for the first (left) and
second (right) model for events from both signal regions. The output calculated
on the training set is shown in solid colors, while it is as a dashed line for the
testing set. In both cases, the GNN shows very good discrimination abilities.
The normalization of the outputs is thus that the sum of the events sums to
the same arbitrary value for both signal and background, while representing
the same ratio of hard process photon to decay photon. For the signal events,
the normalization weight is further divided by a factor of two to account for
the two DR schemes.
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Figure 6.16: Output of the GNN for the tW+ vs tty classification for the events in the
SRy (left) and SRz, (right) signal regions. These distributions are used as
templates in the maximum likelihood fit.

background, against which it has not been trained. Training the GNN against the Zygg
process has not been possible due to lack of simulated events available. On the other hand,
the GNN is extremely effective in the SRy, region, with the last bin of the distribution

having a 50% contribution from the signal.

6.5 Corrections and systematic uncertainties

Similarly to the tWZ analysis, several sources of systematic uncertainties are considered
in this analysis. The most common sources are related to uncertainties in the corrections
applied to the simulated events to account for known differences between data and simu-
lation, or related to uncertainties in the modeling of the processes. The definition of the
likelihood function that is fitted, and the fit methodology are described in Section

The following uncertainties and corrections are alredy described in Section
e pileup;
e luminosity uncertainty;
« lepton identification;
e jet energy scale and resolution;
e Imissing transverse energy;
e b-tagging efficiency;
o L1 trigger prefiring;
o« HEM15/16 issue;

e PDF uncertainties;
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e parton shower modeling;
o factorization and renormalization scale;
o signal modeling.

This section describes additional systematic uncertainties which are specific to the tW-

analysis.

Trigger efficiency

The trigger selection has different efficiencies between data and simulation. This disagree-
ment is adjusted by applying scale factors to the simulated events. The scale factors are
defined as the ratio between the efficiency of the trigger in data and simulation, and are a

function of the pr of the leptons in the event.

The efficiencies are calculated according to the following procedure: events are selected
using MET triggers and offline selection criteria aiming to define a phase space rich in tt
events with a final state in two leptons. The selected events are then checked against the
dilepton trigger selection used in this analysis and the efficiencies are calculated as the
ratio between the number of events that pass both trigger selections and the number of

events that pass only the MET trigger selection.

The uncertainties associated to the trigger efficiency correction are assigned to the events by
varying the scale factors within their uncertainties before applying them to the simulated

events. These uncertainties are considered correlated between the years of data taking.

Photon identification and pixel seed veto

The criteria for the identification of photons show inconsistent selection efficiencies between
data and simulation. This disagreement is taken care of by applying scale factors to
the simulated events. The scale factors are a function of the pp and n of the photon. A
systematic uncertainty is assigned to this correction by varying the scale factors within their
uncertainties before applying them to the simulated events. The correction is considered

correlated between the years of data taking.

The same reasoning applies for the pixel seed veto. The scale factors are computed as a
function of the pseudorapidity of the photon, and are applied to the simulated events. The
uncertainty applied to the correction is also considered correlated between the years of

data taking.

Normalization uncertainties

As mentioned in Section the Z~ processes are assigned an unconstrained shape uncer-
tainty in the maximum likelihood fit. Furthermore, in order to decouple the normalization
of the Zviqp and Zypgg processes, an additional normalization uncertainty, in the form of
a freely floating rate parameter, is assigned to the Zvypgr process. A rate parameter is a
nuisance parameter that is used to scale the yield of a process in the maximum likelihood

fit in the same way as a signal strength does.
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Furthermore, the nonprompt photon background is assigned a 20% normalization un-
certainty in the maximum likelihood fit, as described in Section [6.3.4. Also, a 20%
normalization uncertainty is applied to the minor backgrounds, to account for the different
processes that are included in this category, and their statistically limited contribution to

the phase space.

Finally, two additional parameters are introduced in the maximum likelihood fit to account
for uncertainties related to the tty background. These parameters are not assigned a prior
uncertainty and are treated as freely floating rate parameters in the fit. They are the signal
strength of the total ¢ty process tuiy, and the fraction f of the measured cross section of
the hard process o4, p in the measured cross section of the total tty process 04 The

expected value, taken from simulation, for the latter is:

Oy 1P
[P = =55~ =0.36. (6.3)
tty

The parameters 7, and f are introduced in the likelihood function, defined in Eq. (3.5)),
through the substitutions:

1-7

Hity HP = Mtfyfiv ity dec = Mtf’y?a (64)
exp exp

where fu, p and fi3, g are the signal strengths of the hard process and decay tty events,

respectively.

