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Resumo

A tese concentra-se no estudo de duas realiza¢des do Modelo Higgs Composto
Minimo, o MCHMj5 e 0o MCHM 14, em colisores hadronicos de alta energia. Exploramos
dois regimes de energia: o do LHC e sua atualizagdo de Alta Luminosidade (HL-
LHC), e futuros colisores hadronicos com 100 TeV de energia de centro de masa.
Desenvolvemos estruturas completas de geracao e simulacao para explorar o espaco
de parametros desses modelos e conduzimos uma investigacao sistematica usando um
algoritmo de agrupamento. Os processos de producao tth e tthh foram examinados,
revelando que desvios na sec¢ao de choque podem ocorrer e que a contribuicao
nao ressonante no processo tthh é considerdvel, fornecendo acesso ao acoplamento
duplo de Yukawa introduzido por esses modelos. Pontos representativos foram
selecionados para resumir a fenomenologia do espaco de parametros para cada
regime de energia. Parceiros do top com consideraveis decaimentos em trés corpos
foram encontrados para algumas regices do espacgo de pardmetros. A inclusao desse
canal em buscas experimentais foi explorada, aumentando os limites de exclusao
anteriores. Finalmente, uma busca inclusiva foi proposta, e os resultados mostraram

uma significAncia promissora no HL-LHC com uma luminosidade de 4 ab™1.

Palavras Chaves: Além do modelo Padrao; Higgs composto; Decaimento em trés

corpos; Quarks Vector-like; Colisores de altas energias.

Areas do conhecimento: Fisica; Fisica de particulas.



Abstract

The thesis focuses on studying two realizations of the Minimal Composite Higgs
Model: the MCHM35 and the MCHM 14, at high energy hadron colliders. We explored
two energy regimes: that of the LHC and its High luminosity upgrade (HL-LHC),
and future hadron colliders at a center of mass energy of 100 TeV. We developed full
generation and simulation frameworks to explore the parameter space of these models
and conducted a systematic investigation using a clustering algorithm. The ¢th and
tthh production processes were examined, revealing that deviations in cross section
can occur and the non-resonant contribution in the tthh process is sizable, providing
access to the double Yukawa coupling introduced by these models. Representative
points were selected to summarize the phenomenology of the parameter space for
each energy regime. Top partners with sizable three-body decays were found for
some regions of the parameter space. The inclusion of this channel in experimental
searches was explored, increasing previous exclusion limits. Finally, an inclusive
search was proposed, and the results showed promising significance at the HL-LHC

with a luminosity of 4 ab™!.

Keywords: Beyond the Standard Model; Composite Higgs; Three-body decay;
Vector-like quarks; High-energy colliders.

Fields of knowledge: Physics; Particle physics.
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Chapter 1

Introduction

The Standard Model (SM) of particle physics is a well-established theoretical
framework that describes the interactions between the fundamental particles that
make up the visible universe. This model has been extensively tested over the past
several decades and has been found to agree with a wide range of experimental

observations and measurements, including the discovery of the Higgs boson at the
Large Hadron Collider (LHC) in 2012 [1, 2].

Despite its success, the SM leaves several key questions unanswered, such as
the nature of dark matter and the lack of an explanation for the observed matter-
antimatter asymmetry in the universe, among others[3]. One of these challenges is the
naturalness problem, which is the question of why the Higgs boson mass is so much
lighter than the Planck scale or some other UV scale. The SM predicts that the Higgs
boson mass receives quantum corrections from virtual particles, and these corrections
are proportional to the energy scale at which the particles are produced. Since the
Planck scale is so much larger than the weak scale, these quantum corrections are
expected to make the Higgs boson mass much larger than it actually is, unless there
is an extremely delicate balance between the parameters in the SM, which is not

explained by any underlying symmetry.

The naturalness problem has motivated the search for new physics at the TeV
scale, which could explain the smallness of the Higgs boson mass. One proposed
solution is supersymmetry [4, 5, 6, 7], which postulates a new symmetry between
bosons and fermions and introduces a new set of particles with the same quantum
numbers as the SM particles but with different spins. Supersymmetry predicts that
the quantum corrections to the Higgs boson mass are cancelled by the contributions
from the new particles, leading to a natural explanation for the smallness of the
Higgs boson mass. Another proposed solution is provided by extra-dimensional
models [8, 9], which postulate spatial dimensions beyond the three we observe. In
the Randall-Sundrum scenario, Standard-Model (SM) fields—including the Higgs
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Chapter 1. Introduction 11

boson—are confined to a four-dimensional “TeV brane’ located at one end of a warped
extra dimension, whereas gravity is localized on the opposite ‘Planck brane.” The

exponential warping generates the observed weak—Planck hierarchy.

Composite Higgs Models (CHM) [10, 11, 12, 13] are another promising solution
to the naturalness problem. They propose that the Higgs boson is not a fundamental
particle, but is instead composed of more basic building blocks, similar to how
composite particles, such as protons and neutrons, are made up of more fundamental
quarks and gluons. These models introduce new interactions and dynamics that help
to stabilize the Higgs boson mass and provide a more natural explanation for the

observed mass hierarchy.

In CHM, the Higgs boson arises as a bound state of a new strongly-interacting
sector, which is characterized by a scale of confinement, A. The Higgs boson is a
composite scalar that transforms non-linearly under the global symmetries of the
theory, which leads to a protection of its mass from large quantum corrections.
These models predict the existence of additional scalar and vector bosons, as well as
fermions, which are partner states of the Standard Model particles. These new states
could be discovered at current or future high-energy colliders, providing a distinctive

signature of composite Higgs models.

Particle accelerators have been devised and built in order to address the open
questions and further test the predictions of the SM. The LHC, located at CERN,
is currently the world’s largest and most powerful particle accelerator, and it has
provided a wealth of new data on the properties and interactions of the fundamental
particles. By colliding beams of high-energy particles, the LHC and other particle
accelerators allow physicists to probe the structure of matter and energy at scales
far beyond the reach of direct observation. In the coming years, new accelerators
and experimental facilities are expected to be built, which will provide an even more
precise and comprehensive understanding of the nature of the universe, and they

will play a crucial role in advancing our knowledge of the Standard Model and beyond.

The High-Luminosity Large Hadron Collider (HL-LHC) is a major upgrade to
the existing LHC [14]. It will increase the number of proton-proton collisions that
can be produced by a factor of 10, compared to the current LHC. This increase in

luminosity will allow physicists to study rare and exotic processes that are difficult to
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observe with the current accelerator. The HL-LHC will achieve its higher luminosity
by several improvements, including the installation of new superconducting magnets,
more powerful radiofrequency cavities, and new collimators to improve the beam
quality. The HL-LHC is expected to begin operation in the mid-2020s and continue
through the 2030s, providing a wealth of new data to study.

In addition to the HL-LHC upgrade, CERN is also exploring a new accelerator,
the Future Circular Collider (FCC) [15, 16]. The proposed FCC would consist of a
100-kilometer circular tunnel located at CERN, and it would be capable of colliding
protons at energies of up to 100 TeV. The first hadronic collisions are expected to
occur by 2065-70. Apart from the developments at CERN, China is also investing in
particle accelerators, with plans for a new facility called the Super Proton-Proton Col-
lider (SppC) [17, 18, 19, 20, 21]. The SppC has a construction timeline of 2042-2050,
it will have a circumference of 100 km and aims to reach a center of mass energy of 125-
150 TeV. These proposed accelerators would allow to study the properties of particles
at even higher energies than are possible with the LHC, and they would also be capa-

ble of studying the Higgs boson and other particles in much greater detail [22, 23, 24].

The Top-Higgs sector, in particular, will be of extreme importance for searches
in future accelerators, as it is a unique window into the dynamics of electroweak
symmetry breaking and the search for new physics beyond the SM. In the first
part of this thesis (Chapters 2 to 5) we use the Minimal Composite Higgs Model
(MCHM) [25], based on the symmetry breaking pattern SO(5) — SO(4), to study
the production of a top pair in association with one (the tth process) and two Higgs
bosons (the tthh process), in the context of future accelerators. The tth process has
been observed with increasing precision in recent years at the LHC [26, 27]. This
process is important because it allows us to study the tth Yukawa coupling and
deviations from the SM prediction of this parameter could signal the presence of
new physics beyond the Standard Model. The tthh has also been subject of initial
measurements in the last years [28, 29]. It is particularly interesting because it offers
a sensitive probe of the Higgs boson self-coupling. It is also important in the context
of the present study, as CHMs predict charge 2/3 vector-like "top partners' that can
decay in the th channel, leading to that final state. Earlier searches in this channel,
as well as in tZ and bW decay channels, have already restricted these resonances.
Additionally, it has been suggested [30] that measuring the tthh coupling can help

distinguish between different effective operators, which cannot be differentiated by
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solely measuring the tth coupling.

Given that top partner resonances are currently being actively searched for, with
defined bounds above 1 TeV, we draw attention to the fact that a significant portion
of the tthh cross section often consists of non-resonant production. This non-resonant
component could play an important role in discriminating between different MCHM
models and is more closely tied to the pNGB nature of the Higgs boson, unlike
the vector-like fermionic resonances. We emphasize the complementary relationship
between non-resonant tthh production and the ¢th and hh channels, particularly in
terms of measuring the trilinear Higgs couplings. We quantitatively evaluate the
relative contributions of Yukawa, trilinear Higgs, and new effects to the non-resonant
tthh channel, while also examining the correlation between the tth and tthh cross

sections.

Specifically, we present a parton-level phenomenological analysis of these pro-
cesses using two MCHM fermion representations, both in current and future hadron
colliders. Our objective is to highlight the phenomenological differences between
a model with minimal fermion embedding (MCHMj5) and the simplest model that
can support an increased top Yukawa coupling (MCHM;j4). In addition, we provide
a set of representative points that offer broad coverage of the parameter space of
these models. Hence, this study serves as a valuable resource for guiding searches
for new physics. Based on the current findings at the LHC, our study offers specific

directions and predictions for upcoming experiments.

Usually, experimental searches consider simplified scenarios in which the widths
of vector-like quarks (VLQ) are saturated by two-body decays. Furthermore, they
assume that only one VL@ contributes to the final state, while others are too heavy
or decay into different final states [31, 32, 33, 34, 35, 36, 37, 38, 39]. As part of our
exploration of the MCHM parameter space, we find that a considerable part of it is
composed of points with vector-like resonances with significant three-body decays.
Therefore, in the second part of this work (Chapters 6 to 8), we focus on studying
the experimental consequences of considering three-body decays on VLQ searches.
First, we roughly estimate the modifications that the inclusion of three-body de-
cays would introduce in the present mass exclusions for the lightest 2/3-charged
top partner, 7', and the exotic 5/3-charged top partner, X5, 3, by recasting the
results on [40] and [29]. We also find that considering three-body decays implies
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that different VLQs contribute to the same final state, making it difficult to isolate
each contribution. However, we turn this in our advantage and propose an strategy

in which we consider both contributions to enhance signal-background discrimination.

1.1 Dissertation’s Outline

This thesis is structured as follows:

o In Chapter 2, we present the main general theoretical features of Composite
Higgs Models and, in particular, of the MCHMj5; and the MCHM 4.

o In Chapter 3, we describe the phenomenological analysis approach we followed
to comprehensively study the parameter space of both MCHM. It includes the
definitions of High and Low Scale MCHMs, the description of the processes of
interest tth and tthh, the events generation and the parameter space scan. We

finally explain how we extracted representative points from the scan.

o In Chapter 4, the Low Scale MCHM scan results are shown for the tth and

tthh processes along with the selected representative points.
o Chapter 5 presents the results of the High Scale MCHM.

o In Chapter 6, we examine the characteristics of three body decays in the

MCHM by using the scans performed previously.

o In Chapter 7, we evaluate the impact that the inclusion of three body decays

in current VLQ searches would have on their mass exclusion limits.

o Chapter 8 present the proposed search strategy to guide signal extraction in

experiments considering three body decays.
o We summarize the main conclusions of this dissertation in Chapter 9.

Chapters 3 to 5 correspond roughly to the work published in Chapter 9.7 of the
Yellow Report [41] and the publication in [42]. Chapters 6 to 8 to the pre-print [43]

(currently submitted for publication).



Chapter 2

The Higgs as a Pseudo-Nambu Goldstone

Boson

7

Composite Higgs scenarios are characterised by the introduction of a “composite
sector with a global G symmetry which is spontaneously broken down to a subgroup
H C G generating a number of exactly massless Nambu-Goldstone Bosons (NGB)
equal to the number of broken generators. These number of degrees of freedom must

)

be enough to contain those of the Higgs field. An “elementary” sector breaks G
explicitly through elementary-composite mixing terms producing a naturally light

Pseudo-Nambu Goldstone Higgs boson.

The Callan—-Coleman—Wess—Zumino (CCWZ) formalism is a general approach to
build the Effective Lagrangian of theories with spontaneous symmetry breakdown
in terms of multiplets of the unbroken H group. For a complete review on how
Composite Models are constructed, we refer the reader to [44]. Here we show only the
main features that will be used in our study. The symmetry breaking we will work
with is SO(5) — SO(4), which is known as the “Minimal Composite Higgs scenario”
as it possesses the minimum number of generators that could produce a Higgs field
while preserving custodial symmetry. The Goldstone matrix that parametrizes the

electroweak symmetry breaking, in unitary gauge, is:

U = 07 cos hof+h sin ho;rh : (2.1)
G’T ho+h ho+h

—sin “4=  cos ~L—=
f ro

where h is the Higgs boson, hg = (h) is its expectation value, and f is the scale
at which the symmetry breaking takes place. By analogy with the theory of chiral
symmetry breaking in QCD, f is also known as the “Higgs decay constant”. The

symbol 133 represents the 3 x 3 identity matrix and 0 is a 3-dimensional null vector.
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By gauging the SU(2)r, x U(1)y subgroup of SO(4), we find the W mass to be
Mj, =

from which we can identify the following relation between the electroweak vev (v),
the scale f and hg:

h

fsin70 = v = 246 GeV . (2.2)
We define the parameter
v? .o h
f — P = 51[12 70 (23)

which measures the departure of Composite models from the SM. The current exper-
imental bound of the Higgs decay constant is f = 800 GeV (or & < 0.1) [45, 46, 47,
48, 49, 50, 51].

As we are interested on studying the effects of this model on the ¢th and tthh
processes, we will focus on the top-Higgs interactions which, in turn, depend on
the composite resonances associated with the top quark. These resonances fall into
representations of the SO(5) group which can be further decomposed into multiplets
of the unbroken SO(4), with their non-degeneracy being governed by the scale f. In

what follows we will focus on two scenarios:

» Resonances falling into the fundamental representation 5 of SO(5) which
decomposes as 5 = 4 + 1 under SO(4)

» Resonances falling into the symmetrical representation 14 of SO(5) which
decomposes as 14 = 9 + 4 + 1 under SO(4).

The first case contains the minimal number of additional fermionic degrees of
freedom in Composite Higgs models, while still imposing the custodial protection
of the Zbrby, coupling [52], which is important when considering EW precision
measurements [53, 54, 55, 56, 57, 58, 59]. From now on we will denote this scenario
as MCHM5;. The second scenario is non-minimal and has been considered in [46,
49, 60, 61, 62, 63, 64, 65, 66]. We will denote this scenario as MCHMy4. Certain
Higgs couplings are enhanced w.r.t. the SM in the MCHM;4 [49, 62] while they are
always suppressed in the MCHMj5. One of our objectives in this work is to study
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the implications of these different behaviours on the tth and tthh searches at the
HL-LHC at 14 TeV and the projected 100 TeV High Energy collider.

2.1 The Fermion Sector of the MCHM;

Here, we will only describe the fermionic degrees of freedom related to the third
generation of quarks, as they generate the couplings we are interested in. For a

complete review, we refer the reader to [44].

The elementary sector contains the fields gq;, = (t1,br) and tp which have the
same quantum numbers as the SM left-handed top-bottom SU(2)[, doublet and the
SM right-handed top SU(2) singlet, respectively. The composite sector contains
fermionic vector-like resonances that fall into the 5 representation of SO(5), which,
under SO(4) decomposes into a fourplet ¥4 and a singlet ¥;. Their corresponding
states will be denoted by:

11}4 ~ (X5/37X2/37T7-B) )

Y, ~ T, (2.4)

where the subindices in the X states denote their electric charge. The states T and T
have charge 2/3 and B has charge —1/3. The states (T, B) transform as a SU(2)1,
doublet with hypercharge Y = 1/6, similarly to the SM quantum numbers of the
elementary field qr. The (X5,3, Xo/3) states form an exotic doublet with Y = 7/6
and the state T has the SM quantum numbers of 5.

The complete Lagrangian (in the top sector) is described by:
L = Eelem + E(?omp + ‘CzliXJ (25)

where Leem represents the elementary sector, Leomp describes the composite sector
and Lpyix contains the elementary-composite mixing terms. We now describe each of

these terms, explicitly.

The elementary sector Lagrangian is simply written as

‘Celem - qLiEQL + %RiEtR s (26)



Chapter 2. The Higgs as a Pseudo-Nambu Goldstone Boson 18

where D represents the SU(3)¢ x SU(2)r, x U(1)y covariant derivative.

The composite sector is written directly in terms of the SO(4) multiplets:

Lomp = Fai(D—ig)¥s— Mu¥a¥s+F1i0¥1 — Mi1¥:1¥1
—+ (—i CL?4PL d‘ifl —Z'CRT4PR d‘Pl —|—hC> . (27)

where Pp, p = (1Fv5)/2 are the left and right projectors and ¢y and cp are

1. The covariant derivative D contains only

couplings, expected to be order one
the gluon and hypercharge gauge bosons, that is, D,, = 9, +1igsG,, + z%g’BM. The
interactions containing the remaining electroweak gauge fields come from the d,, and

ey, symbols, which are defined through the Maurer-Cartan form
iU (0p +igaASTVU = dyaT® + epalT® =dytep | (2.8)

where T% are the broken generators and T are the generators of the unbroken SO(4)
group. The gauge fields Af, belong to the algebra of SO(4) = SU(2) x SU(2)r
and the EW gauge fields arise when we gauge some of its associated generators:
the W fields gauge SU(2)r, and B, gauges T}%. Then, the hypercharge is given by
Y =2/3+ Tf’z 2. We list the all SO(5) generators, including the ones corresponding
to the gauged SU(2)r, x U(1)y, in App. A. The e, symbol term contains corrections
to the electroweak interactions of the resonances due to compositeness. These are
detailed in Appendix C. In Equation 2.7, we also have a mass term for each SO(4)
multiplet with the masses being My for the fourplet and M; for the singlet. Their
non-degeneracy arises from the spontaneous breaking of SO(5), whose origin we
do not address here, but, in our analysis, we can treat M, and M; as independent

parameters.

The terms in parentheses in Eq. (2.7) introduce additional resonance-Higgs and
resonance-gauge boson interactions that arises when integrating out heavy resonances
not present in the low energy theory. These interactions are allowed by the model
symmetries and their full expansion is shown in Appendix C. These operators do not

modify the top Yukawa at tree level, as long as we assume that ¢y g are real. Thus it

'If the strong sector respects parity, we expect ¢, = cr. We will take this as a simplifying
assumption in the analysis of the 14 representation below.

2The factor of 2/3 arises because in order to reproduce the SM fermion hypercharges one needs
to introduce an extra U(1)x factor, under which ¥5 has charge X = 2/3. For further details,
see [44]
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has no effect on the ¢th process. On the other hand, the ¢Zhh process cross section is
modified but the distributions have mainly the same shape, except for some tuned

points. We will further discuss these features in Section 3.6.