6.6 Results

The maximum likelihood fit is initially performed using a pseudo-dataset, generated by
taking the sum of the contributions of all processes in the template histograms, in order to

determine the expected statistical significance of this search. It results in the measurement
+0.23
Mfy);/pw = 1.00Z0 20, (6.5)
corresponding to an expected statistical significance over the background-only hypothesis
of 5.71 standard deviations.

The observed data is then fitted using the same likelihood function, and the result is
b 0.24
pw = 0.947055, (6.6)

which is in agreement with the SM prediction well within one standard deviation. This
corresponds to a measured value of the cross section of tWvy oy, = 21.62tg:8§ th. It
should be noticed that the phase space in which the measurement is performed does not
perfectly overlap with the fiducial phase space for which the cross section is defined: 22%
of the fiducial phase space is not included in the signal regions and it is extrapolated from

simulation.
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The measured value translates into an observed statistical significance of 4.97 standard

deviations, making up for first evidence of the tW+~ process.

The reduction in the significance of the signal in the observed data, compared to its
expected value, can be understood by observing the differences between the expected and

observed impacts of the dominant systematic uncertainties on the signal strength, defined

in Section 5.6/ and shown in Figure

The most prominent difference between the fit to the pseudo-dataset and the observed
data is the impact of the DR modeling uncertainty. The DR2 prediction represents the
+1-standard-deviation variation of the nuisance parameter for the modeling systematic
uncertainty. The DR1 prediction represents both the nominal value and the -1-standard-
deviation variation. By construction, the expected fit always returns the nominal value of
the nuisance parameters. Therefore, the expected impact on the signal strength of the DR
modeling uncertainty is necessarily one-sided; in this case the variation is in the positive

direction for pf&i,y.

On the other hand, the fit to data determines a value of the nuisance parameter associated
to the modeling that lies in the middle between the DR1 and DR2 predictions, resulting in
a two-sided impact on the signal strength. Hence, the observed uncertainty in the signal
strength in the negative direction is larger than the expected one, causing the reduction in
the significance of the signal in the observed data. A smaller effect is due to the measured

value of uf&iy being smaller than the expected one.

Because of the topological similarities between the tW~ and tty processes, the signal
strengths juy1, and pyg, are anti-correlated, as shown by the impact of the latter on the
former. The value of the correlation coefficient is pyyy 44, = —0.17, smaller than the
analogous value for the {tWZ analysis, which is p;yz 43, = —0.63. This is due to excellent
performance of the GNN in discriminating between the two processes, allowing for a more
precise measurement of the signal strength of the tW+ process. Additionally, ., has a
positive correlation with the nuisance parameter f, with a value of puy, = 0.25. This
is due to the fact that the GNN performs better in the discrimination against the tty
background when the photon originates from the hard process, rather than from the decay
products. For increasing values of f, more ttvy events are of the HP type, which accumulate
in the lower bins of the GNN output distribution, leaving room for the tW+~ signal to

increase in the higher bins.

The correlation between piy, and both p,z, and f can also be observed in the two-
dimensional likelihood scans performed around their best-fit values, shown in Figure [6.18]
The simultaneous measurement of jiyy-, and f is compatible with the SM prediction within
one standard deviation. This result also represents the first measurement of the fraction
Oty 1P/ Oty Which is found to be f = 0.54 £ 0.13.

On the other hand, the simultaneous measurement of signal strength of the tW+ and tt~y
is compatible with the SM prediction within two standard deviations. This disagreement is

due to measurement of the signal strength of ¢ty being Pty = 0.861'8:82. In comparison,
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Figure 6.17: Impacts of the ten dominant nuisance parameters on the signal strength

of the tW~ process. The central column shows the difference between the
best-fit value and the nominal value, in units of pre-fit uncertainty, for the
nuisance parameters. It furthermore shows the observed (expected) post-
fit uncertainties as black bars (dark gray band). For nuisance parameters
which are not assigned a prior uncertainty, only the observed value and its
uncertainties are shown. The right column shows the impact of the nuisance
parameters on the signal strength, for both the observed fit (blue and red bars)
and the expected fit (blue and red bands). The blue (red) color represents the
variation of the nuisance parameter by +1o (—10).

119



_CMS Private Work 138 fb~' (13 TeV) . CMS private Work 138 fb~! (13 TeV)
.51-‘/““\““\““““\““\““ cIL>0-,““\““\““““\“&V‘\“‘,
= — 1o ] = ICARES

| 20 ° 0.8F 20| ]
1.4 — 30 i L 30
L 40 A 40
N B
L — 50 o7E 50| 1
12; % Bestfit | r Best fit ]
“ SM 08 sMm ]
3 0.5F
1.0~ [
I 0.4
0.8? 0_3}
I 0.2
0.6~ [
7‘ P S TS AT N TS RO R MR RE! 0 TR . S P P YA R
-0.5 0.0 0.5 1.0 1.5 2.0 '-b.S 0.0 0.5 1.0 1.5 2.0 25
Htwy Hiwy

Figure 6.18: Two-dimensional scans of the likelihood function around the best-fit value of
e~ and g, (left), and juyp, and f (right). The red cross represents the
best-fit value, while the black diamond represents the theoretical prediction.
The contour lines for one to five standard deviations are shown in different
colors.

the most recent measurement of the ¢ty cross section by CMS resulted in a signal strength
puzy = 1.13 £ 0.04 . The main difference with this previous result is that this analysis
employs samples simulated at NLO in QCD for both the tW+~ and tty processes, for the
first time. The discrepancy between the measurements of the signal strength of the ¢t~y

process has clear similarities with the one observed in the tWZ analysis for the ttZ process.

Finally, the post-fit distributions of the GNN output for the regions of the fit are shown in
Figure displaying the very good agreement between data and the fitted simulation in

all regions.

As already mentioned, this analysis consists of the first search for the W+ process, and it

results in first evidence of its existence.
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Figure 6.19: Post-fit distributions of the GNN output for the SRy, (upper left) and SR,
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Summary and conclusions

The unprecedented amount of hadron collision data collected by the LHC experiments
at the center-of-mass energy of 13 TeV has made possible to observe and study rare
processes that were previously inaccessible, because of their low production cross section
and high production energy thresholds. The establishment and study of rare processes is
an important test of the Standard Model (SM) of particle physics, as deviations observed

between theory and observed data can be a sign of new physics beyond the SM.

The first searches for the associated production of a single top quark with a W boson and
an additional photon (tW+y) and Z boson (tWZ) at the LHC are presented in this thesis
work. Both analyses have been performed using data collected by the CMS experiment in
2016, 2017, and 2018, corresponding to an integrated luminosity of 138 bt

The results of the tWZ analysis have been published in Ref and represent first evidence
for the production of the tWZ process. The analysis is performed in the final state with at
least three leptons, where at least one particle, either the top quark or the W boson, decays
leptonically, and the Z boson decays into a pair of electrons or muons. This channel has
been chosen because of the low background contamination, at the cost of lower branching

fractions of the particle decays involved in the process.

In order to select the maximum possible number of signal events, the analyzed phase space
is divided into several signal regions, which have different contributions from the signal
and background processes. One such region is the boosted signal region, where the top
quark is produced with a high transverse momentum, defined through the introduction of
a boosted leptonic top-tagger: a dedicated machine learning (ML) algorithm that identifies
pairs of leptons and b jets compatible with the decay of a top quark with high transverse
momentum. The performance of the boosted leptonic top-tagger is validated in a dedicated
phase space, which was chosen to be highly pure in events of the tty process, with two

charged leptons in the final state.

In order to maximize the sensitivity of the analysis, several fully connected feed-forward
neural networks (NN) are trained to discriminate the signal from the background; one for
each signal region. Furthermore, control regions are included in the analysis to guarantee a

correct estimation of the background processes.

A maximum likelihood fit of the simulated signal and background events to the observed

data is performed in bins of the output of the NN classifiers, in order to extract the signal
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strength and statistical significance of the tWZ process. The result of the fit shows a signal
strength of
tiwz = 2.6 = 0.4 (stat) £ 0.7 (syst), (6.7)

which corresponds to a statistical significance of 3.4 standard deviations: the first evidence
for the production of the tWZ process. The measurement has a relative uncertainty of
31%, in large part due to the impact of the systematic uncertainties on the signal strength.

The measurement is in agreement with the SM prediction within two standard deviations.

Additional data collected by the CMS experiment in Run 3 of the LHC, which initiated in
2022, will allow to further increase the statistical significance of the tWZ process, and to
measure its production cross section with a better precision. This could possibly lead to
the observation of the process and an improved understanding of the tension between the

measured and predicted values of the cross section.

Additionally, the results of the first search for the tW~ process at the LHC are presented
in this thesis. The analysis finds its foundations in the modeling studies presented in
Chapter |2, which allowed to determine a reliable modeling of the signal process at NLO in
QCD. The analysis is performed in the final state where the top quark and the W boson
decay leptonically.