Since some fermionic resonances have the same SM quantum numbers as the
elementary fields, mixing terms between them are allowed. For this, it is convenient

to express the elementary fields as embeddings of SO(5) as:

—iby, 0
—br, 0
Q3 = L T3 =1 0 (2.9)
L \/§ L ’ R )
tr, 0
0 tr
and ¥4 and ¥; as (see Appendix B for further details)
[ _iB+iX;5,; | [0 ]
. —B — X5/3 0
T4 — ﬁ —’LT - iX2/3 5 ‘Ijl - O . (210)
T— Xy 0
0 T
Then, the mass mixing Lagrangian is written as
—5
Loy = fQLU[ya¥a+ym¥1] +he
=5
+ fTRU [yR4‘f4+le‘I’1] + h.c. (2.11)

which implements the partial compositeness hypothesis [67].

Therefore, in the {1, Tr, Xo/31, fL} vs {tr, Tr, Xos3.r, Tr} basis, the

charge 2/3 mass matrix is given by

0 59af (L +vVT=8) gyraf(1—vI=2) %ymf\/g

M5, — ~5UrifVE —M, 0 0
2/ %ymf\/g 0 — My 0
yr1fvV1—¢ 0 0 —M
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Diagonalization of this matrix leads to the physical fermion eigenstates, which are
in general admixtures of the original elementary and composite states. The lightest
one is identified with the observed top quark. Our numerical analysis follows from
this mass matrix, as described in subsequent sections. The remaining resonances

have masses

X5/3 . MX5/3 = M4 y (213)

B: Mp = \/M}+y2,f%. (2.14)

2.2 The Fermion Sector of the MCHM, 4

The MCHM 4 scenario assumes the resonances fall into the 14 symmetric repre-
sentation of SO(5). Under SO(4), the representation decomposes as a singlet, ¥q, a
fourplet, ¥4, and a nonet, ¥g. The first two are described in Eq. (2.4). We describe

the states in ¥g as:

Yo ~ (Usys,Usys.Usy3, Viys, Vays, Voiy3, Fayg Fys, Fyys) - (2.15)

Under SU(2)r, this nonet breaks into three triplets, U with Y = 5/3, V with
Y =2/3and F with Y = —1/3.

The complete Lagrangian of the MCHM 4 (in the top sector) is decribed by:
E = Eelem + Eg-élmp + E}rﬁxa (2]'6)

where the elementary sector, Lelem, is given by Eq. (2.6). The composite sector is
obtained adding the kinematic and mass terms for the nonet ¥y (the precise structure
of ¥y is given in App. B) to Eq. (2.7). Additionally the inclusion of the nonet allows

new terms involving the d, symbol. Then we have:

£, = Yai(D —i¢)¥s— Mu¥4¥s+ F1il0¥1 — M1 ¥1 Y1
+ Tr [?9 (Zﬁ‘l’rg —1 [¢,‘P9])] — Mg'Tr {WQTQ}
+ (—i04‘1’4 Ay —ico Ty 4V, —zfjc‘ff} d;dfﬂf+h.c.> ,(2.17)
s
where ¢4, cg and cpg are couplings of order one and i and j are SO(4) indices. We

are assuming, for simplicity, that the strong sector respects parity symmetry. Since
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the interaction term between Yo and T is suppressed by an extra power of the cutoff
A < 4nf, we expect it to be subdominant. The explicit form of the terms including

the d, and e, symbols are reported in Appendix C.

The £14 term in Eq. (2.17) accounts for the mixing between the elementary and
composite states. To write it down, it is convenient to embed the elementary and
composite states into 14 representations of SO(5), similarly to what was done for
the 5 scenario. We denote the elementary embeddings by Qi‘l and T}124 and continue
using the notation Yg, ¥4 and ¥, for the composite embeddings. These are 5 x 5

traceless symmetric matrices and are given in Appendix B. Then, we have

—14
Lo = [T [UTQL U(yro¥o +yra¥a+ yLl‘Ifl)} + h.c.

=14
+ fTr [UTTR U (ng‘Yg +ypa¥a + leTl)} + h.c. (2.18)

Thus, the charge 2/3 mass matrix in the {7, Tr, X931, T, Usysiy Vassr, Fassr}
vs {tr, Tr, Xos3.r, Tr, Uas3.r, Vas3,r, Fas3,r} basis is given by:

M7y = (2.19)
0 syrafay —3yrafa_ —§yL1f82h —Syrofb—  —3yrofson  Tyrofbs
N
TyR4f32h —M4 0 0 0 0 0
*%ymfs% 0 —My 0 0 0 0
yrif (1—2s%) 0 0 — M, 0 0 0 ,
Y3y g fs2 0 0 — My 0 0
— By o fs2 0 0 0 — My 0
Yy f 3 0 0 0 0 My |
(2.20)
where

=€, sm=2/6/1-¢, az=1+\1-¢-2¢, bi:\/g<1i 1—5).

The charge —1/3 mass matrix in the {bz, Br, V_1/31, F_1/3.0} vs {Br, V_1/3.r, F-1/3.R}

basis takes the form

yrafv1—¢ —%ngf\/g %wa\/f
—M. 0 0
M4 _ 4 : 2.21
1 0 — My 0 221

0 0 — Moy
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The remaining states have masses

X5/3 : MX5/3 = M4 , (2.22)

Us/3:Usy3: Va3, Fuys My, = My,,, = My,,, = Mp_,,, = Mg (2.23)

4/3

2.3 Partial Compositeness and Higgs Couplings

The described models incorporate the partial compositeness paradigm of [67] via
linear mixing of the elementary fields g7, and tgp with composite operators trans-
forming as singlets, fourplets or nonets of the SO(4) symmetry as described by
Egs. (2.11) and (2.18). In addition to giving rise to the top mass, the same operators
are responsible for the top-Higgs Yukawa coupling, which is of central importance to

this work.

We describe the mechanism in Figure 2.1. The green boxes represent insertions
of the Higgs field doublet (see Eq. (B.2)) in Eqns. (2.11) and (2.18), to leading order
in H/ f. For instance, the mixing between ¥; and Tk can happen at 0-th order in
H, while the ¥1-Q;, mixing requires an insertion of the Higgs field transforming as a
4 of SO(4): 4¢, ® 4y D 1. Similarly, the mixing between the fourplet ¥4 and @y,
can happen at 0-th order in H, but requires an H-insertion when mixing with Tg:
4y, ® 4y O 1. Both of these cases lead to a linear, SM-like coupling G Htr, up to
corrections non-linear in H.

H H
7
\ 7/

My My
¥ Tp

|
|

QL * » Tr QL = Tr QL
Vir Vi Uyr Yy Vo r Yo r

H H
1
l M,

+--

Figure 2.1: Top-Higgs Yukawa coupling through mixing with singlet, 4-plet and
nonet resonances (the mixing is represented by the green squares). The first two
cases lead to a SM-like coupling to the Higgs (for H < f), while the nonet exchange
leads to a cubic, non-renormalizable coupling g, HtrH TH, at leading order in H/ f.

Mixing the nonet Y9 with the elementary fields is qualitatively different. While
it requires one Higgs field insertion for the mixing Qr-Y9 (4g, ® 4x ® 9y,), two
insertions are needed for the mixing Tr-%Y9 (4 ® 45 ® 9y, D 1). In this case, the
leading order coupling is the non-SM like, non-renormalizable operator g; HtrH TH.
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To get the top Yukawa interaction we replace H by its vev, which, in unitary

gauge is:

1 0
H:\/i(h0+h> (2.24)

and take the term linear in h. From the operators described above, the top Yukawa
strength gets a factor 1 when induced by the linear operator and a factor 3 when
induced by the cubic operator. Therefore, when various channels are present si-
multaneously, the top Yukawa can be enhanced w.r.t the SM. Additionally, when
My = My, the leading term is cubic.

The same effect has an impact on the coupling of the Higgs to two gluons (ggh),

normalized to the SM top contribution, which is given by:

v d
_v.a i
g = 5 g logdet (Mim) (2.25)

where M is the fermion mass matrix, assuming all states are much heavier than the

Higgs boson (for our purposes, light state contributions can be neglected).
For the MCHM3, using M = M;’/g in Eq. (2.12), this gives

1-2¢

5 _
Cg = - (2.26)
For the MCHM 4, one gets
054 = cg + cg , (2.27)

where

. A —r)ro—[(21 =3yE—=1)/2r1 +23rg — 32r119| E+4(7/27r1 + Brg — 8rirg) &2

Cc. =

g 7“1/254—\/1—5[4(1—7“1)7”9—(7/27‘1-}—5?”9—87”17"9)5] ’
(2.28)

arises from the charge 2/3 sector, M%% in Eq. (2.20), and

do= e f1-¢ vis? (1-19) (2.29)
! g (Mf +yi f2) +yif2(1—-r5) ¢’ '

arises from the charge —1/3 sector, M4 /3 in Eq. (2.21). For the latter, we explicitly

removed the zero-mode (the physical bottom quark) and neglected its contribution
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to the ggh coupling. In Eqns. (2.28) and (2.29) we defined r = M;/My and
ro = Mo/ My and we assume yr; = yr and ygr; = yg for i = 1,4,9 (see Section 3.1).

When M; = My or in the limit r9 — 0 with 7, £ fixed (but not for small

non-zero My), one finds

8
t ~
Cg ~ 3—55, (230)
while
37’1+87”9—117”17’9
b= 1— O(&? 2.31
Cg 2(1—7'1)7“9 S—i_ (5) ( )

in all other cases, reflecting the underlying cubic versus linear coupling of the top
quark to the Higgs field. In all cases, CZ ~ & < 1. Global constraints on the gluon
fusion process from Higgs measurements, which allow for about 20% deviations from
unity in ¢, at the 95% C.L. [68], will then also impose constraints on the allowed
deviations in the top Yukawa coupling from the SM limit. We should note that the
large enhancement shown in Eq. (2.30) actually happens in a region of parameter
space where the top mass cannot be generated for perturbative values of yr, r. We
can see this from the approximate expressions for the top mass in the MCHMj5 and
in the MCHM4, given by

1 yryrf?
LIPS R V4 [y . £ L1 TA— ) -
i ﬁ\/g 5\/—ZLZR|M1|| il

V5 yLyrf* 3r1 + drg — 8rirg
mM o~ 2 e 1 ‘1—7~ - . (232
t 2 Vey1-¢ Z1. 25| M| ! drg & (2:32)

where yr; = yr and yg; = yg for i = 1,4,9 (see Section 3.1). The “wavefunction
renormalization” factors have the form Zp p =1+ y%7Rf2/Mf’1 + O(¢).

2.4 Higgs Decays

The amplitudes of the processes we are interested in (¢th and tthh) are completely
determined by the Lagrangians so far described. However, in order to consider the
possible modifications of the Higgs decays, we must specify how the light families of

quarks and leptons are introduced in Composite Higgs models. These modifications
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are expected to be small, as the observed 125 GeV Higgs has SM-like properties.
Then, the dominant Higgs decays are h — bb, W W™, gg, 7777, c¢, ZZ like in the
SM. We are neglecting the decays into channels with low branching ratios (BR) as
vy (BR= 0.23%), vZ (BR= 0.15%) and pu*u~ (BR= 0.002%) or even rarer decay

channels.

H — bb is the most important decay channel (with about BR= 58%). To define
its value, we still need to implement the bgr state, as by, was already implemented
along with the ¢y, state in a SO(5) representation. Among several possibilities we
choose to embed bg in a 10 representation of SO(5) and mix it with composite
resonances in the same representations in both MCHM5 and MCHM 4 models. These
models were introduced in [46] and were called MCHMs5 5 10 and MCHM;4 14,19. The
remaining parts of lepton and quark sectors are chosen to follow the same implemen-

tation.

Under the previous assumptions, it is found that the couplings of the composite
Higgs to the vector bosons and to light ff pairs are controlled by two model-
dependent functions that depend only on £. In the MCHMj5 the coupling of the
Higgs to a pair of gluons depends also only on &, but in the MCHM 4 it depends on

additional microscopic parameters, as shown in Section 2.3.

The partial widths are then simply obtained by rescaling the SM ones. For the
MCHM35, one finds [46]

T(h—bb) = F(¢)2Tam(h — bb) ,
[(h—ce) = Fi(€)*Tsm(h — o),
T(h—71T77) = F(¢)*Tsm(h — 7777) (2.33)
T(h—VV) = (&) *Teu(h = VV) |
T(h—gg9) = Fi(&)*Tsm(h — g9) ,
where
RO = = B = 1€, (2.31)

For the MCHM 14, the bottom channel is controlled by Fj instead of F», and the ggh
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coupling is controlled by 054 of Eq. (2.27) instead of Fi(&).

The total Higgs width in the MCHM models under consideration can then be

written as
T5(h) = {F2(¢)” [BRsu(bb) + BRsm(VV) + BRswi(7777))
+ F1(£)* [BRswm(gg) + BRsw(ce)] | Tsm(h) | (2.35)
Tia(h) = {Fa()? [BRsm(VV) + BRsy(m777)]

+ F1(£)* [BRgu(bb) + BRsi(c?)| + (cj*)” BRswi(gg) | Tsm ((2-36)

and the branching fractions can also be expressed in terms of the functions F}, Fb,

054, and SM quantities.



Chapter 3

Phenomenological Analysis Strategy

3.1 Parameter Space

From Section 2.1, we can see that the top sector of the MCHMj5 is controlled by
8 parameters: the masses M;, and the dimensionless parameters yr;, yr;, cr, and cr
for i = 1,4. In the case of the MCHM;j4 (see Section 2.2), we have 12 parameters:
M;, yri, Yri, C4, cg and cpg for @ = 1,4,9. These parameters are complex, a priori.
However not all phases are physical and some of them can be absorbed into convenient

field redefinitions, keeping only the physical ones.

Since the process of absorbing unphysical phases are similar in both MCHM
scenarios, we will only describe it explicitly for the simpler MCHMj5 case. From
Egs. (2.7) and (2.11), let us take the following terms:

Licdet = Y1ilp¥1— MY Y10 — MiY1rY11
+¥4ilD¥s — My¥s 1 ¥sp — Mi¥sp¥ar
+f QU [yra¥a+y¥a] + hee.
—i—fT;U l[yra¥a +yr1'¥1] +hec. (3.1)

Here, we are considering complex M;’s. After all redefinitions we will end up with
real M;’s as in Eq. (2.7). Notice also that we are not including the terms containing
cr, and cg. This is because, after all phase absorptions, the remaining phases can be

easily included in redefinitions of these parameters.

We can write the parameters in Eq. (3.1) in terms of their magnitudes and phases

27
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as:
M; = | M;|et™: (3.2)
yri = |yLile®v (3.3)
Yri = |yriler (3.4)
Let us start by absorbing the phase of each yr;. The corresponding terms can be
written as:

B A
Lredet € flyril " QU (Yir +Yir) = flynile®Q UY: r (3.5)

If we make the redefinition ¥; 1, p — 6*191:1‘\}12.7 LR, the kinetic and mass terms in
Eq. (3.1) remain invariant. The phases only appear in the terms containing yg;’s.

Thus, we have:

Licdet = Y1ilD¥1— Mi¥1 Y10 — MiY1rY1.1
+¥4ilD¥s — My¥y 1 ¥spn — Mi¥sp¥ar
+F QU [lypal¥a + |y [¥1] + he.
+f T%U [yR4e_wL4‘F4 + lee_le‘fl] + h.c. (3.6)

Let us proceed absorbing the phase of each M;. For this, we can make the

redefinitions ¥; ; — e*wMi‘I’iy 1, to end up with:

Lreaet = F1ilD¥) —|Mi|F1 ¥,
+ 94Dy — | My|[Fy Yy
+F QU [lyral¥a+ lyra[F1] + hec.
+fT%U [ZJR4€7¢9L4‘Y4 + leewal‘Pl] + h.c. (3.7)

—i0nr,

where now ¥; =¥, p +e i'¥; 1. Finally we can absorb the phase of one of the

remaining yg;, let’s say yrs. The corresponding terms are written as:

Lyedet C fTRU [!ym!@wme Wrag, (3-8)



Chapter 3. Phenomenological Analysis Strategy 29

If we make the redefinition Tj:% — ¢i(0ra=0a) T }% we finally obtain

Lycdet = F1i0¥1 — |M|¥1Y1
+¥ i DYy — | My|Fa¥sy
+F QLU [lyal¥a + lyra[¥1] + hc.
+FTRU [Jypa¥a + yrie’ O Om=0m09, | 4 hee. (3.9)

So, we remain with three physical phases for the MCHM35: those of ¢y, cg and yg.
Following an analogous procedure, we can deduce that the MCHM;4 contains five
physical phases: ¢4, cg, crg and two of the yg;’s. Alternatively, we can put the phases
in My, cg, and cg for the MCHM35 and in My, My, ¢4, cg and cpg for the MCHM 4.
For simplicity, we will assume that the CP symmetry is conserved in the strong
sector’. Thus, we consider all parameters to be real. With this, we are left with three
unfixed physical signs for the MCHM5 (sign(My), sign(cr) and sign(cg)) and five
unfixed physical signs for the MCHM 4 (sign(My), sign(My), sign(cq), sign(cg) and
sign(crg)). The effect of the operators controlled by the parameters ¢y, and cg will
be analysed in Section 3.6. There, we will see, that, in our analysis, we can neglect

them. Therefore, we are finally left only with the M;, y;; and yg; parameters.

In the SO(5) symmetric limit we have My = My, yp1 = yr4 and yg1 = ygy for
the MCHMj5 case and My = My = My, yr1 = yr4a = yro and Yyr1 = YrR4 = YR9
for the MCHM14. When these equalities do not hold, the SO(5) symmetry breaks
to SO(4). In the case of the mass parameters, this breaking is “soft", that is,
the Higgs effective potential is not sensitive to UV scales. However, in the case
of the dimensionless couplings yy; and yg;, deviations from the SO(5) symmetry
leads to a UV sensitive Higgs potential, which can deviate the Higgs mass from its
measured value of 125 GeV. For this reason, and to simplify the number of model’s

free parameters, we choose to focus on cases where:

Yri =YL YRi = YR » (3.10)

for all 7. In conclusion, we are left with the following set of parameters:

« MCHMs5: f7 ‘Mﬂv |M4|7 Sign(M1)7 yr, and yg.

It is also worth noting that not imposing CP conservation leads to severe constraints. These
(as well as the flavor structure of the models) are beyond the scope of our analysis, and we refer the
reader to [69] for an example of a composite Higgs model addressing these issues.
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o MCHMuy: f, |My|, [Myl, |Myl, sign(My), sign(My), yz, and yg.

One of these parameters (we choose it to be yr) can be further fixed if we require to

reproduce the top mass. Therefore, we demand that:
Det (Mg 3M3 5 —m7l) =0 , (3.11)

This equation is solved numerically for yr for each chosen set of the other pa-
rameter values. If no real solution is found, the parameter space point is discarded.
For instance, in the SO(5) symmetric limit, the determinants of the mass matrices
in Eqns. 2.12 and 2.20 are zero. Therefore, the top mass cannot be reproduced, as
expected in the absence of the SO(5) — SO(4) symmetry breaking. Consequently

points near the SO(5) limit will hardly accommodate the observed top mass.

In Eq. (3.11), we are considering m; to be the running top mass at the resonances
scale (around 2-3 TeV), that is, m; = 150 GeV2. While this running top mass is con-
sidered when diagonalizing the mass matrices, at the scale of the processes of interest,
tth and tthh, which is around 200 GeV, we consider the pole top mass, m; = 173 GeV.

To extract the physical quantities for a particular point in the parameter space
defined by the values of M; and yr,, we first find the value of yg that satisfy Eq. (3.11).
Then, the mass matrix is diagonalized using the unitary transformations Uy, and Ug

in such a way that:
ULMQ/ngT% = diag(mt, MT(1)7 y MT(Q), .. ) y (312)

The non-null elements of the diagonal matrix in Eq. (3.12) represent the spectrum
of the model, with all these masses being real and positive. This process is done
with Mathematica [70]. The charge —1/3 sector of the MCHM;4 follows the same
process®. The physical spectrum and the elements of Uy, and Ug are then passed as

inputs for the next steps of the analysis.