The main challenge of the tW~ analysis is the separation of the signal from the remarkably
similar tty process, which has a much higher production cross section. For this purpose, a
dedicated ML binary classifier is developed, which is based on a Graph Neural Network.
The graph structure allows the classifier to exploit the correlations between all particles,
and all jets in the final state, which carry information fundamental for the discrimination
of the signal from the background. The input features of the GNN are validated through

saturated goodness-of-fit tests in the analyzed phase space.

Furthermore, the analysis includes dedicated control regions to guarantee a correct es-
timation of the background Z+ process, whose modeling is found to be in consistent

disagreement with the observed data in the phase space of the analysis.

The output of the GNN, calculated for the signal and background events, is used as the
distribution that is fitted to observed data in order to extract the signal strength and the
statistical significance of the tW~ process. The signal strength is found to be

paw~ = 0.94703, (6.8)

well in agreement with the SM prediction within one standard deviation. The statistical
significance of the tW~ process is found to be 4.97 standard deviations, which represents

first evidence for the production of the tW~ process at the LHC.

Similarly to what has been stated for the tWZ process, the additional data collected by
the CMS experiment in Run 3 of the LHC will allow to further increase the statistical

significance of the tW+ process, leading to the observation of the process.
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Additionally, the analysis would possibly benefit from improvements in modeling the Z~
process, and most importantly, the tW~ and tt7y processes, especially concerning the case
where the photon in the event is radiated from the decay products of the top quark or
the W boson, or the top antiquark for tty. One possible advancement in this direction
could consist in the simulation of this production mechanism at matrix-element level, as
opposed to the current approach, which relies on the parton shower in Monte Carlo event

generators.

In conclusion, this thesis work has presented the first searches for the associated production
of a single top quark with a W boson and an additional photon (tWW~) and Z boson
(tWZ) at the LHC, establishing the first evidence for the production of both processes.
These results have been obtained through the use of dedicated ML algorithms, which
have been fundamental in separating the sought signal from the overwhelming tty and ttZ

backgrounds.

The results of these analyses represent an important starting point for further studies
at the LHC, which will allow to establish the observation of the processes, and to shed
light on possible tensions between the SM predictions and the measured properties of the

associated production modes of a single top quark with two vector bosons.
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Appendix

A Reconstruction of the longitudinal momentum of neutrinos

arising in the decays of top quarks

The reconstruction of the neutrino in the decay of top quarks is based on imposing the
conservation of energy in the W /v vertex, where the W boson originates from the decay of
a top quark. The neutrino is considered as the only source of MET in the event, hence it

is assumed
Pry=pr - (6.1)

Therefore, the longitudinal component of the neutrino momentum p,, is calculated as the

solution of the equation:
(P + D)™ = miy. (6.2)

The solutions are in the form:

KDz Wopte  Epopr,— i
pz,y = 2 - :l: 4 Ea 27V 3 (63)
Prye Pty Prye
where
miy miy —miw
H= N + D71 Py cos(q)) = f + D1 Py, (6.4)

with my, being the mass of the W boson, ® the azimuthal angle between the lepton and
the neutrino, and myp y the transverse mass of the W boson. When the discriminant in
Eq. is positive, two real solutions are found, and both are taken into account for the
reconstruction of the top quark. The discriminant is negative when mq 1 > myy, which is
possible because of the imperfect resolution of the MET. Naively taking the real part of the
right-hand side of Eq. as the solution would result in Eq. not being satisfied. In

order to find a p,,, for which the energy conservation constraint is respected, it is imposed
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that My w = my,, which is equivalent to a quadratic relationship between p, , and p, ,,

with two possible solutions for each value of p, 1 py1/2,(Pz)-

The measurement of the MET is taken as reliable, hence the choice of the value of p, ,, and
the solution p,,,, (between p,; , or Py ,) is done by minimizing the difference between the

reconstructed pr of the neutrino and MET in the event:

61/2(p:r:,1/) = ‘ﬁ’i‘mss _ﬁTl/z,I/(pCC,l/) ) (65>
where pry (), is calculated using the solution py;(2) , -
Hence, the reconstructed neutrino momentum is:
ﬁa:,l/ = argmin rilln 5i(px,l/)7 (66)
Pav i=1,2
ﬁy,u = pyk,u(ﬁm,y): (67)
with
k = argmin d;(p, ) (6.8)
i=1,2

B Validation of the input features of the leptonic boosted
top-tagger

In this appendix, the comparison between data and MC is shown for all the input features
of the leptonic boosted top-tagger presented in Section with the plot for electrons on
the left and muons on the right. The boosted label in some of the variables shown means

that the variable is considered in the rest frame of the top candidate.
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electrons (left) and muons (right) in the validation region. The lower insets
show the bin-by-bin ratio between data and MC.
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ratio between data and MC.
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data and MC.
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Figure B.11: Distribution of the invariant mass of the top candidate for electrons (left) and
muons (right) in the validation region. The lower insets show the bin-by-bin
ratio between data and MC.

147



CMS Private Work 138 fb! (13 TeV) CMS Private Work 138 fb~! (13 TeV)
< e L N A I < UL B L L B LN
EMO [T, Drel-Yan 7/ Stat.unc. ] EZOO e Drell-Yan % Stat. unc. ]
e i W Bl other 4 Data < 175} W Bl other 4 Data
£ 1200 E et
2 . 2 7z 150
& 100 % b &

g 100 Q125
@k ] it}
100
60 + E 75
401 E 50
20f B 25
ok G‘:‘
O1_~,H“Tm$ ‘J w AP o2
%1(} o )‘A%/}/ A '}’A//V 1 %1(}’
— s AV i =
0 A A 5 |
0.8l | Y \ NENETREN N TR | TN I PO SR B R 0.8l
) 0 1 2 3
Top ¢
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Figure B.13: Distribution of the pr of the top candidate for electrons (left) and muons
(right) in the validation region. The lower insets show the bin-by-bin ratio
between data and MC.
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C Saturated GoF results for the validation of the input vari-
ables to the GNNN

This appendix reports the results of the saturated GoF tests employed for the validation of
the input features to the GNN presented in Section
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Figure C.14: Distribution of the test statistic used in the saturated GoF test for the 7
of first jet(left) and the n of second jet(center) and the n of third jetright
compared to the values t; obtained from the fit to data. The p-values are
reported in the plots.
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Figure C.15: Distribution of the test statistic used in the saturated GoF test for the n
of fourth jet(left) and the n of fifth jet(center) and the n of sixth jetright
compared to the values t; obtained from the fit to data. The p-values are
reported in the plots.
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Figure C.16: Distribution of the test statistic used in the saturated GoF test for the mass of
first jet(left) and the mass of second jet(center) and the mass of third jetright
compared to the values t; obtained from the fit to data. The p-values are
reported in the plots.
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Figure C.17: Distribution of the test statistic used in the saturated GoF test for the mass of
fourth jet(left) and the mass of fifth jet(center) and the mass of sixth jetright
compared to the values t; obtained from the fit to data. The p-values are
reported in the plots.
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Figure C.18: Distribution of the test statistic used in the saturated GoF test for the ¢
of first jet(left) and the ¢ of second jet(center) and the ¢ of third jetright
compared to the values t; obtained from the fit to data. The p-values are
reported in the plots.
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Figure C.19: Distribution of the test statistic used in the saturated GoF test for the ¢
of fourth jet(left) and the ¢ of fifth jet(center) and the ¢ of sixth jetright
compared to the values t; obtained from the fit to data. The p-values are
reported in the plots.
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Figure C.20: Distribution of the test statistic used in the saturated GoF test for the pr
of first jet(left) and the py of second jet(center) and the pr of third jetright
compared to the values t; obtained from the fit to data. The p-values are
reported in the plots.
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Figure C.21: Distribution of the test statistic used in the saturated GoF test for the py
of fourth jet(left) and the pp of fifth jet(center) and the pp of sixth jetright
compared to the values t; obtained from the fit to data. The p-values are
reported in the plots.
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Figure C.22: Distribution of the test statistic used in the saturated GoF test for the 7
of first lepton(left) and the n of second lepton(center) and the ¢ of first
leptonright compared to the values t; obtained from the fit to data. The
p-values are reported in the plots.
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Figure C.23: Distribution of the test statistic used in the saturated GoF test for the ¢ of
second lepton(left) and the py of first lepton(center) and the py of second
leptonright compared to the values t; obtained from the fit to data. The
p-values are reported in the plots.
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Figure C.25: Distribution of the test statistic used in the saturated GoF test for the number
of loose jets(left) and the 7 of first photon(center) and the ¢ of first photonright
compared to the values t; obtained from the fit to data. The p-values are
reported in the plots.
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Figure C.26: Distribution of the test statistic used in the saturated GoF test for the pr of
first photon(left) and the Centrality(center) and the mgy, right compared to
the values t; obtained from the fit to data. The p-values are reported in the
plots.
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