2Later, in section 5, we will consider resonances with masses up to tens of TeV, such that strictly
speaking, a different running top mass should be picked depending on the energy reached in each
parameter space point. However, we find that the effect of the choice of top mass at this scale is
negligible and would be masked in comparison with the spread in physical parameters obtained
from the numerical scan, so we simply fix m; = 150 GeV.

3The bottom mass in Eq. (2.21) vanishes. Although one can easily incorporate a finite bottom
mass, its effect in the diagonalization is negligible. The correct couplings between the Higgs boson
and the bottom quark are taken into account as described in Section 2.4.



Chapter 3. Phenomenological Analysis Strategy 31

Quantities as the Yukawa matrix in the mass eigenbasis can be computed from

the rotation matrices as:

YU = ULYSReU}, (3.13)

where
yguge _ Ly 3.14
2/3 g 12/3 (3.14)

is the Yukawa matrix in the gauge eigenbasis. The (1,1) entry of Y375% corresponds
to the top Yukawa coupling. It includes all tree-level effects arising from the Higgs
compositeness and the mixing with the vector-like resonances.

Since the mass matrices depend non-linearly in h (through /¢ = sin W),
couplings between two tops and a number of Higgs bosons arise. In our analysis, in
particular, the coupling tthh will be of importance. The Feynman rule associated to
this coupling is equal to 7 times the (1,1) entry of %dzMQ/g/dhz, after rotating it

to the mass eigenbasis.

3.2 MCHM Scales, low versus high

The aim of this work is to study the parameter space of both MCHMj5 and
MCHM 14 at two different scales that are motivated by future planned or projected

experimental searches. Therefore, we divide the analysis in two parts.

The first part considers the parameter space relevant to the experimental reach
of the LHC accelerator in the near future which includes two operational run stages:
the current Run-3 stage planned to finish in 2026, with a total integrated luminosity
of around 400 bt at a CM energy of 13 — 14 TeV, and the HL-LHC stage planned
to start operations in 2028 with a luminosity 10 times higher and a CM energy of 14
TeV or slightly higher. The region of the parameter space that covers this scale will
be called “Low Scale MCHM” (LS-MCHM). This will be the focus of the rest of this
chapter and of Chapter 4.

In the second part we consider the region of the parameter space that is relevant
to projected future colliders expected to operate at energies around /s = 100 TeV
or higher [15, 17, 71]. We label this region as the “High Scale MCHM” (HS-MCHM)
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and will be the subject of Chapter 5. To study a point in the High scale MCHM we

require any of the following situations:

1. No new physics (in terms of mass or precision reach) is discovered at the
HL-LHC.

2. Some evidence (at 3o effect) is found at the HL-LHC. This can be a new high

mass resonance or a u(tth) deviation from the SM.

3. A deviation on u(tth) is present at 5o and u(tthh) is observed, but with
sizeable uncertainty. A higher energy pp collider would allow higher precision

measurements and looking for further effects.

It is worth stressing that, although the Low Scale MCHM points are studied
at /s = 14 TeV, we also simulate them at 100 TeV and 150 TeV to account for
the cases in which the point passes one of the listed situations above. Therefore

some results in Chapter 4 will also show quantities simulated at energies higher than
Vs = 14 TeV.

3.2.1 Parameter regions in the Low Scale MCHM

The following are the parameter ranges considered in the Low Scale MCHMs:

|M1| € [0.8,3.0] TeV, My € [1.2,3.0] TeV
f €1[0.8,2.0] TeV, yr € [0.5,3.0].

In the case of the Low Scale MCHM 14, we used:

M| €[0.8,3.0] TeV,  |My €[1.2,3.0] TeV, My € [1.3,4.0] TeV
£ €10.8,2.0] TeV, yr, € 0.5,3.0].

In order to remain in a perturbative regime, justifying the present tree-level analysis,
we will take y;, < 3. For the same reason, we also check that yr, as determined by
the top mass, is below 4. The distribution of points within those ranges was not
uniform, due to computing constraints, but we strive to cover most of the parameter

space.
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3.2.2 Parameter regions in the High Scale MCHM

The region of the parameter space covered by the High Scale MCHM is defined
by the possible reach of a high energy pp collider operating with at least /s = 100
TeV and 20 ab~! integrated luminosity [72].

For the High Scale MCHMj5 we consider:

|M;| € [2,30] TeV, My € [2,30] TeV,
£ €[0.8,8.0] TeV, yr € [0.5,3.0],

and for the High Scale MCHM 4 we use:

|M1| € [2,30] TeV, |My| € [2,30] TeV, My € [2,30] TeV,
£€10.8,8.0] TeV, yr, € [0.5,3.0].

It is worth noticing that these ranges must be linked continuously to the ones
defined for the LS-MCHM, such that some points in the HS-MCHM are already
tackled by the HL-LHC. We will see in the next two chapters that this is the case
for some LS-MCHM showcase points that are still of interest in the HS-MCHM.

3.3 Simple Physical Observables

The diagonalization of the ) = 2/3 mass matrix leads to several physical
quantities of interest. There is a rich spectrum of vector-like states. Up to small EW

symmetry breaking effects, these vector-like masses are approximately given by:

« MCHMs:
M47 \/Mz%+y%f27 \/M12+y}2%f27
e MCHM;y4:

My , VM2 +y%f2 , \/ M? +y%_—if2 , My (degeneracy = 3) .

We will use the mass of the lightest state, which we call T’ M) as a proxy for the scale
of the new physics. These resonances present important lower bounds obtained by

experimental direct searches. At the time in which the analyses presented in this
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Figure 3.1: Normalized value of the Yukawa coupling of the top, yiop/ y%\g in the
M;-My plane for the MCHMjp (left) and MCHM4 (right). Top figures focus on O(1)
TeV scale, bottom ones expand it to higher mass scales. Also shown are contours

of constant mass of the lightest top partner, M.

Overlayed regions indicate

constraints: the dark one is given by direct exclusion of top partners in the top plots
[34, 35], and by expected constraints in the HL-LHC in the bottom ones (M) < 4
TeV) [41]; the green region is constrained by ¢, measurements [68] in the top plot
and by the ¢, expected constraints [41] in the bottom one. In the white region, the
top mass cannot be reached without violating perturbativity.
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Thesis were performed, we considered the results in [35] (from the ATLAS collabora-
tion) and in [34] (from the CMS collaboration). These searches consider vector-like
top partner resonances decaying exclusively in the bW, tZ and th channels. These
bounds depend mildly on the decay branching fractions and were around 1.3 TeV.
As we will in Chapters 4 and 5, some points in these models present additional
three-body decay channels. An extensive study of those channels in the MCHM5
and their effect on the bounds reported by the experimental analyses will be shown
in Chapters 6 and 7, respectively. However, in this chapter and the following two,

we will ignore these possible modifications.

We also consider the deviations from the SM of the top quark decay width.
However, the previous direct bounds imply that such deviations are well within the
experimental uncertainties, and therefore do not impose additional bounds on the
models.

The top Yukawa coupling is of central importance in our study as it is present
both in the tth and tthh processes. We will explore here the quantity yiop/ ytsé\g, the
top Yukawa coupling normalized to its SM value, such that it indicates a suppression
of the SM top Yukawa if it is less than one and an enhancement when it is bigger
than one. In order to have a first picture of its behaviour in the parameter space
of Composite Higgs models, we performed a grid scan in the M; - M, plane for
fixed values of y;, and f in the MCHMj5 and fixed values of yr, f and Mg in the
MCHM4. We followed the strategy described in Section 3.1, that is, numerically
solving Eq. (3.11) for yg. The results of the scans are shown in Figure 3.1 for the
MCHM5 (at the left) and for the MCHM 4 (at the right). At the top, we considered
f =1200 GeV, y, = 2, Mg = 2 TeV and mass parameters ranges |M; 4| < 3.5 TeV.
These plots are relevant for the LS-MCHM as defined in Section 3.2.1. At the bottom
of Figure 3.1, we considered a larger region in the M; - My plane (|M 4] < 30 TeV)
to account for the HS-MCHM as defined in Section 3.2.2. We took y; = 2 and
f = 1.8 TeV for the MCHM35 and y;, = 2, f = 3 TeV and Mg = 8 TeV for the
MCHMj4. Blue (red) areas correspond to suppression (enhancement) ytsg\g and the
white areas correspond to regions in the parameter space in which there is no solution
for yr (in the perturbative region), that is, the top mass cannot be reproduced. As
we can see, the top Yukawa in the MCHMj5 always presents a suppression since it is
approximately determined by F;(§) in Eq. (2.34), while in the MCHMy4, it can be
enhanced for some regions as was already shown by [49]. In the LS-MCHM 4, the

enhancement only happens in a small region in the quadrant with M; 4 < 0, while
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the HS-MCHM 14 plot shows that it can also takes place in a small region in the
quadrant with My 4 > 0. Additionally, we show red contour lines that represent the
mass of the lightest 2/3 charged top partner, M, ). As mentioned before, direct
searches([34, 35]) impose lower bounds for these masses which are represented by the
overlayed dark regions. Green regions in the LS-MCHM4 display the analogous 2
sigmas boundaries for ¢, (the ggh coupling normalized to its SM value), at the time
of this study [68]. For the HS-MCHMj4, they display the prospect for ¢, constraints
by the end of the HL-LHC run [41]. In the MCHMs5, ¢4 only depends on f and it is

not constrained in the parameter space regions displayed in the plots.

3.4 Event Generation

Both MCHM'’s were implemented in FeynRules (v2.3) [73]. The generated UFO
files can be interfaced with MadGraph (MG5) [74]. In the results showed in the
following sections and in Chapters 4 and 5, the MG5 version used was v2.6.2. We
developed a Python script that, given a parameter space point, feeds the numerical
input from the diagonalization into the “param_ card.dat” file for further MG5

processing. Finally, we simulate the processes tth and tthh in MG5.

It is worth noticing, that the fully developed framework just described can be
directly connected to detector fast simulation softwares as DELPHES or to detailed
full simulations as the ones of CMS or ATLAS. For instance, in Chapters 7 and 8
we will use DELPHES to perform a fast simulation in the context of the study of
3-body decays in Composite Higgs Models. Also, in Section 4.4.3, we will show a
study from the CMS Collaboration in which some of the points suggested in this
work were fully simulated by using the configurations of the future CMS-Phase 2
detector that will be operating at the HL-LHC.

3.5 Description of the processes of interest

3.5.1 The tth process

The Feynman diagrams of the tfh process at tree level in the MCHM scenarios
are identical to the ones in the SM. They involve top/anti-top pair production with
one Higgs radiating from the top lines. Diagrams in which a Higgs radiates from

initial ¢qq lines can be neglected as either the Yukawa couplings are small or the
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heavier flavours are PDF suppressed. Therefore, the tth cross section, oncmam (tEh),

is directly related to the corresponding SM cross section, ogn (tEh), via:

2
JMCHM(tfh) = (ygh) O'SM(tfh). (3.15)
t

All modifications due to Higgs compositeness or mixing with vector-like fermions,
are contained in the top Yukawa coupling. Thus, we only expect a modification in
the total cross section with respect to the SM but no modification on kinematical

distributions.

3.5.2 The tthh Process

In the case of the tthh process, the additional Higgs boson allows for a richer
dependence on the new physics than in tth. We can identify two qualitatively different

contributions:

1. Resonant processes, that involve the production of vector-like charge 2/3
resonances that decay into th. They can be present in two ways. Either they
appear in pairs, from QCD pair production, or singly, as an intermediate state
in a fermion line that involves flavor-changing Yukawa interactions. However,

this process is largely dominated by QCD pair production.

2. Non-resonant processes, in which only the diagrams without intermediate top

partners are included (see Figure 3.2).

Depending on the resonance mass, their pair production in the resonant processes
can lead to important enhancements in cross section with respect to the SM. On the
other hand, the non-resonant processes carries qualitatively different information.
For that reason, we decide to define a “non-resonant cross section (NR-tthh)” from
the subset of non-resonant processes Feynman diagrams. Similarly, we can define a
resonant cross section considering only diagrams involving resonances. We find that
the total tfhh cross section is well approximated by the sum of these resonant and

non-resonant cross sections.

In Figure 3.3, we show the distributions of the invariant mass of th for a point in
the parameter space of the MCHMj5. We show the distributions for the full ¢Zhh(in
red), for NR-tfhh (in black) and for the SM (in dashed blue). We present these
distributions for two values of CM energy: 14 TeV and 100 TeV. There we can see that



Chapter 3. Phenomenological Analysis Strategy 38

f
- h
9 BOB00 —~—<_ g _
£ < h
Y t \\h
999009 J <7 g
\h t
t
g _h
q \\*h

t

Figure 3.2: Representative diagrams for the non-resonant tthh process, illustrating
the three distinct physical subprocesses: the Yukawa vertex, the Higgs trilinear
self-coupling and the “double Higgs” Yukawa vertex arising in composite Higgs
scenarios.

the non-resonant contribution follows the SM cross section but with a suppression,
while the resonant part increases significantly the full ¢Zhh cross section, being more
important for larger CM energies. These different kinematical behaviours between
the non-resonant and resonant subprocesses suggest that they can be separated

experimentally, in principle.

3.5.3 The Non-Resonant tthh Process

The Feynman diagrams in the non-resonant tthh can be grouped into three
categories, depending on the kind of vertices they contain. These are shown in

Figure 3.2 and are:
1. Diagrams containing only the tth vertex.

2. Diagrams containing both the tth vertex and the trilinear Higgs self-interaction:

A= [(1-28)/VT=E| sm.
3. Diagrams containing the tthh vertex (“double Higgs” Yukawa vertex).

The first two categories involve the same diagrams as in the SM. On the other
hand, the third category of diagrams are not present in the SM as the tthh vertex
is a consequence of the non-linearity of the Higgs sector in Composite models [76].

Thus, it would be extremely interesting if evidence of this coupling is found. In
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Figure 3.3: Distribution of the invariant mass of the top quark and a Higgs boson

in the MCHM5 (M)

—2.5 TeV, My = 2.0 TeV, f = 1.0 TeV, yp = 1.5). The

red continuous line shows the distribution of the full ¢tZhh process in the MCHMs,
while the NR-tthh cross section is shown in black. For comparison, we also show in
dashed blue the SM tthh distribution. The upper (lower) plot corresponds to 14 TeV
(100 TeV) CM energy. Histograms generated with MadAnalysis 5 [75].
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Section 4.3, we will present a study to estimate the relative importance of each of

these subprocess categories.

3.6 Analysis of the d,-symbol Operators

So far we have assumed that the terms involving d,, symbols operators in Egs. (2.7)
and (2.17) are irrelevant to the present study. Here, we justify this assumption.
To that end, we survey the possible effects that these operators could have on the
processes of our interest, namely, tth and tthh. The complete expansion of these
Lagrangian terms in the gauge basis are shown in Appendix C. Although we are only

analyzing the MCHMs5, the conclusions we reach are valid also for the MCHM4.

3.6.1 Effect on the tth Process

Let us consider Eq. (C.3). We can notice that these terms are antisymmetric
in ¥ and ¥4. Therefore, when they contain the same mass eigenstate fermions,
they cancel out with their respective complex conjugate term. That is, d;, symbol
operators does not modify the ¢th vertex. Since the only non-QCD vertex in the tth
process at LO is the tth vertex, this process is not affected in any way by the d,
symbol operators. The same reasoning can be applied to the MCHM;4 scenario (see
Eq. (C.4)).

3.6.2 Effect on the tthh Process

Unlike the tth process, the presence of vector-like resonances in the tZhh process
makes it sensitive to the d,, symbol operators. The modifications could enter in two
ways. First, the d,, symbol operators contain Yukawa-like terms that couple a Higgs
to two fermions with different flavour. These vertices are present in the tthh process.
Secondly, the resonance widths can be affected as well, leading to modifications in

the final cross section.

To investigate the implications of these modifications in our study, we selected
some points in the parameter space of the MCHMj5 and performed a scan in the
parameters that control the d, symbol terms, namely, ¢, and cg. To be under the
perturbative regime, we consider the range ¢, cg € [—3,3]. We show the outcome of
this scan for one point in Fig. 3.4. At the left, we can see that the tZhh cross section

is modified by a factor that lies in the range [0.3,2] with respect to the cross section
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with ¢;, = cg = 0. The modification is highly correlated to the branching ratio of
the decay channel T() — th. This can be seen in the right plot, where we show the
modification of this BR w.r.t. the ¢, = cg = 0 case. We see that there is a fine
tuned region (in red) in which the BR is be suppressed (BR=0) and the tZhh cross
section takes its minimum values in the corresponding regions. For these regions the
resonant component of tthh is suppressed leaving basically only the non-resonant

component.

o(tthh) /a°(tthh) (BR[T™"> t h]/ BR? [TMot h] )?
2_
1.5 1.5
1_
& 10 & o 1.0
-1f -1f
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3 1 ®y -3t : : : : : 4 My
-3 -2 -1 0 1 2 3 -3 -2 -1 0 1 2 3
CL CL

Figure 3.4: Variation with c¢j, and cg of the tthh cross section, normalized to the
cross section o¥(cg = 0,cr, = 0), in the MCHMj5 (M; = —0.96 TeV, My = 1.4 TeV,
f=12TeV, yr = 0.88).

In Figure 3.5 we show the normalized p; distributions of the most energetic
Higgs (at the top) and the most energetic top quark (at the bottom) for the same
point used in Figure 3.4 and four combinations of (cz, cgr). Additionally, we show
the corresponding SM distributions for comparison. We can see that different
combinations leads to similar distribution shapes, except for the combination c;, =
cr = 0.5 in which the distributions tends to the SM shape. This happens because
this combination is near the fine tuned point in which BR(T(I) — th) tends to zero
(see Fig 3.4). This behaviour occurs for other kinematical distributions and choices
of point in the MCHMj5 parameter space as well, with the (c¢r,, cg) fined tuned point
being located at different combinations for each MCHMj5 point. Therefore, we notice

two qualitatively different situations:

1. Most of the points in the (cp, cg) plane have similar distribution shapes differing

only in the value of the total cross section by a factor in the range [0.3,6] for
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Figure 3.5: p; distribution of the most energetic Higgs (h1) and the top particle
for 4 combinations of (cg, cg) in the MCHMj (M; = —0.96 TeV, My = 1.4 TeV,
f =12 TeV, y = 0.88). The SM is shown for comparison and all curves are
normalized to unity area. Histograms generated with MadAnalysis 5 [75].



Chapter 3. Phenomenological Analysis Strategy 43

Vs =14 TeV and [0.3, 8] for /s = 100 TeV. This is equivalent to a K-factor.
Since we are working at LO and we would need to rescale the cross sections,
anyway, for them to be compared with experiments, there is no advantage in

introducing these additional free parameters.

2. There is a small region around a fine tuned point in the (cg, cg) space in which
the distributions become those of a non-resonant tthh because for these points
BR(T™) — th) tends to zero. It would be interesting to explore what happens
to other branching ratios in this case but that is out of the scope of the present

work.

We have verified that these conclusions are qualitatively the same for the MCHM 4.
Therefore, we will ignore the d,-symbol terms by taking c;, = cg = 0 in the MCHMj
and ¢4 = cg = c¢pg = 0 in the MCHM 14.

3.7 Strategy to select example points and bench-

mark points

In next chapters we will present the results of the scan of the parameter space
for both LS-MCHM and HS-MCHM and both fermionic representations (5 and 14).
Since it will be unfeasible to analyze the kinematical distributions of each scanned
point, we decided to select two sets of points in each scenario. We labeled these
classes of points as “example points” and “benchmark points”. Their selection criteria

are described below.

The example points are chosen based on striking features or on how accessible
they are in the near future (at the start of the HL-LHC), towards the end of the
HL-LHC or in the much longer term with a 100 TeV pp collider. The striking
features are based on experimental results from the LHC or on prospect studies
on the HL/HE-LHC or the FCC-hh project. Therefore, these points could carry
a bias and not necessarily represent all possibilities present in the models. How-

ever, we will still use them as a way to get an idea of what could happen in the future.

To study the parameter space of the models in a more comprehensive way, we
decided to use a “clustering strategy” as it was proposed in [77]. It consists in using

a test statistic to group the points into “clusters” based on the similarity between
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their kinematical distributions. This same test statistic can then be used to select
one point in each cluster, that is the most similar to the others in the same cluster.
This selected point can act as a typical representative of the cluster and any analysis
designed to search for it will be covering all possible phenomena in the cluster. These
points are called benchmark points. In the following we describe the main steps of

the technique. For further details, we refer the reader to [77].

Given a set of kinematic distributions for a point in the parameter space of the
model, we organize them one after the other to form a single distribution. We label
this sample as S,, where a identifies the parameter space point. Next, to measure

the similarity between two samples, we use the log-likelihood ratio:

szns

1,a +n 7
TSy = —2 Z log(n +log(( n!) — QZOQ(W)] (3.16)

where n; ,) is the number of events contained in the i-th bin of the sample S,
n(;p) represents the same for the sample S, and Ny, is the number of bins in the
sample. If samples S, and S are identical, T'S, is zero. As their similarity decreases,
TS, also decreases, becoming more negative. Therefore, given two pair of samples,
(Sa, Sp) and (Se, Sq), T'Sap > T'S.q implies that the pair (S,, Sp) are more similar
between them than the pair (S;, Sq). Then, given a set of Ngamples, We use this test

statistic to group them into clusters following the steps:

1. We identify each sample as being the unique member of a cluster. Therefore, the

initial number of clusters is equal to the number of samples Nejysters = Nsamples-

2. We compute the similarity between two clusters as the minimum 7'S,;, among
all pairs formed by a sample of one cluster and a sample of the other one. That
TS™" = ming,({TS.}), where a runs over all samples in the first cluster

and b runs over all samples of the second cluster.

3. We compute T'S™" between all possible pairs of clusters. The pair of clusters
with the highest 7°S™" are the most similar. Therefore, we merge them into

one cluster. In this way, the number of clusters, N¢justers, decreases by one.

4. We repeat step 3 until the desired Njysters is obtained.

To find the sample with the most representative behaviour in a cluster, we

compute T'S™" = ming,({TSy}) for each sample S, where Sj, represents all other
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samples in the cluster but S,. We choose the representative sample as the one with
the highest T.S7". The corresponding parameter space point is the benchmark point

of the cluster. We can do this at each step of the clustering algorithm.

There is no definite way to choose the ideal number of clusters. However, a very
small number of clusters implies too heterogeneous behaviours among the distributions
inside the clusters, making the benchmark sample to lose its representativity. On
the other hand, with a large number of clusters, despite the high homogeneity of
their samples, we could end up with too many benchmark points, not reaching the
true potential of the clustering algorithm. Therefore, we can run the algorithm until
we are left with only two clusters (Nyster = 2), recording the complete algorithm
history, and examine each step considering the features just described to find the
appropriate number of clusters. Similarly, we decide by experimentation which

kinematic distributions are used in the algorithm.
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Low Scale MCHM

In Section 3.3, we showed the results of a grid scan in M; and My leaving other
parameters fixed, to have a general picture of the behaviour of some observables in
the parameter space of the models (see Figure 3.1). In order to survey the complete
parameter space, we need to scan over all parameters of the model. To that end,
we decided to perform a random scan, that is, we arbitrarily choose points in the
parameter space of the model without fixing any parameter (apart from yr which is
fixed to reproduce the top mass). In this way, we can cover the parameter space in a
more comprehensive and effective way. In this chapter we present the results of the

scans performed in the LS-MCHM scenarios.

As it was defined in Section 3.2.1, in the LS-MCHM we restrict ourselves to the

following parameter intervals:

| M| € [0.8,3.0] TeV, My € [1.2,3.0] TeV,
f€10.8,2.0] TeV, yr € [0.5,3.0].

for the LS-MCHM3, and

IMy| € [0.8,3.0] TeV,  |My| €[1.2,3.0] TeV, My € [1.3,4.0] TeV,
£ €[0.8,2.0] TeV, yr € [0.5,3.0].

for the LS-MCHM 4.

Additionally, in order to better survey the parameter space, we define the following

regions in the M;-My plane:

Region I: My, My >0

We remind the reader that only the sign of Mj is a free parameter in the MCHM3, while the
signs of both masses are free in the MCHM 4. See section 3.1

460
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Region II: M} <0, My >0
in the MCHM35 and MCHM74 and
Region IIT: My, M4 <0

Region IV: My >0, My <0

in the MCHM 4. We will use these regions definitions also in Chapter 5, where we
show the results of the HS-MCHM scan.

Each of these regions is randomly populated with around 200 points. As already
mentioned in Section 3.1, points not reproducing the top mass are discarded. Then,
for each point, we generate the events for the processes under consideration and their

respective kinematic distributions.

In Section 4.1, we show the behaviour of the physical processes in the scanned
regions and Sections 4.2 and 4.4 describe the selected example points and benchmark

points, respectively.

4.1 The tth and tthh Processes Over the Parameter
Space

4.1.1 The tth Process

As shown in Eq. (3.15), the tth cross section is related to the SM one by a simple
rescaling of the top Yukawa coupling. The deviations of the top Yukawa coupling

from the SM limit have two distinct origins:

o Deviations due to the composite nature of the Higgs boson, which arise from
the dependence on the Higgs through trigonometric functions. This depends
only on &, but is model-dependent and can in principle be used to distinguish
the MCHM5 from the MCHM 4.

e Deviations arising from the mixing of the top quark with the new ) =
2/3 resonances. This effect depends on all the microscopic parameters of
the model in a complicated manner through the diagonalization of the mass
matrix. However, since resonances are much heavier than the top quark, these
deviations are typically subdominant compared to the ones arising from Higgs

compositeness.
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Therefore, the tth cross section in the MCHM scenarios is largely controlled by a
single parameter, which we can take to be the scale of global symmetry breaking, f.
In Fig. 4.1, we show the dependence of the signal strength u(tth) along the various
points in the parameter scan of the MCHM scenarios. Although we are displaying
the signal strengths for /s = 14 TeV, the corresponding /s = 100 TeV values are
the same, as p(tth) does not depend on the CM energy, at tree level. In addition,

selected example points are also shown.

The most recent experimental measurements of p(tth) at the time of the elabora-
tion of this study were those of CMS [27] and ATLAS [26]. The reported best fits
were: pu(tth) = 1.1479:31 for the combined 13 TeV result at an integrated luminosity
of 35.9 fb~! from CMS and p(tth) = 1.327038 for the combined 13 TeV result at
an integrated luminosity of up to 79.8 fb~! given by ATLAS. The 1o and 20 limits
from CMS are shown in Figure 4.1. The ATLAS study have not reported the 20

limits in their measurements.

The two plots at the top of Figure 4.1 corresponds to the MCHM;5. At the
left, we can see that, in Region I, the points follow two different behaviours, that
correspond to the regions above (with My > M) and below (with My < M;) the
white area in Figure 3.1 in which different average values of the mixing parameters
yr,r are needed to reproduce the correct top mass. The lower set of points generally
have smaller M 1) masses (below ~ 1.6 TeV) and g (tth) which are in tension with
the experimental measurements, although still within the 20 interval. Points with
My > 2 TeV are clustered around the second curve with p(tth) larger than 0.8.
In contrast, points in Region II tend to follow a unique curve with some dispersion
around it and resonance masses homogeneously distributed. As it can be seen in
both Regions, all points present a suppression in o(¢fh) as it is expected in the
MCHM5. The example points are shown in both Regions: P, and Ps in Region I,
and Pi, P3 and Py in Region II.

The remaining three plots in Figure 4.1 show the results of the scan for the
MCHM 4 case. Three different behaviours are identified concerning the dependence
of utth with f. In Region I, the points group into two curves similarly to what
happen in the Region I of the MCHMj5. However for this case, p(tfh) can get
values as low as 0.2. Therefore, a bigger fraction of points are in tension with

the 20 experimental limits. Regions II and IV are both similar to Region II in



Chapter 4. Low Scale MCHM 49

M [TeV]
N
13 1.7 21 25 29
LF LF P, f =2450 GeV
fa gy
3 1o 1o P:Is. .",‘rt‘-" -
....... PR S I A o & oL
0.9F K- 0.9F ‘..g'&ﬁ?'
P, . al s
‘)'. o " Py \6
|: g, 800 0 e |§ "i":
S
. \cc..o
0.7¢ e, MCHMs 0.7¢ MCHM;s
o (Region I) (Region II)
L 20 20
P ok = = === =’m == == .
1000 1500 2000 1000 1500 2000
f[GeV] f[GeV]
1.6 1.6
S R 7
L . L
L.F L.F 0
A e EmEmmmp - p= v mipt, - ~A P EmEmmmsse=ses -®
Eosp Qg tare o0 Z 0.8} .&yg;@}“t 3Q
=1 3% et el e e X :‘f 1
oo i e oy 20 20 o JE0NS .
0.6f = == = ;v-'-?‘-?u----- 0.6 = =g AFE = = = = o- -
o l’: 4 k' .
0.4Fe 0 0.4F s?;.' ’
02F *e?e MCHM,, 02k MCHM,,
’ (Region I) ’ (Regions II + IV)
. . . 0. . . .
1000 1500 2000 1000 1500 2000
fGeV] f[GeV]
1.6
0
l4f @ = = = = = = = = o
L 0
]'2- - Q-Z“ 3'- .%' -------
LE 'of NEK o
o~ - -.: - M.—.' LR AT
Eo.8F " Tetear
‘i’ L ) LRTY . .
0_6-'- - - . 2-lU—- -._ﬂ,..' - -
0.4f w, *°°
oab MCHM,
’ Lo 8 (Region I11)
e @, 1 1
1000 1500 2000
f[GeV]

Figure 4.1: Normalized tth cross section as a function of f for 14 TeV CM energies. We
also color code the lightest vector-like mass. The upper left (right) plot corresponds
to the Region I (II) of the MCHMj5. The lower left, central and right plots correspond
to the Regions I, IT 4+ IV and III of the MCHM 4, respectively. The blue arrow in
the upper right plot indicates that the example point Py is outside the horizontal
range of the plot with f = 2450 GeV. The green (brown) dashed line shows the
lo (20) limits given by the CMS pu(tth) measurements while the black dashed line
represents the central value [27].
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the MCHM5, although with a higher dispersion. Therefore, we joined them in
a single plot. The main difference here is also that u(tfh) can get values as low
as 0.2. In Regions I, II ad IV we can notice that only a few points are slightly
inside the 1o interval limit, which happens for high values of f. That is, for the
MCHM1y, in these Regions, values of o(tth) close to the SM limit are more dif-
ficult to obtain than in the MCMHj5 case, for the same degree of Higgs compositeness.

Region IIT of the MCHMj4 behaves differently as compared to the other regions
as we could already spot in Figure 3.1. In this region, an enhancement of o(¢th)
with respect to the SM is possible as it is also visible in the bottom plot of Figure 4.1.
This is a main distinctive feature of the MCHM;4 as compared to the MCHM5 . To
further explore this region, we perform an additional scan of 100 points, extending
Mg down to 1.3 TeV. All of these points are shown in Figure 4.1. There are two
groups of points. One group follows a curve that gathers a big part of the low
M) points. All these points have a suppressed o(tfh) with values that can get
down to zero for low values of f. On the other hand, the other group of points are
gathered around the SM limit p(¢Zh) = 1 taking values that can be either smaller or
bigger than one. These points are more spread the lower the f value is or the higher
the compositeness is. The points in this group are, most of them, within the 1o
experimental limits, unlike the other regions in the MCHM 14 . The selected example
points in the four regions of the MCHM4 are also shown in the plots. These are:
@5 in Region I, Qg in Region 11, ()7 in Region IV and @1, ()2, @3 and ()4 in Region III.

We conclude that p(tth) is a key observable, not only to indicate that there is
some BSM effect, but to reject the MCHMj5 while keeping the MCHM 14 as still
possible, if an enhancement w.r.t the SM is confirmed. If a deficit is, instead, observed,
both MCHM scenarios are still possible. Their distinction will depend on detailed

phenomenology.

4.1.2 The tthh Process

In Figure 4.2 we show how the signal strength u(tthh) depends on the mass of the
lightest @ = 2/3 resonance, M) for both MCHM scenarios and three CM energies:
14 TeV, 100 TeV and 150 TeV. All scanned points (in all regions) are included in
the corresponding plots: 400 points for the MCHMj5 and 900 for the MCHMi4. As

expected, lighter resonances can significantly enhance the tthh cross section due to
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QCD pair production. In turn, larger CM energies also increase the value of u(tthh),

as can be clearly seen for the example points shown in the plots.
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Figure 4.2: Normalized tthh cross section as a function of the lightest Q = 2/3
vector-like mass, for 14, 100 and 150 TeV CM energies. The left (right) plots
correspond to the MCHM35 (MCHM;y4).

Additionally, we show in Figure 4.3 the ratio between the non-resonant contri-
bution and the total tZhh cross section as a function of M. The trends in the
MCHMj5 and MCHM 4 are similar. For heavier resonances, the resonant contribu-
tions decreases and the total cross section becomes dominated by the non-resonant
contribution. Therefore, even when resonances are rather heavy (let’s say around
3 TeV) we can expect deviations from the SM. It is interesting, then, to search for

these deviations in addition to the dedicated resonance searches.

Finally, Figure 4.4 shows the NR-tthh cross section (normalized to the SM tthh
cross section) as a function of the normalized tth cross section. There is a clear
correlation which reflects the fact that both are mainly controlled by the top Yukawa

coupling, as explained before.

4.2 Selected Example Points

As explained in Section 3.7, we selected a number of example points to illustrate
the physics of the MCHM scenarios. The selection criteria considers the present

experimental results including the LHC measurement of the ¢th production pro-
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Figure 4.3: Ratio between the non-resonant tthh cross section and the total tthh
cross section as a function of the lightest Q = 2/3 vector-like mass, for 14, 100 and
150 TeV CM energies. The left (right) plots correspond to the MCHM5 (MCHMy4).

cess [26, 27], its prospects at the start of the HL-LHC [41], and the exclusion limits on
the pair production of heavy vector-like top partners currently obtained by ATLAS
and CMS [34, 35, 78|. Additionally, we consider the results of the parameter scan
from the plots in Section 4.1.

In Tables 4.1 and 4.2, we list the selected example points for the MCHMj5 and
MCHM 4, respectively. These tables include the parameters that characterize each
example point, the signal strength of the relevant processes at different energies, the

spectra of vector-like fermionic resonances and the BRs of the lightest top partner.

4.2.1 Selected example points and their main features for

the LS-MCHM:;

In Table 4.1 we show the example points selected for the MCHMj5. Two of them
(P, and Ps) belong to Region I and three (P, P3 and Py), to Region II.

The point P; has a low value of the f scale (strong compositeness) and a tthh
process with 50% of non resonant contribution. The tth cross section has a sup-
pression w.r.t the SM value which is close to the estimated 1o lower limit by the
end of Run 3 (with at least 300 fb=1) [79, 80], and w.r.t. the masses of the two
lightest heavy top partners and the charge 5/3 resonance. The P scenario will be

fully scanned (including its overall resonances spectrum) at the HL-LHC where a 1o
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Figure 4.4: Correlation between the normalized tth and non-resonant tthh cross
sections, for 14 and 100 TeV CM energies. The left (right) plot corresponds to the
MCHM;5 (MCHMyy4).

@ M (GeV) -1317 800  -960 -3550 914
< My (GeV) 1580 2311 1400 3000 2632
£ f(GeV) 969 896 1186 2450 1573
5 yL 1.66 1.80 0.88  1.00  2.36
) YR 062 195 087 085 241
u(tth) (All Energies) 0.83 085 0.92 0.98  0.96
w(tthh) (14 TeV) 1.30 071 340 0.93 0.88
w(tthh) (100 TeV) 9.58 218 2601 1.05 1.15
NR-tthh/tthh (14 TeV) | 0.50 097 024 1.01  1.02
NR-tthh/tthh (100 TeV) | 0.07 032  0.03 090 0.77
M1, (TeV) 144 1.83 134 3.00 261
M) (TeV) 1.59 237 145 382  3.91
M) (TeV) 225 2.83 1.76  3.99 456
Mpq) (TeV) 225 2.82 175  3.87 456

My, ,, (TeV) 1.58 231 140  3.06  2.63
T, (GeV) 247 952 4.1 26.7 165
BR(T(M) —th) 033 030 061 031 033
BR(T(™!) W) 046 046  0.06 0 0.16
BR(TM —t7) 0.22 020 026 0.30 0.26
BR(TM) - W+W—t) 0 004 0.07 039 025

Table 4.1: Properties of selected example points in the LS-MCHM5. Red and blue
column headings indicate points belonging to Region I and II respectively.

uncertainty of 4.3% is expected on pu(tth) [41]. On the other hand, the slight increase
of the tthh production cross section w.r.t the SM at 14 TeV, might not be reachable
at high luminosity. Furthermore, it is possible that it will only be visible at higher
CM energies when the discrepancy with the SM value further increases. This makes
this eventual scenario interesting to look at, even if possibly quickly disregarded at a
certain stage of the HL-LHC run.
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Unlike P, the point P, shows a high NR~tthh and a clear deficit in u(tthh);
both effects are also visible for points Py and P;. However, P, as it happens with
Py, presents a deficit in p(tth) because both have a rather low f value (strong
compositeness). Points Py and P, instead, have a high f value which translates into

a pu(tth) very close to 1.

Point P3 has still a rather low f value with, as striking features, the strong
increase in u(tthh) at the expense of the low NR-tthh contribution (see dominant
decay of the lightest resonance into th) and u(tth) getting close to 1. All the expected
resonances, in this case, have relatively low mass well reachable at the HL-LHC
(and even may be before, i.e. by the end of the forthcoming Run 3). The HL-LHC
increased luminosity will allow to measure the th decay branching ratio, predicted to
be dominant with respect to tZ. Besides, the full HL-LHC dataset could indicate a
possible excess in pu(tthh).

Points P, and Pj share similar features. The heavy top partners make the NR-
tthh contribution to be dominant even at high CM energies. The large values of f
also keep the p(tTh) very close to one (especially the point Py). Although, the pu(tthh)
also present values very close to the SM one, a first indication of their deficit could
already be evidenced at the HL-LHC. Therefore, although the points Py and P5 look
more like scenarios for the higher CM energy hadron colliders, a first breakthrough
on such scenarios, especially for P5 could be achieved by the end of the HL-LHC.
Finally, note that the lightest resonance in both cases has a low branching ratio into
Wb (especially Py), while a more important 3-body decay. This enhanced W+ W~ ¢
channel arises for points in which TW has a larger fourplet contribution and then is
almost degenerate with X5,3 (both are controlled by My). We will discuss this effect
in Chapter 6.

It is worth noting that, as expected in these models (see sections 2.2 and 3.3),
in all cases, there is a mass degeneracy between several resonances, with a mass
splitting from a few tens of GeV down to a few hundreds of MeV, due to EWSB effects.

The different scenarios described as example points for the MCHMj5 present
interesting features that allow distinguishing them from each other. They represent
a variety of cases, covering different locations of the MCHMj5 parameter space. Thus,

they are interesting for exploring this Minimal Composite Higgs Model.
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4.2.2 Selected example points and their main features for
the LS—MCHM14

As already mentioned, the MCHM 4 parameter space was split into 4 Regions
in the M; — M, plane (See Figure 3.1 and the definitions at the beginning of the
present chapter). In the Low Scale MCHM 4, we saw that Region III is special as it
is the only one in which there is a enhancement in p(tth). We extended the ranges
of My in this region (1.3 TeV up to 4 TeV), while in the remaining regions My takes
2 TeV as its lowest value. In Table 4.2, we show the selected example points in the
LS-MCHM 4. We chose 4 points belonging to Region III (Q1, @2, @3 and Q4) and
one point for each of the remaining regions (@5 in Region I, Qs in Region 1T and Q7
in Region IV).

Q  Q Qs Qi WGIN Q% @ Qr |

B M, (GeV) -1173  -1054 -1084 -1579 976  -1387 2998
5 M4 (GeV) 1823  -1826 -1767 -2512 1991 1443  -2318
g Mg (GeV) 1382 1448 2036 2714 3096 3115 2875
2 f(GeV) 882 1032 1078 1208 1093 1865 1987
g vL 1.98 193 295 271 149 152 094
YR 3.90 278 267 246 3.04 034 054

(tth) (A1l Energies) 140 114 115 1.11 082 089 085
p(tthh) (14 TeV) 427 266 160 129 066 1.55  0.67
w(tthh) (100 TeV) 27.70 1932 746 242 393 10.36  2.09

NR-tthh/tthh (14 TeV) 0.46 0.49 0.81 0.96 0.95 0.50 1.03
NR-tthh/tthh (100 TeV) 0.07 0.07 0.18 0.51 0.16 0.07 0.33

M1, (TeV) 1.38 145 1.72 246 1.92 144 232
M) (TeV) 1.38 145 201 270 247 152  2.82
M) (TeV) 141 146 204 271 3.09 296 287
Mpq) (TeV) 1.38 145 202 270 253 298 284
M) (TeV) 1.38 145 177 251 1.99 144 232
5/3
T (GeV) 12.2 78 552 121.1 549 95 24.2
BR(T™ —th) 039 0.28 044 0.38 050 042  0.37
BR(TM) —Wth) 035 048 014 013 012 015  0.02
BR(T™) —tZ) 016 013 030 027 023 034 035

BR(TM) —W+HtW—t) 0.09 009 012 022 014 008  0.27

Table 4.2: Properties of the selected example points in the LS-MCHM 4. The colors
in the column headings indicate the region, with red and orange meaning, respectively,
Regions I and IIT (with same sign M; and My) and blue and cyan, regions II and IV
(with opposite sign M; and My), respectively.

We chose all points in Region III in such a way that they present enhancements
in tth, as this is one of the main observables we can use to distinguish both MCHM
scenarios. We notice that, unlike the MCHMj5 example points, relatively high devia-
tions from the SM ¢fh can be found with small values of f. The pu(tth) value is close

to the 1o experimental limit in [27].
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Points (1 and Q)2 have small f and Mg values. The point ) is close to the
lo CMS experimental limit [27]. Its three lightest 2/3-charged resonances are also
near to the ATLAS and CMS limits, which makes it a good example for a high
p(tthh) enhancement (this can also be seen in some example points in the MCHM5)
where 50% of it comes from the non-resonant contribution at 14 TeV. Apart from the
resonant mass degeneracy, this point basically differs from an equivalent MCHMj5
scenario by the enhancement in u(tth). The point Q)2 presents qualitatively similar
features as the point @1, but with slightly heavier resonances and a smaller p(tth)

enhancement. The enhancement in u(tthh) is still high, although it is smaller than
for Q1.

Points (3 and )4, have both slightly higher f values as compared to the previous
two points but much higher My values (around 2 TeV for Q3 and 2.7 TeV for Q)4).
Both points present a p(tth) enhancement well within the considered experimental
limits and heavier resonances, which translates into a high non-resonant pu(tthh)
contribution. In the case of ()4 the mass of the lightest resonance is high enough to

keep a 50% contribution of the non-resonant part at 100 TeV.

The three remaining example points have different f values (around 1 TeV for
@5 and around 2 TeV for Qg and Q7). They all have a relatively large Mg (around 3
TeV). These example points show a suppression in o(tth) and no strong enhancement
in o(tthh). The points Q5 and Q7 have large NR~tthh contributions due to their
heavy lightest resonances. Point Qg has only 50% NR-tthh contribution at 14 TeV.
All the NR~tthh relative contributions decrease sharply at 100 TeV, as more phase

space becomes available for the production of resonances.

The use of these preliminary observables shows that it will be difficult to disen-
tangle between both MCHM scenarios if a suppression in o(tth) is measured and a
much more detailed analysis will be required. In some cases, the HL-LHC can give
us a first indication, but a potential discovery will likely need higher energy and

luminosity.
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4.3 NR-tthh contributions in the MCHM; and the
MCHM,,

In Section 3.5.3 we saw that the Feynman diagrams of the non-resonant tthh
contribution can be categorized into three groups of diagrams, namely, the ones
shown in Figure 3.2. This categorization was done based on the kinds of vertices they
contain. To quantify the importance of these vertices, we simulated the contributions
separately disregarding conveniently some of the Feynman diagrams categories for
the selected example points. The results are shown in Tables 4.3 and 4.4 for the
MCHMj5 and the MCHM 4, respectively.

Py Py P3 P4 Ps Disregarded diagrams

Oppe /ot (14 TeV) | 1.05 | 1.04 | 1.03 | 1.01 | 1.01 | *
Ot/ ot (100 TeV) | 1.05 | 1.03 | 1.03 | 1.01 | 1.01

NR

/ o\

~
~

t
-h
-h

t

i t

-h ' Loh
_<\

“h g ~h

oyar /o (14 TeV) | 0.86 | 0.85 | 0.84 | 0.82 | 0.82 |
oyar/ o (100 TeV) | 0.87 | 0.87 | 0.87 | 0.85 | 0.85

-

~

~
~

t t

ol fgtith (14 TeV) | 0.65 | 0.69 | 0.82 | 0.94 | 0.90
ottt Jotith (100 TeV) | 0.65 | 0.69 | 0.82 | 0.93 | 0.89

NR SM

(ye/yM) 0.69 | 0.72 | 0.85 | 0.95 | 0.91

Table 4.3: Study of NR-tthh for the MCHMj5 points in table 4.1. The cross sections
o and oy, are obtained by disregarding the classes of diagrams on the last column
and oy is the total NR-tthh. The LO SM tthh production is indicated by o™

and o) means we disregarded the SM trilinear Higgs coupling. The top Yukawa

couplings are indicated by y; and yf M in the MCHM and SM respectively.

From the o4 /0w ratios, we can see that the double Higgs Yukawa couplings
account for less than 5% of the total non-resonant process in both MCHM;5 and
MCHM 14 and it hardly varies with the increase in CM energy. From the ov../oxr
ratios, we notice that the trilinear Higgs self-interaction contribution can be around
15% in both MCHMj5; and MCHM;j4. For comparison, the contribution of the tri-
linear Higgs self-interaction in the SM tthh cross section is about 20%, with a very
weak dependence on the CM energy. Therefore, the NR-tthh cross section is largely

dominated by the top Yukawa vertex as in the SM. Then, we can approximate
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Qi Q Q3 Q1 Q Qs Qr

o /o (14 TeV) | 095 0.97 0.96 0.98 1.06 1.03 1.05
O/ ottt (100 TeV) | 0.93 0.96 0.95 0.96 1.05 1.03 1.05

(
oyuc /ot (14 TeV) | 0.81 0.82 0.81 0.81 0.86 0.84 0.85
oyux /o (100 TeV) | 0.82 0.83 0.83 0.83 0.87 0.86 0.87

tthh tthh
/ot

(14 TeV) | 1.94 1.20 1.31 125 063 0.78 0.69
ol /gt (100 TeV) | 198 130 132 1.25 0.64 0.78 0.69

(ye/ys™)* 194 1.30 1.31 1.24 0.67 0.80 0.72

Table 4.4: Study of NR-tthh for the MCHM;i4 points in table 4.2. The cross sections
0w and oy, are obtained by disregarding the classes of diagrams shown on table 4.3
and O'NR is the total NR-tthh. The LO SM tthh production is indicated by o
and o3, means we disregarded the SM trilinear Higgs coupling. The top Yukawa
couphngs are indicated by y; and y?™ in the MCHM and SM respectively.

that the ratio " /o scales as (y¢/yp™ )%, as we can see in the last three lines of

Tables 4.3 and 4.4. This also explains the behaviour of the distributions in Figure 3.3.

Since the trilinear Higgs coupling and the double Yukawa couplings have a low
contribution to the non-resonant tthh process, their measurements present challenges.
Moreover, they are important to characterize the degree of Higgs compositeness. As
we saw, the distributions of the NR-tthh have very similar shapes as those of the
SM tthh, with the only difference being the total cross section. The top Yukawa is
more easily accessed through the tth process. However, combined analyses between
the tth and the NR-tthh processes will be needed to extract information about these

couplings.

It is worth stressing the importance that the tthh process has in the study of the
trilinear Higgs self-coupling. Currently, this is the experimentally least constrained
Higgs parameter. Therefore, its measurement is gaining relevance. The experimental
“traditional” way to study it is through the hAh production via gluon fusion pro-
cess [81, 82|, which, however, is still challenging due to its relatively low cross section
and signature efficiency. For that reason, the CMS and ATLAS collaborations are
now also searching in the hh production through the Vector Boson Fusion (VBF-
hh) [83, 84]. Recently, the tthh process has been pointed out as a complementary
channel to study this coupling at the HL-LHC and the FCC-hh [85, 86]. Additionally,

the experimental interest in the ¢tthh process is increasing and the first searches have
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already been performed at CMS [28].

Phenomenologically, even though the cross sections of the tthh and the VBF-hh
are of the same order (fb) at 14 TeV, tthh has some potential advantages. First,
it does not suffer of destructive interference between their diagrams unlike in the
hh production (see [87]). Also, the additional two top quarks strengthen the signal
efficiency as compared to the hh or hhjj signatures. Therefore, this channel is
already accessible at the LHC and even more at the HL-LHC. Furthermore, as the
tthh cross section increases more sharply with energy, it would become an essential

channel at a eventual FCC-hh for high precision and new physics measurements.

4.4 Clusterization of the LS-MCHM parameter
space

To study the parameter space more exhaustively, we implemented the clustering
strategy described in Section 3.7. In this way we obtain clusters grouping similar
points in the parameter space of both the LS-MCHMj5 and LS-MCHM 4 scenarios
based on kinematical quantities and select a benchmark point for each of them. In

the following, we describe the procedure and results for each scenario.

4.4.1 Clustering of the LS-MCHM;

For the MCHMs5, we first consider the 400 scanned points from Section 4.1 and
remove all points that were experimentally excluded at 3¢ level.?. For that, we
imposed the following “cuts” [27, 34, 35, 68]:

0.33 < u(tth) < 2.07, (4.1)
MT(l) 2 1.3 TeV, (4.2)
0.69 < ¢, < 1.33. (4.3)

2Neither CMS nor ATLAS report the 3¢ error directly, so the best we can do here is to assume
a Gaussian error and estimate the 3¢ threshold simply by multiplying their 1o intervals by 3, using
the ATLAS/CMS combined value when available and the smallest one otherwise.
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In the last expression, ¢, is the ratio between the value of the ggh coupling in the
MCHM over the same value in the SM. Additionally, we checked for the exclusion
of points due to the cross sections of the ttZ and ttW processes. For the ttZ case,
we considered the CMS measurement of o(t¢Z) = 0.95+ 0.08 pb at 1o level and a
integrated luminosity of 77.5 fb~! [88]. The t#Z signal strength, (t1Z) was obtained
as the ratio of that measured cross section over the SM cross section prediction,
oM = 0.84 4 0.10 pb, which give us u(tfZ) = 1.1340.16. For the tfW, the value
of the signal strength u(ttW) was directly taken from the latest ATLAS collabo-
ration study [89]. The reported value was p(ttW) = 1.44 +0.32 at 1o level and a
integrated luminosity of 36.1 fb™!. We verified that all points in the scan passed

these constraints at 3¢ level 3.

After the implementation of these constraints, we are left with 348 points that
are used as the input for the clustering algorithm. Using MadGraph 5 we generate
events for the tthh process for each of these points. We used a fixed luminosity of
3000 fb~!. At parton level, there are only three different particles present: the top,
the anti-top and two Higgs bosons (we focused on the most energetic one). Using

MadAnalysis we generated histograms for the following kinematic distributions:

invariant mass of the top/Higgs pair: M|[t, hq],

transverse momenta: pp[t] and pp|hi],

angular distances in the transverse plane: Aglt, h1] and Ag|t, ],

« angular distance to the beam axis: 0[t] and 0[h],

and used them to build the samples for the clustering algorithm. These samples

could contain one or more distributions.

Since the invariant mass distribution, M][t, hq], shows explicitly the resonant
structure, we can think of using it alone to construct the clusters. However, as we
checked, with this approach the algorithm focuses too much on the exact position
of the resonance peaks instead of more general features like the two peak structure
that appears in the Higgs pr distribution. This would cause us to end with many
benchmark points for the regions with lighter and narrower resonances and just a
few for the rest of the parameter space. We found that adding the angular distribu-

tion @[t] makes the clustering to be more evenly distributed. Using other angular

30nce again 3o is roughly estimated as three times the 1o intervals.
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distributions does not change much the results.

The final number of clusters was chosen to be Nyster = 11. We found that
choosing 10 clusters implies the merge of the two most populated clusters containing
all samples with heavy (M) 2 1.5 TeV) and wide resonances. Taking a smaller
number of clusters just worsens the situation. On the other hand, a bigger number

of clusters only splits the low populated clusters which are already very homogeneous.

The resulting Ngjyser = 11 clusters obtained using the M (¢, hy] and 0[t] distribu-
tions for the LS-MCHM5 are shown in Figures 4.5 and 4.6, where we also included
the pplhi] distributions to show their typical behaviour. There we note that all
clusters are very homogeneous, that is, the elements of each cluster are very similar.
This ensures us that the benchmark points (black curves in the plots) are good
representatives of the behaviour of each cluster. As we can see in the plots, this
happens even for the pp[h1], which were not considered for the clustering procedure.
We have checked that this is also the case for other distributions. The only exception
is cluster 3, in Figure 4.5, which groups all the points with M) 2 1.65 TeV. This
happens because the corresponding curves have a lower count of events in their
resonant part as compared to the non resonant region. As this behaviour is common
for all points with heavy resonances, they are grouped into the same cluster. A
possible workaround would be to perform a separate clustering for these samples to
produce more clusters and benchmark points. However, we decided not to follow this
possibility because we already covered this region when choosing the example points
P, Py and Ps shown in Table 4.1. These points were, indeed, grouped in cluster 3

of Figure 4.5 where they are shown as green curves.

The obtained clusters allow us to understand general features of the parameter
space. For instance in Figures 4.5 and 4.6 we can see the separation between the
points in Region I (red curves) and Region IT (blue curves). While samples from
Region I were mainly located in clusters 3 to 7, samples from Region II dominate
the remaining clusters. We can also notice that resonances in Region I are generally
wider than those of Region II. They can be clearly distinguished in clusters 4, 5 and
7 where curves from both regions are present. This distinction can be explained by
the way in which the top mass is generated through the Yukawa interactions. They
are represented in Figure 2.1 by the first two diagrams in the case of the MCHMs5.

Both mixings between elementary fields and singlet or fourplet resonances require
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Figure 4.5: Distributions at /s = 14 TeV for the invariant mass of the pair composed
by top and most energetic Higgs (first column), angular distribution of the top (second
column) and transverse momenta of the most energetic Higgs, organized in clusters
by similarity (clusters 1 through 6). Red and blue curves indicate respectively points
in Regions I and II of the MCHMj5, the benchmark point for each cluster is shown in
black and the example points of table 4.1 are shown in green (cluster 3 contains P,
P4 and P5).
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Figure 4.6: Distributions at v/s = 14 TeV for the invariant mass of the pair composed
by top and most energetic Higgs (first column), angular distribution of the top (second
column) and transverse momenta of the most energetic Higgs, organized in clusters
by similarity (clusters 7 through 11). Red and blue curves indicate respectively
points in Regions I and II of the MCHMj5, the benchmark point for each cluster is
shown in black and the example points of Table 4.1 are shown in green (P3 is in
cluster 8 and Pj is in cluster 11).
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the insertion of the product y;yr and an additional factor M; for the singlet and My
for the fourplet. These two diagrams must interfere destructively since the pNGB
Higgs vacuum misalignment is generated by SO(5) breaking and must vanish in
the SO(5) symmetric My = M limit. Therefore, we have m; ~ ypyg| My — M| as
shown in Eq. 2.32. Since in Region I, M; and My are of same sign, they cancel each
other and in order to reproduce the top mass larger values of y; g are needed. In

turn, that implies larger partial widths, leading to wider resonances.

Another interesting general feature is the presence in many cases of more than
one peak in the M[hy,t] distribution. While cluster 9 represents well the usual
simplifying assumption used in top partner searches, namely the presence of only
one resonance decaying to the th, tZ or bW channels, many of the other clusters
contain a sizeable presence of more complicated peak structures, coming specially
from Region II. Cluster 10 is the perfect example of this, as its benchmark point has
a double peak structure with the second resonance giving a stronger contribution
than the lightest one. Most exclusion limits for top partners are obtained through
analyses optimized for the situation in cluster 9, and it would be interesting to see
how those limits change if more resonances are considered, specially if they overlap

significantly.

In Figure 4.7 we show how the benchmark points are placed in the parameter
space, together with the example points of Table 4.1 and the rest of the points
in the scan not excluded by constraints. We can see that the benchmark points,
complemented by the example ones, are well distributed in the parameter space. We
finally list the benchmark points and their main features in Table 4.5, where we can
verify many of the features visible in the distribution plots of Figures 4.5 and 4.6.
Points in Region I (Cy4, C5, Cg and C7) have on average higher couplings y;, and yp
and wider 7 than those in Region 11, although the extreme cases in each region
can be similar. The point C7, which contains a narrow 7' for Region I standards,

is quite similar to (', in which 7 is exceptionally wide for Region II.

Another striking feature of Table 4.5 is that for all of the benchmark points (but
C'3) there is at least a 10% branching ratio in 3-body decays. Similarly striking
and linked to the previous observation, we note that for all points but this same Cy
point, the 2-body decay into bV is very small, namely between 0% and 2.4%. That

is relevant as most top partner searches were done under the assumption that the
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three 2-body channels (th, tZ and bW') comprise the full width. We will explore the

phenomenology of these non-standard branching ratios in Chapter 6.
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Figure 4.7: Low scale scan of the MCHMj5 parameter space, including example points
of table 4.1, benchmark points of table 4.5 and the points consistent with constraints
in Egs. 4.1 and 4.2.

n M;i(GeV) -1323 -1809 -1483 2965 2882 2999 3000 -1400 -1618 -2384 -2892
% My (GeV) 1357 1479 2235 1370 1339 1479 1295 1339 1309 1519 1437
5 f(GeV) 1199 1593 1071 1393 1220 1168 1484 1265 1229 1110 1646
3 yL 091 225 138 235 183 233 198 134 122 051 1.03
2 0.88 058 0.72 338 3.57 3.28 325 066 074 230 0.85

YR
w(tth) (All Energies) | 0.90 094 086 083 078 079 084 091 090 081 094
w(tthh) (14 TeV) 214 147 080 1.51 153 1.02 200 225 241 1.39 1.58
w(tthh) (100 TeV) 1458 8.84 3.28 10.28 11.18 7.04 1342 1520 16.11 13.68 10.57
NR-tthh/tthh (14 TeV) | 0.37 059 0.88 045 040 061 035 036 033 046 055
NR-tZhh/tthh (100 TeV) | 0.05 0.10 022 0.07 0.05 0.09 005 005 005 0.05 0.08

M) (TeV) 1.36 1.48 1.66 1.40 1.38 1.51 1.32 1.34 131 1.54 1.44
M) (TeV) 1.63 202 224 355 261 310 322 161 1.80 1.63 2.20
M) (TeV) 1.79 388 268 555 521 485 567 217 202 347 3.21
My (TeV) 1.74 387 2.68 3.55 260 3.10 322 216 1.99 162 2.22
Mx,,, (TeV) 1.36  1.48 224 1.37 1.34 148 129 1.34 1.31 152 1.44
T, (GeV) 883 549 26.22 51.92 60.01 71.68 44.33 6.44 7.49 43.78 10.63
BR(TM) —th) 049 045 031 044 043 042 044 047 047 034 045
BR(TM) —Wth) 0.018 0 0.47 0.004 0.004 0.003 0.006 0.024 0.016 0.005 0.010
BR(T(™") —tZ) 0.39 041 022 042 043 042 043 040 041 0.50 0.41

BR(TM) —W*TW~t) | 0.11 0.13 0 013 013 016 0.12 0.10 0.10 0.14 0.12

Table 4.5: Benchmark points for the MCHMj5 at low scale and their main features.
Red and blue column headings indicate points belonging to Region I and II respec-
tively.
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4.4.2 Clustering of the LS-MCHM,,

In a similar fashion as done for the LS-MCHM5, we applied the clustering
procedure to the points in the parameter space of the MCHM4 that satisfy the
constraints in Equations. 4.1 and 4.2. The best result, following the requirement
of homogeneity while keeping a small number of clusters, was obtained considering
the M[t, h1], prlh1] and AR[hq,t] distributions in the samples and stopping at 12
clusters. The distribution of the benchmark points in the parameter space is shown
in Figure 4.8 and their main properties are listed in Table 4.6. The clusters and
the kinematical distributions of the points within them are shown in Figures D.1
and D.6 of Appendix D. Their general features are very similar to the MCHMs,
with the points without light resonances decaying to tthh being grouped into less
homogeneous clusters (specially clusters 4 and 9). When M; and My have opposite
signs (Regions II and IV), as anticipated due to the 1 —ry term in Eq. 2.32, there
is still a predisposition towards narrower resonances. However, there is now an
additional correction that is proportional to & and is also dependent on the sign of
My (given that My > 0), which weakens this tendency. Consequently, this tendency

becomes less noticeable, particularly if one considers only the benchmark points.
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Figure 4.8: Low scale scan of the MCHM 4 parameter space, including example
points of table 4.2, benchmark points of table 4.6 and the points consistent with
constraints in Eqgs. 4.1 and 4.2.

Figure 4.8 shows that the parameter space is being reasonably well covered
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Di_ D> | Ds  Ds WDSN Ds D7 Ds Do WDiGH Du  Dio

<] M;i(GeV) -1173  -943 -1899 -1631 2819 -2998 -801 -1130 -1677 2999 -1408 -1202
% My (GeV) -1823 -2447 1297 2196 1501 -1272 -1907 -2005 -2670 1387 1373 -2679
% My (GeV) -1382 2000 3587 3236 2909 3473 1500 1467 2000 3542 2965 1353
5 f(GeV) 881 1275 1114 1288 1742 1912 863 931 1071 1807 1155 921
~ yL 198 133 075 268 192 1.11 123 293 206 137 104 125
YR 390 1.07 071 030 253 186 167 123 265 186 049 1.99

u(tth) (All Energies) 1.39 090 062 071 074 068 093 098 1.22 0.74 0.68 1.02
wu(tthh) (14 TeV) 427 097 282 055 087 181 215 157 170 122 183 3.32
u(tthh) (100 TeV) 277 632 280 3.05 677 137 199 11.2 521 921 160 24.8

NR-tthh/tthh (14 TeV) | 0.46 0.82 0.12 0.87 0.61 0.25 0.37 0.61 0.87 044 023 0.30
NR-tthh/tthh (100 TeV) | 0.07 0.13 0.01 0.16 0.08 0.03 0.04 0.09 0.28 0.06 0.03 0.04

M) (TeV) 138 1.62 131 1.69 1.54 1.31 142 1.46 200 1.42 1.38 135
M2 (TeV) 1.38 200 151 220 285 245 1.50 147 200 279 149 1.35
M) (TeV) 141 200 206 3.16 291 347 150 147 202 354 1.81 1.38
M) (TeV) 1.38 200 153 3.18 286 245 1.50 147 200 280 1.80 1.35
M q) (TeV) 1.38 200 1.30 220 150 1.27 150 1.47 200 1.39 1.37 135
5/3
T, ) (GeV) 122 915 199 157 83.1 53.1 642 792 177 634 175 7.45
BR(T(™) —th) 040 025 045 026 041 042 028 011 026 042 046 0.38
BR(T()) -»W+h) 0.35 051 0.04 048 0.005 001 045 061 0.36 0.009 008 0.09
BR(T() —t7) 0.16 024 041 022 042 044 024 027 020 043 034 0.22

BR(TW —WHtWt) 0.09 0 0.10 0.04 0.16 0.13 0.02 0.02 0.18 0.14 0.08 0.09

Table 4.6: Benchmark points for the low scale MCHM 4 scan and their main features.
Column headings indicate region, with red and orange meaning respectively Regions
I and IIT (with same sign M; and M) and blue and cyan respectively for regions 11
and IV (with opposite sign M; and My).

between the example points from Section 4.2.2 and the benchmark points obtained
here. Table 4.6 includes numerous points that exhibit a sizeable 3-body decay in
all regions, and many scanned points have overlapping resonances (as observed in
the benchmark points of clusters 3, 8 and 11). Both of these factors are significant

considerations for top partner searches and constraints.

Lastly, we would like to draw attention to the benchmark points Dy and Dy,
which display a noteworthy enhancement in o(tth). These points highlight the

potential for such an occurrence to arise in the MCHM4 .

4.4.3 Prospected sensitivity of the HL-LHC of some example

points

In view of the importance that the tthh process is gaining in the context of
the future HL-LHC, the CMS Collaboration performed a prospect study on the
sensitivity that can be achieved for the SM tthh cross section measurement in the
CMS Phase-2 detector that will be operating in the HL-LHC at /s = 14 TeV and
3000 fb~! [29]. Additionally, in the same study, the sensitivity of the MCHM was

addressed using some of the benchmark points we suggested in the previous sections.



Chapter 4. Low Scale MCHM 68

In the following, we roughly describe their strategy and their main results. For

details, we refer the reader to the original paper [29].

The study considers the topology in which the top pair decays semileptonically
(one top decaying leptonically and the other hadronically) and each Higgs decays into
a bottom pair, accounting for a total of one lepton (either electron or muon), missing
energy and eight jets from which at least six of them come from a bottom. The
search is done for events with one lepton, a minimum of 4 jets (from which at least
3 of them are b-tagged) and moderate missing transverse energy. Signal and back-
ground processes were simulated considering the CMS-Phase 2 conditions. Several
discriminating variables were defined and used to train a multi-classifier deep neural
network (DNN). The trained DNN was then used to categorize the events according
to their likeliness to signal or background processes. Finally, the upper limits on the
signal strength are obtained. This strategy was used for both the SM and the MCHM
cases. For the MCHM analysis, two benchmark points were used: The point Cs for
the MCHMj5 shown in Table 4.5 and the point D7 for the MCHM 4 shown in Table 4.6.

Figure 4.9 shows the distribution of some kinematical variables for the SM-tthh
and both MCHM-tthh points. We can clearly see an excess of events in the high
energy ranges of the MCHM distributions as compared with the SM, which is due
to the high energetic jets produced from the resonance decays. These differences
in distributions (specially in the Hp ones) shows a clear discrimination between
the non-resonant SM-tthh and the MCHM. We can also notice that the point D7
presents more events than the point C5. This happens because, while in the C'y point
the lightest 2/3-charged resonance (with a mass around 1.5 TeV) is much lighter
than the other resonances (the next heavier having a mass around 2 TeV) the point
D+ has one 2/3-charged top partner with mass 1.42 TeV and two just slightly heavier
top partners with 1.5 TeV.

In Figure 4.10, we show the results on the 95% upper limits of the ¢thh signal
strength for both points Cy and D7. The signal strength is defined with respect to
the cross section of the tthh process in each MCHM scenario. These results were
obtained for three different scenarios of systematic uncertainties: “YR18”, “YR18
conservative” and “Statistics-only”. The "YR18% scenario is the most realistic as it

considers the systematic uncertainties expected for the CMS-Phase 2 and provided in
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the HL-LHC Yellow Report for Higgs Physics [41] 4. Following this scenario, in the
case of the MCHMEY, the upper limit on the tthh signal strength is 1.087)3> and in
the MCHMS? is 1.7210-28. The difference is explained by the resonance structure
described before, which favours the isolation of tZhh events from the MCHM) as
compared to the MCHM?Z. Therefore, while the MCHMY)" can be reached with
reasonable precision within the HL-LHC, the MCHMS? will need a refinement in

the analysis methodology and other measurements to be more conclusive.

4For details of the definition of these scenarios, we refer the reader to [29].
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Figure 4.9: Distributions of the variables that discriminate the most between the
SM-tthh and the MCHM-tthh. Plots extracted from [29].
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Figure 4.10: The 95% upper limits of the tthh signal strength in the MCHME)C2 and

the MCHMﬁ7 scenarios. The results are shown for different scenarios of systematic
uncertainties. Plot extracted from [29].
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High Scale MCHM

We extend our analysis to continue the analysis of the two studied MCHM scenar-
ios, extending the dimensionful parameters to higher scales that can be accessible only
in the context of the high CM energy pp colliders in project [15, 17, 22, 23, 24, 71].
A higher CM energy around 100 TeV is requested to confront scenarios with very
high mass resonances, with a possible deviation of the tth cross section from the SM
value at the percent level (or even less), with the requested precision to study the
tthh process (e.g. the various NR components) and to measure the branching ratios
of various decays of the produced resonances, even if, for instance, the lightest one is
detected at the HL-LHC.

5.1 Scanning Over Parameter Space

We follow the same numerical strategy used for the LS-MCHM (see Section 3.1)

with the extended ranges of parameters

M| € [2,30] TeV, My € [2,30] TeV,
£ €[0.8,8.0] TeV, yr € [0.5,3.0],

for the HS-MCHM3 and

|M1| € [2,30] TeV, |My| € [2,30] TeV, My € [2,30] TeV,
f€108,8.0] TeV, yr, € [0.5,3.0].

for the HS-MCHM 4.

The parameter space of both scenarios is split in the same regions as in the
Low Scale analysis (see the definitions in Chapter 4 before Section 4.1). For each
model, we generate the events for the tth and tthh processes and their kinematic

distributions for 200 random points in each region. The main results are shown

72
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in Figure 5.1 and Figure 5.3, where we joined all points from all regions of the

HS-MCHM3 and the HS-MCHM 14, respectively.

The normalized tth cross section, as a function of f for a center of mass energy
of 100 TeV, is illustrated in Figure 5.1. As was already seen in the low scale study,
the tth cross section is predominantly dependent on the scale of global symmetry
breaking, f. As expected, when f is high, we observe minor deviations from the SM,

which are either suppressed or enhanced (only in the MCHMyy).
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Figure 5.1: Normalized tth cross section as a function of f. We also color code the
lightest vector-like mass. These points are obtained by joining all the regions in each
model. The dashed red lines represent the prospects for the 3o uncertainty on the
tth signal strength after the HL-LHC measurements (see section 5.2).

Figure 5.3 illustrates the normalized tthh cross section, at /s = 100 TeV, as a
function of the mass of the lightest top resonance, M), with color coded values of
f. As described in section 3.5.2, at low scales, the QCD vector-like pair production is
the primary contributor to this cross section. However, this pair production process
experiences a rapid decline for heavy resonances. Thus, it is expected that beyond a
certain value of M), the QCD resonance pair production becomes a less significant
component of the total tthh cross section. The plots in Figure 5.3 indicate that the
value of M) at which the cross section becomes independent of M) is approxi-
mately 4 TeV. For the MCHM3; case shown in the left plot, there is no point with a
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p(tthh) greater than one beyond this value. This implies that the non-resonant part
of the process, which is directly related to u(tth) and always suppressed compared
to the SM (as shown in Figure 4.4), becomes the main contributor. Since u(tth) is
mainly determined by the compositeness scale f (as seen in Figure 5.1), the cross
section is strongly suppressed for points with smaller values of f, and approaches

the SM limit as f increases.

However, the right plot of Figure 5.3 (pertaining to the MCHMy4) reveals that
there are still points with significant enhancements relative to the SM beyond
MT®) ~ 4 TeV. There are two types of points that exhibit this behavior. Some
points display enhancements in the tth Yukawa coupling, which results in NR-tthh
enhancements and a corresponding increase of approximately 10% in t¢hh. The second
type of point is more intricate and accounts for the greatest cross sections in the
region above M) ~ 4 TeV. These are finely-tuned points, in which the parameters
create a strong-coupling interaction between the top, a vector-like resonance, and
the Higgs. This vertex appears in diagrams like the one in Figure 5.2, which produce
a single intermediate top partner (not to be confused with weak single production)
and also increase the cross section. It is worth noting that the second type of point
typically has a low compositeness scale (f < 2 TeV) and can be constrained by
the increased precision on the measurement of the top Yukawa achievable by the
HL-LHC (as illustrated in Fig 5.1).

t
g ~ ~h

=~ ~
h

Figure 5.2: Example diagram for the Yukawa mediated single 7" contribution to tthh.

5.2 Cluster analysis applied to the HS-MCHM

Following the LS-MCHM analysis of Sections 4.2 and 4.4, now we focus on
finding representative points in the parameter space of the HS-MCHMs to examine
their phenomenological characteristics. Since the scan covers a wider range of
masses, we employ a slightly different clustering technique than the one described in

Section 3.7. Specifically, we divided the scan points into smaller sets before clustering
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Figure 5.3: Normalized tthh cross section as a function of the lightest Q = 2/3
resonance mass at /s = 100 TeV. The value of the global scale of symmetry breaking
is also color coded. These points are obtained by joining all the regions in each
model.

them. This approach, coupled with the fact that the model exhibits a more uniform
phenomenological behavior at higher scales, generates sufficient points to highlight
all the interesting features of the model. Therefore, we have not selected additional
example points for the High Scale scan, and we proceed directly to the results of the

clustering algorithm.

5.2.1 Clustering of the HS-MCHM;

We begin by considering the 400 points obtained from the scan in the preceding
section (200 in each region) and eliminate all points that do not satisfy the following
constraints on x; and ¢y, which correspond to the top Yukawa coupling and the ggh

coupling normalized to the SM value [41]:

09 <k <11 (5.1)

0.919 < ¢, < 1.081 (5.2)

These constraints are established based on the projected precision of the top

Yukawa measurement in the HL-LHC. According to [41], the 1o uncertainty on k;
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is predicted to be 3.4% with an accumulated luminosity of 3000 fb~!. To provide
a rough estimate of the 3¢ region, we limit our points to a range three times that
uncertainty around the SM value x; = 1. We do the same for ¢;. Our aim is to
retain points that are less likely to be restricted by measurements when the 100 TeV
pp collider commences its operation. We can use Equation 5.1 to derive constraints
on pu(tth). We display these constraints as red dashed lines in Figure 5.1. These
limits allow for relatively small values of u(tth) (g 0.8). However, towards the end
of the HL-LHC phase, the points close to this limit may be on the boundary of the
allowed region, and may even be excluded, particularly if the central value of p(tth)
is above 1 or the precision is higher than anticipated. Nevertheless, it is still possible
that the opposite scenario occurs (central value of p(tth) < 1, for example), so it is

premature to discard these points.

We applied the clustering method described in Section 5.1 to the remaining
points. Various combinations of kinematic distributions were tested, but in all cases,
the clustering process placed too much emphasis on the peak positions of points
with lighter resonances. This resulted in numerous low-population clusters for those
points, while leaving those with heavier resonances grouped in a single cluster. This
issue is comparable to what occurred in the clustering of the low-scale MCHM3 (see
cluster 3 in Fig. 4.6), but it is aggravated by the fact that we are now dealing with a
broader range of parameters and a greater variety of resonance masses. Since our
objective is to select points distributed across the entire parameter space, we decided
to group the points into slices based on the mass of the lightest resonance and then
apply the clustering algorithm to each slice separately. The following five slices were

utilized:

2 TeV < Mpay < 3 TeV

3 TeV < Mpa) < 4 TeV

4 TeV < Mpan) < 5 TeV (5.3)
5 TeV < Myq) < 6 TeV

6 TeV < M) < 30 TeV

Using this approach, we guarantee to improve the overall homogeneity of the
clustering. The final slice includes all the points that have resonances heavier than 6

TeV. This is due to the fact that the contribution of the resonances for these points is
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negligible, as seen in Figure 5.3, and it is expected that they possess similar kinematic
characteristics. The clustering of these points is carried out by utilizing the M|[¢t, hy],
prlt], and 0[t] distributions and limiting each slice to 2 clusters, resulting in a total
of 10 clusters. The detailed clustering plots are shown in Figures D.5 and D.6 in
Appendix D, and Table 5.1 provides the corresponding benchmark points for each

cluster.

z M (TeV) 227 192 11.1L 230 265 3.6 193 105 -107 -27.5
2 M4 (TeV) 2.4 2.1 3.2 32 40 225 51 51 256 11.3
£ f(GeV) 1913 3273 7144 1190 1300 1711 1288 2812 2432 1412
g VL 245 087 285 243 099 200 235 184 257 1.73
& VR 110 124 201 154 353 131 235 313 1.1 296
1u(tth) (All Energies) 005 097 099 083 08 094 08 097 096 090
(tthh) (100 TeV) 126 191 103 082 081 086 075 091 092 078
NR-tthh/tthh (100 TeV) | 0.71 048 0095 090 082 1.00 1.00 1.02 1.0l 1.0l
M) (TeV) 245 212 321 323 407 428 508 515 11.0 113
My z) (TeV) 527 355 181 432 428 225 590 7.31 256 116
M) (TeV) 228 197 206 231 269 228 195 137 264 278
M) (TeV) 528 355 206 433 424 228 590 7.30 264 116
Mx, ,, (TeV) 244 211 320 322 404 225 506 514 256 11.3
T, (TeV) 0.0 004 008 014 096 028 076 084 122 897
T /My 1.6% 1.9% 25% 4.3% 24% 65% 15% 16% 11%  79%
BR(T() —th) 035 038 020 029 015 026 018 017 025 005

BR(T(M) —W+h) 0.003 0.004 0 0001 0 0.50 0 0 0.50 0
BR(T(") —tZ) 0.34 037 028 028 033 025 018 018 025 0.06
BR(T() —W+W—t) 0.30 025 043 043  0.52 0 0.64 0.65 0 0.89

Table 5.1: Benchmark points for the MCHM5 at high scale and their main features.
Red and blue column headings indicate points belonging to Region I and II respec-
tively.

As a first key observation , Table 5.1 reveals the significance of the NR-tthh
contribution to the total cross-section. Only in point Ej it is not the dominant contri-
bution, although even for this point it still constitutes about half of the cross section.
Even in the cases where the resonances fall in the 2-3 TeV range (E1, E3, and Ej),
the NR contribution remains high, with values of 0.7 or greater. As the resonance
mass increases, the NR component becomes the dominant factor. Additionally, as
the 7(1) pair production suppression increases, the pu(tthh) values get closer to or
less than 1 for points with heavier resonances (E3 to F1g), as expected for the NR
contribution in MCHMs.

The second remarkable feature that stands out is the prevalence of points with
a considerable 3-body decay, with the exceptions of Fg and Eg. This phenomenon
occurs when both Mpa) and My, . are mainly determined by My, making them
almost degenerate (unlike in Eg and Ey, where M) is closer to Mp). In such cases,

there is a noticeable suppression of BR(T(l) —W™h). This effect was already present
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in the low scale scan but becomes more prominent here. The table shows that the
3-body decay becomes more significant as M) increases. For the majority of the
benchmark points with this characteristic, the 3-body branching ratio increases from
around ~ 10% at M ) ~ 1.3 TeV (see Table 4.5) to becoming the dominant decay
channel at approximately M) =~ 3 TeV, where it is already 25% in point Eo (with
Mqy = 2.1 TeV). This emphasizes the importance of taking three body decays into
account when attempting to extend the direct search exclusion of top partners. Addi-
tionally, the fact that this decay occurs through the exotically charged X7 /3 highlights
the need to examine more comprehensive models of the fermionic sector instead of

simplified models that only include a single electroweak doublet or singlet top partner.

In contrast, points Eg and E9 demonstrate behavior that is typically accurately
modeled by simplified approaches. These cases feature M) ~ M; being well
distinguished from the rest of the spectrum, which is primarily composed of masses
close to a significantly higher My. Consequently, the branching ratios follow the
anticipated trend, with the branching ratio for the W*b channel being twice that of
the th and tZ channels.

Some of the characteristics that were already present in the low scale scan are also
observable at higher scales, particularly the occurrence of double-peaked structures
in numerous points. Notably, in points E5 and Ejg we identify two top partners
that are proximate in mass. Furthermore, the exotic X5,3 and the bottom partner
B are also in close proximity, enabling the 3-body decay to take place via either
of these channels. Consequently, the width of W undergoes a significant increase,
with (T'/M )T(l) reaching 24% for E5 and even 79% for E1g. Points E7 and Eg also

demonstrate similar behavior, albeit with a larger mass gap and smaller (I'/M)q).

Figure 5.4 displays the scanned points in the M; - My plane with f color coding.
It also shows the distribution of the benchmark points, which cover both regions
of the model. , and we confirmed the uniformity of each cluster. In addition to
confirming the uniformity of each cluster, we searched for points with behaviors that
differ significantly from the benchmarks but found none. This suggests that the
model’s behavior is well-represented by the benchmark points, even in regions with
a small number of them, such as Region II (negative Mj). Similarly, the same is
true for regions with high Mj, My, and especially high f, where the points become

increasingly similar to each other and the SM as we approach the decoupling limit
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of the model. This is why only one point (F3) was chosen to represent the high f

region. Therefore, it would be unnecessary to select additional example points.
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Figure 5.4: High scale scan of the MCHMj5 parameter space, including the benchmark
points of table 5.1 represented by triangles and the points satisfying the constraint
in Eq. 5.1. The compositeness scale f is color coded.

5.2.2 Clustering of the HS-MCHM,,4

For the MCHMj4 at high scale, we initially began with 800 points that were
evenly distributed throughout the four regions of the M; - My space, as described in
Section 5.1. Next, we selected all the points that adhered to the constraint outlined
in Eq. 5.1 and proceeded with the clustering technique. Similarly to the MCHM35,
we separated the points into the five slices specified in Eq.5.3. Depending on the
level of homogeneity of the clusters, we stopped at 2 or 3 clusters in each slice, and
the corresponding benchmark points are listed in Table 5.2. The detailed plots of
the clustering are shown in Figures D.5 and D.5 in the Appendix.

Many features are similar to the MCHM35: the NR-tthh once again becomes
dominant once M) goes above 3 TeV, and both p(tth) and p(tthh) go below 1
when that happens. In principle, the MCHM4 could allow for an increased top
Yukawa and thus p(tth) > 1 and p(tthh) > 1 even in the non-resonant regime. Only
one point with that behaviour was selected by the algorithm (F77), but all scales for
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@ M; (TeV) -10.1 410 25.2 145 -420 27.5 -20.0 493 247 153 -16.7
£ M4 (TeV) -2.27 -15.9 3.71 29.6 29.7 11.3 4.04 -10.5 -249 7.37 -27.0
g Mo (TeV) 6.16 2.06 10.2 3.31 299 438 187 258 590 186 26.9
= f(TeV) 341 452 489 6.84 7.89 435 213 4.81 3.19 240 4.48
A VL 1.29 1.83 053 207 241 220 223 258 194 239 238
YR 0.83 026 1.15 153 0.3 147 0.61 024 1.17 1.83 3.13
(tth) (All Energies) 0.93 086 096 0.92 097 098 090 097 090 0.89 1.01
w(tthh) (100 TeV) 1.44 346 093 1.03 091 099 079 092 077 075 1.02
NR-tthh/tthh (100 TeV) | 0.59 022 0.97 0.81 1.02 097 099 1.01 101 1.02 0.99
M) (TeV) 228 206 372 331 436 438 4.04 507 590 7.38 21.7
M2 (TeV) 490 2.06 453 331 297 438 6.18 1045 590 929 26.9
M) (TeV) 6.16 2.11 102 3.35 299 440 187 162 592 159 26.9
My (TeV) 492 206 452 331 299 438 6.22 16.2 590 9.31 26.9
M, ) (TeV) 2.27 206 371 331 297 438 4.04 105 590 7.37 26.9

5/3
T (TeV) 0.05 0.06 024 0.18 0.83 025 0.09 063 060 277 458
Ty / Moy 22% 31% 64% 54% 19% 57% 2.3% 12% 10% 38% 211%
BR(T(!) —th) 0.36 0 0.24 0 0.25 0 024 0.25 0 0.10 0.04
BR(T() —Wth) 0.006 0.27 0.001 021 050 0.16 0.01 0.50 0.11 0 0.07
BR(T(M) —tZ) 035 053 025 041 025 032 023 025 023 010 0.03

B

R(TD -»W*TW—-t) | 028 020 050 039 0 052 052 0 066 0.79 0.86

Table 5.2: Benchmark points for the high scale MCHM 14 scan and their main features.
Column headings indicate the region at which the point belongs, with red and orange
meaning respectively Regions I and III (with same sign M; and My) and blue and
cyan respectively for regions II and IV (with opposite sign M; and My).

that point are so high that it is almost SM-like.

Regarding the spectrum and decay of the lightest top partner, while many points

exhibit behavior similar to that of MCHMs3, the situation in MCHM 4 is more diverse:

e The dominant behavior in the MCHMj5 is reproduced by points Fy, Fy, F%,

and Fio. The masses of T and Xoq/3 are essentially determined by My, with
large branching ratios in 3-body decays and suppressed Wb decays. All the

important observations made in the MCHMj case are applicable here.

Points Fy and Fg exhibit a split spectrum resembling that of Fg and Eg, where
the mass of the top partner is determined by M; and the other particles in the
spectrum are much heavier. The decay patterns follow those of the simplified

models.

o The points Fy, Fy, Fg and Fy represent a novel scenario. These points have a

mass scale mainly determined by My, and feature three top partners that are
not only degenerate with each other, but also coincide in mass with the lightest
exotically charged fermion and the bottom partner. Unlike the degenerate
cases observed in MCHM35, the width of T does not increase in these points,

and there is a suppression of the th channel. To disentangle these states
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and determine their contribution to tthh, it would be necessary to conduct a
thorough survey of all decay channels of 7@ and T, which is beyond the

scope of this work.

Additionally, unlike Fy and Fg, F> may potentially be confirmed at a 100 TeV
machine due to the significant deviation from the SM observed in pu(tthh), as

well as the high precision measurement of p(¢th), assuming it remains valid
after the HL-LHC.

o The F1; is really SM-like in terms of several experimental observables. Even
with the high precision achievable in p(tth) and u(tthh) measurements at
a 100 TeV collider, it would not be possible to distinguish them from the
SM. Additionally, the point has a very high mass and a highly degenerate
resonance spectrum in My and Mg, with a dominant 3-body decay of T as
a notable feature. It should be noted that points Fy and Fg share the same
highly degenerate resonance spectrum in My and Mg, but they have a decay
channel pattern similar to simplified models. Further phenomenological and
experimental studies would be necessary to fully disentangle the F7; point, but

it is beyond the scope of this work.

The M;-My plane with color coded values of f is illustrated in Figure 5.5 to
display the benchmark points. The clustering of the benchmark points covers this

space uniformly, and thus we opted not to include example points.
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Figure 5.5: High scale scan of the MCHM 4 parameter space, including the benchmark

points of table 5.2 represented by triangles and the points satisfying the constraint
in Eq. 5.1. The compositeness scale f is color coded.
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Three body decays in the MCHM5

In Tables 4.5, 4.6, 5.1 and 5.2 we saw that there are points in the parameter space
of the MCHMj5 and the MCHM4 with a T resonance with a sizable three body
decay into W W ~t. Such decay channels are usually not consider in experimental
searches, where two-body decays saturate the resonances width. In this chapter
we explore the three body decays in more detail focusing on the MCHMj5 and in
the following chapters we explore the implications of the existence of these decay

channels on experimental studies.

A list of all two and three body decays of the resonances in the MCHM3 is shown
in Table 6.1, where T represents any of the three 2/3 charged resonances; B, the
—1/3 charged resonance and X3 /3, the 5/3 charged resonance. The existence of these
channels is conditioned by the phase space at each point in the model’s parameter
space. For instance, T®) can only decay into wrw-1W if M) > 2My + Mp).
Also, we have to be careful to consider only the Feynman diagrams that contribute
with off-shell intermediate states. For example, let us consider the decay TW — bt
In Figure 6.1 we show in (a) the only Feynman diagram contributing to this decay
channel. Although the diagrams in (b) also produce the final states bbt from a
T resonance, we can not consider them as being part of a 3-body decay because
the intermediate h and Z bosons are on-shell, as the decays h — bb and Z — bb
are kinematically allowed. In fact, these processes would represent two consecutive
2-body decays (T — th(Z) followed by h(Z) — bb) and including them would imply

that we are considering redundant contributions.

Although there exists a variety of three body decays, most of them have a low
branching ratio, either because the intermediate states are very off-shell or because
they contain vertices that couple states belonging to different multiplets, making them
negligible [90]. We found that the decay channels T — WTW™t, X5,3 — WTth
and X5,3 — WtZ are the most important depending on the nature of the lightest

T resonance. Before studying these decay channels deeply, we will make some defini-
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T B Xs5/3
ht, hT hb wtt, wtT
Zt, ZT Zb
2-body decays Wb, W B Wt W-T
W= X5/3
WHW—t, Wrw-T tht, TT, Tht, THT WHWTb
W~hX5/3 bhh, bhZ, bZ 7 Wth, WTTh
W~=ZXs5/3 W=W~Xs5,3 Wtz WrTZ
ttt, Ttt, tTt, TTt, TTT W=bW ™ btt, bTt, bTT
3—b0dy decays t_bX5/3, TbX5/3, t_BX5/3, t_BX5/3 VViht7 W=hT
bhW+, BhW T W—Zt, W= ZT
bZWT, BZW T
bbt, Bbt, bBt, bbT, BbT, bBT
hht, hZt, ZZt, hhT, hZT, ZZT

Table 6.1: Two and three body decays of the resonances in the MCHM35. T represents
any of the three 2/3 charged resonances and B and Xj5/3, the —1/3 and 5/3 charged
resonances respectively. Phase space constraints may forbid many of these channels.

tions regarding these aspects.
The mass of the 2/3 charged lightest top partner, T(l), is determined, as explained

in Eq. 3.12, by the diagonalization of the mass matrix My /3. In this way, the mass
term of TW) is given by:

— My T, T3 (6.1)
with:
TL(I) = Upaitr, + UppoTr + Up 23 X3 + Up2aTy, (6.2)
and
Tz(zl) = Uraitr + Ur22Tr + Ur23X2/3r + Ur 24Tk (63)

where the right side of the eqs. 6.2 and 6.3 contains the gauge-basis fields defined in
Eq. 2.4. That is, M) receives the contributions of both SO(4) multiplets in 2.4.
When the mass of one of the multiplets (M; or My) is much larger than the other, it
is clear that the multiplet with the lower mass contributes the most to the mass of
T, However, when the masses are of the same order, the contributions of both
multiplets can overlap. As the properties of T’ 1) depend on how much contribution
it received from the multiplets, it would be useful if we establish a way to quantify
their fourplet and singlet contributions. Since each chirality of 71) have different
multiplet contributions, we will first define the left (right) fourplet contribution for

each chirality as:
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b
T t
W+
b
(a)
t t
R ' b
nos 7
b b
(b)

Figure 6.1: (a) Feynman diagram representing the only contribution to the 3-body
decay T — bbt. (b) Feynman diagrams that produce the final state bbt from T but
do not constitute a 3-body decay as the intermediate states h and Z are on-shell.

WILD(R) = UE(R),zz + U/%(R),z?, (6.4)

and the left (right) singlet contribution as:

s 2 2
M) = Urr)21 T UL(r) 24 (6.5)
Then, we define
F F S S
sin?0 = 77L;_77R and  cos?f = 7)1:42’7737 (6.6)

to help us measure the total fourplet/singlet contributions to 7' (1, A MCHM;
point will be a pure fourplet if § = 7/2 and a pure singlet when # = 0. We will
define a point in the parameter space of the MCHM5 to be fourplet-like if @ > w/4
and singlet-like if § < w/4. We must keep in mind that this classification is not
always accurate, since there are points in which no multiplet is clearly the most
important. For these points this classification does not make sense. However, we will
not worry about excluding those points because we only want to understand general

features that differentiate fourplet-like from singlet-like points.

Since the most important contributions to cross sections come from the lightest
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resonances, we will only consider here the 3-body decays of the lightest states. As
mentioned in sections 2.1 and 3.3, the masses of the five resonances in the MCHM35,

up to electroweak corrections are:

Mr = \JME+ysf?, My, JM;+ysf? (6.7)
Mg = M2+ y3 f? (6.8)

My, ), = My (6.9)

where resonances with the same mass belong to the same SU(2) multiplet. This

set of masses implies two possible scenarios for the lightest states:

o If \/M?+ y%f? < My, the 2/3 charged resonance with mass \/M? + y% f? is

the lightest state.

o If /M + y%{f2 > My, the 2/3 charged resonance with mass My and the X5 /3

resonances are both the lightest states (degenerate up to EW corrections).

The states with masses \/MZ + y? f2 (The B resonance and one of the 7' reso-
nances) are never the lightest states. Then, their cross section contributions for the
processes analyzed in the present study (for instance, in resonance double production)
are subdominant. For this reason, in this chapter we will only consider the three

body decays of the states mentioned in the two scenarios listed above.

6.1 T decays

When TW is the lightest BSM state, the allowed decay channels are the ones
with only SM final states in Table 6.1. Those are the two body decay channels ht,
Zt and Wb and the three body ones WW ¢, ttt, bhW ™, bZW ™, bbt, hht, hZt
and ZZt.

In Figure 6.2 we show the distributions of the three body decays branching
ratios of T for the points in the LS-MCHM; parameter space scan after the
constraints in Equations 4.1, 4.2 and 4.3. At the top, the distributions of all points
are shown. The branching ratio distribution of the decay into W W ™t is shown
in blue and the sum of the branching ratios into the remaining three body decays
is shown in orange. There we can see that there are two regions in which the
values of the branching ratio of the W+ W ~t channel are more frequent: one nar-

row region around 0.02 (with about 35% of the points), and other wider region
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Figure 6.2: Distributions of the branching ratio of the TW — WHTW—t channel (in
blue) and the sum of the remaining three body decay channels (in orange). The
remaining three body channels are #tt, bAW ™, bZW ™, bbt, hht, hZt and ZZt. At
top, all points in the scan are shown. At the middle (bottom), only singlet-like
(fourplet-like) points are shown.
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around 0.13 (with about 40% of the points). There are some less frequent values
above 0.16 that can even get as large as 0.35. For the sum of the branching ratios of

the rest of the 3-body decays channels it is more difficult to identify separated regions.

The reason for this clustering of points is better understood if we split the points
into groups of singlet-like and fourplet-like points. The corresponding distributions
for each group are shown at the middle and bottom plots of Figure 6.2. There, we
can see that the two previously mentioned regions of the W W ~t branching ratios
correspond to the two different point types, being the singlet-like points the ones
that generally lie into the range with smaller values and the fourplet-like points the
ones that generally lie into the range with larger values. On the other hand, the sum
of the remaining 3 body channels is more important than the W+ W ¢ channel in

the singlet-like points whereas less important for fourplet-like points.

The difference in branching ratios of the W Wt channel in the singlet-like and
fourplet-like points has two reasons: the different interference behaviours of the
diagrams contributing to the W Wt channel and the negligible values of the Wb

two body channel in the fourplet-like points. Let us explore these points more deeply.

In Figure 6.3 we show the five Feynman diagrams contributing to the T" —
W+W ™t decay channel, where T represent any 2/3-charged resonance. These dia-
grams are mediated by X5/3, h, Z, b and B, respectively. If we focus on the lightest
2/3-charged resonance T = T(l), the diagram with an intermediate B can be ne-
glected, since the resonances TW and B always come from different SU(2) multiplets
implying a negligible T’ O _B-w coupling. On the other hand, the magnitude
of the T X 5/3W and TOpWw couplings depend on the singlet-like or fourplet-like
nature of 7W, 7() will couple weakly with states with different hypercharge. Then,
for singlet-like (fourplet-like) points, the 70 X5 s W (T™MIW) coupling is negligible.

This can be seen in Figure 6.4, where we show the distributions of each of the
diagrams contributing to the T decay into WTW ~t in Figure 6.3, normalized to
the width of T — WTW ~t. At the top, the distributions for the singlet-like points
are shown. As already mentioned, the contributions of the B- and Xj5,3-mediated
diagrams are negligible, while the h-, Z- and b- mediated diagrams have sizable
values. We can notice that the sum of the ratios can be larger than one and, moreover,

there are points for which the Higgs- and bottom-mediated widths alone exceed the
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Figure 6.3: Feynman diagrams of the three body decay T — WTW ¢,

total T'— W Wt width. This indicates the presence of strong negative interfer-
ence between the diagrams. At the bottom of Figure 6.4, the distributions for the
fourplet-like points are shown. For these points, we see that the negligible diagrams
are the B- and b-mediated ones, while the sizable ones are the h-, Z-, X5, 3-mediated
diagrams. Unlike the singlet-like case, here, the small values of the width, signal a
positive interference between the diagrams. This difference in interference behavior
generally leads the fourplet-like points to exhibit larger W W ~t decay widths than
the singlet-like points.

However, this is not enough to explain the difference in W Wt branching ratios.
Let us see how the 7(1) two-body decays - ht, Zt and Wb - behave. In Figure 6.5
the distributions of the two body decay’s branching ratios for singlet-like points (at
the top) and fourplet-like points (at the bottom) are shown. There we can see that
the Wb channel branching ratio takes values around 0.42 for most of the singlet-like
points, while values less than 0.02 for most of the fourplet-like points. This is due
to the previously mentioned negligibility of the TWOW vertex in the fourplet-like

points. This is the main factor contributing to the importance of the three body
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Figure 6.4: Distributions of the widths of each of the diagrams in Figure 6.3 normal-
ized to the total decay width into WWt for singlet-like(fourplet-points) points at the
top(bottom).

decay WTW~t BR in the fourplet-like points. While in the singlet-like points, Wb
is the most important channel (with a BR of almost 0.5), it almost disappears in the

fourplet-like points making the W™ W ™t more important.

It is important to note that, in the absence of the three body decays, the values
of BRs shown in Figure 6.5 are close to the naively expected values: BR(th) =~
BR(tZ) ~ iBR(W'b) ~ 0.25 for singlets and BR(th) ~ BR(tZ) ~ 0.5, BR(W'b) ~
0 for fourplets. These are the values usually considered when studying the MCHM

collider phenomenology [90] or establishing exclusion limits for resonance masses.

6.2 X;/3 decays

When X33 is the lightest BSM state, the only allowed 2-body decay is Wt and
the 3-body decay channels are WtZ, W™th, btt and W W Tb. Their corresponding
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Figure 6.5: Distribution of two body decays’ branching ratios of the T’ () resonance
in singlet-like points (at the top) and fourplet-like points (at the bottom).
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Feynman diagrams are shown in Figure 6.6. We should remember that, in the
three-body decays the processes with two consecutive two-body decays must not
be considered. For instance, in the X5,3 — WTWTtb decay in Figure 6.6d, we are
not considering the diagram with a top quark as a mediator, since that would be
equivalent to a two-body decay X5,3 — Wt followed by the decay t — Wb, On
the other hand, the diagrams with off-shell 2/3 charged top partners as mediators
do contribute to the three-body decay.

In Figure 6.7, the distributions of the Xj5,3 decay’s BR are shown, with the
distribution of BR(X5,3 — W*t) shown in blue. The sum BR(X5,3 — WTth) +
BR(X5,3 — WTtZ) is shown in orange and the sum BR(X5,3 — btt) + BR(X5,3 —
WTWTD), in green. The channels btt and W Wb were grouped because of their
low BR’s. Their sum generally lies between 0 and 0.03. The channels W th and
W*tZ were grouped because of their similar partial decay widths. Jointly, they
usually get values around 15%, but they can represent up to 40% of the total Xj5,3
width. Finally, the only two-body decay channel, W™t, is the dominant one, with
branching ratios between 0.5 up to 0.9. This last channel is usually the only one
considered in experimental searches (BR(X5,3 — WTt) = 1) [37, 38, 39]. In the
present work we will analyze the effects that the most dominant three-body decay

channels, W*th and W¢Z, would have in X5,3 searches for fourplet-like points.
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(b) X5/3 — WTth diagrams.
W+
Xs/3 W

b
(d) X5/3 > WHTWTh diagram.

SN

(c) X5,3 — btt diagram.
Figure 6.6: Feynman diagrams of the three body decays of Xj5,3 into SM particles.
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Figure 6.7: Distribution of the branching ratios of the 5/3 charged resonance (Xj/3)
decays for fourplet-like points.
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Effects of three body decay channels on cur-

rent VL(Q) experimental searches

The experimental searches of vector-like quarks (VLQ) performed so far at the
LHC consider a simple VLQ scenario and assume that they decay exclusively into
two-body final states. In the case of the 2/3-charged VLQ, the considered decays
are into th, tZ and Wb [31, 32, 33, 34, 35, 36], and for a 5/3-charged VLQ, the
naive expectation is that it decays to Wt with a 100% branching ratio [37, 38, 39).
However, in the previous chapter we saw that 3—body decay channels can have
sizable contributions of around 10% — 15% to the total decay width in fourplet-like
points of the MCHMs. In this chapter, we will make a rough estimation of the effect
that the inclusion of such decay channels would have in the mass exclusion limits
obtained by the latest experimental analyses. Specifically, we will focus on [40] for
the 7() resonance and on [39] for the Xj /3 resonance (particular features of these
studies will be described in the first paragraphs of Sections 7.3 and 7.4, respectively).
They both follow a general analysis framework, which will be described in Section 7.1.
In Section 7.2 we will describe our analysis strategy and, finally, Sections 7.3 and
7.4 will present the specific features of the analyses we made for the 7(}) and X 5/3

resonance searches, respectively, along with the results obtained.

7.1 General description of existing experimental

searches

The experimental searches at the LHC for the two heavy mass resonances with
electric charges 2/3 and 5/3, respectively, follow the same general analysis framework.
First, a discrete set of resonance masses in an interval is defined. For each mass, they
simulate the signal events of pair produced resonances decaying exclusively into the
two-body decays mentioned above, at leading order (LO). The distributions are then

normalized to the next-to-next-to leading order (NNLO) cross section and weighted to

95
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produce the desired combinations of branching ratios. A particular search channel is
chosen and the background events contributing to that channel are generated. Then,
the event selection and reconstruction is performed using cut-based or neural network
analyses that enhances signal-background discrimination. An statistical analysis
is done, afterwards, to determine the upper limits at 95% confidence level(CL) of

the cross section of the resonance pair production for each mass in the discrete interval.

The results for the most recent experimental searches are shown in Figures 7.1
(for the T" top partner) and 7.2 (for the Xj5,3 top partner). There, the red line
represents the theoretical cross section of resonance pair production. The black and
dashed lines represent, respectively, the observed and expected signal cross section
upper limit at 95% CL. The bands around the median expected limit (dashed line)
represent the 68% (green) and 95% (yellow) confidence intervals for the expected
experimental limits under the background-only hypothesis. These correspond to 1o
and 20 ranges, respectively. The intersection between the red and black lines sets
the resonance mass lower limit at 95% CL. We will further describe these plots in
Sections 7.3 and 7.4.

138 b (13 TeV) 138 b7 (13 TeV)
= R R B e AR e R = R BB e AR A RE
2 %= cMS 95% CL upper limits 2 %= cMS 95% CL upper limits
- E —e— Observed = F —e— Observed
= L B(bW)=2B(tHtZ) =05 ... Median expected = L B(H)=B(tZ)=05 ... Median expected
o 1E all channels [ 68% expected = o 1 all channels [ 68% expected =

F ] 95% expected 3 F ] 95% expected 3
10k s pp — TT (theory) — 107k i pp — TT (theory)
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Y IR I BTN PR SET BT . NI R W R U SRS PR P

0.9 1 1.1 12 13 14 15 16 1.7 1.8 0.9 1 11 12 1.3 14 15 16 1.7 18

T mass (TeV) T mass (TeV)

Figure 7.1: Expected and observed limits of the signal cross section upper limit
at 95% CL for the simplified singlet (left) and simplified doublet (right) scenarios
obtained by combining the analyses done in [40] from single lepton, same-sign dilepton
and multilepton channels. The band around the theoretical prediction shows the
theoretical uncertainty. Figure extracted from [40].
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Figure 7.2: Expected and observed upper limits of the signal cross section at 95% CL
for an LH (left) and RH (right) X5,3 from the same-sign dilepton search performed
by [39]. The band around the theoretical prediction shows the theoretical uncertainty.
Figure extracted from [39].

7.2 Analysis strategy

Our aim in this chapter is to analyze what would be the effect of the introduc-
tion of three body decays in the experimental analyses mentioned above. Since in
Figures 7.1 and 7.2, the theoretical resonance pair production (red line) will not be
modified at all by the introduction of such new decay channels, we only can expect to
estimate changes in the expected (black lines) signal cross sections and subsequently,

estimate the change in the resonance mass exclusion limits.

For that, we will consider the same set of resonance masses considered in the
experimental analyses. Then, for each resonance mass, we will take a point of the
parameter space of the MCHMj5 with the corresponding mass. These points have
arbitrary branching ratios. To consider the desired ones we re-scale the cross sections
(number of events) accordingly. We simulate the signal events for resonance pair
production with inclusive decays into two and three-body final states '. In that
way, for each resonance mass, we will have one set of simulated events for each
possible pair combination of decay channels (one for each resonance). All processes
are simulated with Madgraph5 (v2.9) [74] at LO and /s = 13 TeV. The events, then,
are showered and hadronized using Pythia8 [91] and finally passed through Delphes3

LAll the computations will be done at LO.
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(v3.5.0) [92] for a fast detector analysis. The output of the detector simulation is
then extracted and analysed using ROOT [93].

In order to simulate specific branching ratio scenarios we will re-scale the dis-
tributions obtained from the events, in such a way that the cross section is given
by:

ORR—Dy D, [BR(D1), BR(D2)] = o x F'[BR(D1), BR(D2)] (7.1)

where R represents the VLQ particle (X5,3 or T(l)), D1 and D2 represent the
possible decay channels, oy is the cross section of the resonance pair production
(pp — RR), and F is a factor that depends on the branching ratios of the channels

involved in the process as follows:

FBR(D;).BR(Dy)] = [BR(D)) EDi=Dy=D o
[BR(D). (2)]_{2><BR(D1)><BR(D2) Jif Dy # Dy (72)

Since the sum of BRs equals 1, it follows that

> F[BR(D1),BR(Ds)] =1 (7.3)
D1,Dq

We will not simulate background events as they will not be modified with the
inclusion of three-body decay channels. For a given search channel, we will apply
the same cuts on the kinematical distributions as in the experimental analysis. For
reasons of complexity in reproducing the analysis, we left the search channels based

on neural network algorithms for a future work.

Depending on the search channel, the detector will have an efficiency in re-
constructing the required final states. Furthermore, the cuts will impose different
restrictions on each process with specific BRs combination. Then, the number of

surviving events for each of these processes will be given by
NEhtpyp,[BR(D1BR(D2)] = 0ga_,p, p, [BR(D1), BR(D2)] x &py p, X £ (7.4)

where £ is the luminosity and {p, p, is a factor that encapsulate the detector and
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cuts efficiencies. The total number of surviving events is

CcuT CcuT
N = Z NRR—>D1D2 (75>
D1,D,

After that, we can compare the total number of surviving events of the scenarios
with and without three body decays (we can control the presence of the three body
decays varying the branching ratios). We expect the change in N to be small enough
to displace the observed upper limits (black lines in Figures 7.1 and 7.2) in the
same proportion in the opposite direction, that is, when the number of surviving
events increases the signal cross section upper limit decreases in approximately the
same ratio. In this way, we can roughly estimate the lower mass exclusion limit

for scenarios with three body decays, by finding the mass value at the new intersection.

The analysis we make here is based on a fast simulation using Delphes3 (v3.5.0) [92],
unlike the experimental searches, which are based on a full simulation. However, we
followed the detector specifications as close as possible as those of the experimental
studies. For that, we modified the default Delphes CMS card in such a way that:

 Jets are clustered using the anti-k7 (AKT) algorithm with a radius R = 0.4.
This is done with FastJet [94, 95].

o Only jets with pp > 30 GeV and |n| < 2.4 are pre-selected.

» Leptons (electrons or muons) are pre-selected using an isolation requirement.
Given a lepton candidate with transverse momentum plT, the lepton isolation
variable, I, is defined as the sum of pp of all the particles inside a cone with a
plT—dependent radius around the lepton, divided by plf. The varying isolation

radius is defined as:

10 GeV
R=— — (7.6)
min(max(p., 50GeV), 200 GeV)

We say that a lepton is isolated if I < 0.1. For a lepton to be pre-selected,
it has to be isolated and satisfy some conditions on kinematical quantities
like p7 and 7 that are specific for each search and will be described in the

corresponding Sections 7.3 or 7.4.

For convenience, we define here the H;?p variable as the scalar py sum of all
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selected AK4 jets and leptons in the event. This parameter will be often used as an

important kinematical cut in the following sections and even in Chapter 8.

7.3 Estimating 3-body decays effect on I’ searches

As of the writing of this thesis, the latest search for 2/3 charged top partners
pair production is the one performed by the CMS Collaboration at CERN for
an integrated luminosity of 138 fb~! and a center of mass energy of 13 TeV [40).
This search was made independently for three leptonic signatures: a single lepton
(electron or muon) search, a same-sign dilepton channel with exactly two leptons
with the same electric charge and a multilepton channel with three or more lep-
tons. The results of these search channels were combined to set a lower limit on
the resonance mass for several combinations of its two-body decay branching ra-
tios. The decay channels considered were tZ, th, and Wb. Figure 7.1 shows the
experimental results for two scenarios: the singlet scenario (on the left side) with
BR(WTb) = 2 x BR(th) = 2 x BR(tZ) = 0.5 and the doublet scenario (on the
right side) with BR(W™b) = 0, BR(th) = BR(tZ) = 0.5. From now on we will refer
to these branching ratio configurations as simplified singlet scenario and simplified
doublet scenario, respectively, as they only consider two-body decay channels in their
analysis. The plots in Fig 7.1 show a lower limit of around 1.49 TeV (1.5 TeV) for
the simplified singlet (doublet) scenario. The maximum mass exclusion for the pair
production of vector-like quarks with 2/3 electric charge is 1.54 TeV for resonances
with 100% branching ratio into W ™b.

Signal and background events were simulated and signal regions (SR) that favour
discrimination of signal against background were defined based on neural networks in
the case of the single lepton search channel and on kinematical distributions cuts for
the same-sign dilepton and multilepton search channels. Given the complexity of the
analyses performed in the single lepton and multilepton channels and our limitations
to perform similar analyses, we will only focus in estimating the modifications on
the same-sign dilepton channel analysis, leaving the other channels for future work.
It is worth mentioning that, from private communication with the authors of [40],
we know that the constraint coming from the 2SSL channel alone is much weaker
than the combined one (1L+2SSL+multilepton) shown in Figure 7.1.

In the experimental CMS study, the simulation of signal events were made for
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T masses in the range [900 GeV, 1800 GeV] with steps of 100 GeV. In our analysis,
for each mass in this set, we generate events for the processes pp — TT — D1 Do,
where Dy and Dy can be any of the decay modes th, tZ, Wb and WWt. In total
there are 10 decay combinations. The analysis follows the strategy in Section 7.2.
The re-scaling of the distributions were done in such a way that the cross section is

given by

o1t py b, = ot X F[BR(D1), BR(D2)], (7.7)

where opp is the T double production cross section and F' is defined in Equa-
tion 7.2. We will analyze the three branching ratio configurations listed in Table 7.1.
The BR configuration in the last scenario was chosen because it is representative of

a fourplet-like point in the MCHM35 as can be seen in Figure 6.5.

Scenario ‘ BR(W*b) BR(th) BR(tZ) BR(WTW™t)
Simplified singlet 0.5 0.25 0.25 0
Simplified doublet 0 0.5 0.5 0

Fourplet-like 0 0.45 0.45 0.1

Table 7.1: Scenarios considered in the 7" analysis and their corresponding branching
ratio configurations.

In the 2SSL search channel that we analyze here, we demand exactly two isolated
leptons with the same sign of electric charge where the leading lepton has pr > 40
GeV and the sub-leading one, pp > 30 GeV. All leptons must have |n| < 2.4.

Also, we demand the presence of at least 4 AKT jets. To avoid quarkonia decays,
the same-sign lepton pair is required to have an invariant mass greater than 20 GeV.
Also, to reject charge-misidentified Z decays, this invariant mass must be outside
the range [76.1 GeV,106.1 GeV]. The CMS search in [40] analyzed the 2017-2018
data and combined it with previous results in [34] with 2016 data. Although dif-
ferent cuts on H%p (defined in Section 7.2) were imposed in these studies, we used
H;?p > 400 GeV, which corresponds to the last one, since the 2017-2018 data contains
most of the analyzed luminosity and, then, we expect to deviate less from their final

results.

In Figure 7.3a we show the number of events passing the SR cuts for each 7" mass

and BR configurations and a luminosity of 138 fb™!. In Figure 7.3b we show the
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Figure 7.3: Results of the T' resonances search analysis.
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ratio of those numbers of passing events between the fourplet-like and the simplified
doublet scenario (in red) and between the simplified doublet and the simplified singlet
scenario (in blue). We estimate that those ratios are inversely proportional to the
ratios of the cross sections upper limits of the corresponding scenarios found experi-
mentally. To check the validity of this assumption we can compare these ratios for
the simplified singlet and doublet scenarios. As is shown by the blue line in Fig. 7.3b
the ratio between the number of events in these scenarios (doublet over singlet) varies
in the range [2.04,2.13]. Although in [40] they only show the results for the three
search channels combined (see Fig. 7.1), we obtained the experimental upper limits
for the same-sign dilepton search channel alone through private communication with
the authors. By computing the corresponding observed upper limit ratios (singlet
over doublet), they are in the range [1.78,1.87]. Therefore, there is a 10%-16%
discrepancy with the values we got in our analysis. This difference may indicate a
deviation from our approximation, which can be due to the large increase in the
number of events (they more than double). Other minor reasons are the random
errors introduced by the events simulation, statistical fluctuations in data and some
simplifications we did in the cuts implementation. However, for smaller variations in

the number of events, we expect our approximation to be more accurate.

Focusing now on the fourplet-like and simplified doublet scenarios in Figure 7.3a
and the ratios of their number of events in Figure 7.3b, we can see that the introduc-
tion of the 3-body decay channel WWt with branching ratio 0.1 in the fourplet-like
scenario increases the number of events with respect to the simplified doublet case
in factors lying in the range [1.42,1.56]. That is, even with that low branching
ratio of the WWt decay channel, there are enough events coming from the products
of this channel surviving the kinematical cuts and enhancing the total number of
events. This happens mainly because of the increased probability to find two same
sign leptons from direct decays of W bosons as compared to the smaller number of
leptons arising from h or Z bosons in the 2-body channels th and tZ respectively. In
other words, for this search channel, the factors £ in Eq. 7.4 for the processes with

NCUT in Equation 7.2.

3-body decays are larger than the ones with 2-body increasing
Furthermore, we can see that the ratio is increasing with the top partner mass.
This is due to the increasing pr with which the leptons are emitted from heavier

. . 1 .
resonances allowing them to survive the H;" cut more easily.

Following our approximation that the experimental upper limit of the resonance
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pair production cross section will decrease in the same proportion (from the simplified
doublet to the fourplet-like scenario) as the number of surviving events increase,
we can roughly estimate the value that the lower mass exclusion limit would take
when considering the 3-body decays. In Figure 7.4 we show the same expected and
observed cross section upper limits in Figure 7.1, the simplified singlet scenario in
blue and the doublet scenario in red. In purple we show the estimated upper limit
for the fourplet-like scenario, obtained by displacing the simplified double dot limits
accordingly to the ratios in the Figure 7.3b. Our very rough estimation is that the
mass exclusion limit goes up to around 1580 GeV, an increment of ~ 80 GeV with
respect to the simplified doublet case. This value is even larger than the maximum
experimental lower limit obtained for a point with BR(W™b) = 1. However, we must
be aware that this is a very rough approximation, since Figure 7.1 shows the results
for the combination of the three search channels analyzed in [40] (single lepton, two
same-sign leptons and at least three leptons) while we are only recasting the analysis
for the two same-sign lepton channel. The 3-body decays can have a very different
effect on the other two search channels causing this estimation to be inaccurate. A
less inaccurate approximation can be found by making the same displacement but
for the results of the 2SSL channel alone. From private communication with the
authors of [40], we can estimate the mass exclusion limit or maximum reachable
mass value to go from ~ 1000 GeV to ~ 1100 GeV, in this case.

7.4 Estimating 3-body decays effect on X;,3 searches

In the case of the 5/3-charged top partners, we will follow the analysis made in
the latest CMS experimental search for these vector-like resonances at a center of
mass of 13 TeV and an integrated luminosity of 35.9 fb=! [39]. In their analysis they
considered a unique decay mode of the Xj5,3 resonance into W and ¢ for two types
of couplings: a right-handed X5,3W ¢ coupling and a left-handed one. A same-sign
dilepton final state and a single lepton final state were studied separately and finally
combined. The analysis did not find any significant excess over the standard model
background and the reported observed lower limits on the mass of the Xj,3 top
partner with right-handed (left-handed) X5 ,3W ¢ coupling are 1.16 (1.10) and 1.32
(1.30) TeV for the same-sign dilepton and single lepton final state, respectively, as
can be seen in Fig. 7.2 for the left-handed X5 ,3 at the left part of the figure and the
right-handed one at the right part. The combined lower limit on the mass of the
X553 top partner with right-handed (left-handed) X5,3W ¢ coupling is 1.33 (1.28)
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Figure 7.4: Expected and observed upper limits taken from Fig. 7.1 for the simplified
singlet (in blue) and simplified doublet (in red) scenarios. The purple line represents
the estimated limits in the fourplet- like scenario; 1L+2SSL+MultiLep refers to the
results from the 3 corresponding channels analysed in [40].
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TeV.

In the CMS study, two sets of events were generated: One that only allows
right-handed X3 ,5 interactions to W bosons and one that only allows left-handed
X5 /3 interactions to W bosons. However, both scenarios were treated with the same
cuts. We are working with a general vector-like X5/, but we expect that applying

their cuts still gives a good estimate in our case.

In the CMS study, signal and background events were simulated and SR were
defined through several kinematic requirements that enhance signal-background
discrimination. Since adding three-body decay channels does not modify the number
of background events, we will only focus on analyzing the modifications of the signal
events under the SR cuts and how it would affect the estimation of the mass lower
limits. We will only focus in estimating the modifications for the same-sign dilepton
channel search as the experimental analysis made for the single lepton case is more

challenging to reproduce. We leave this later case for a future work.

The simulation of the signal events in [39] was done for resonance masses in
the range [800 GeV, 1500 GeV] in steps of 100 GeV. We follow the analysis strategy
described in Section 7.2. For each mass, we generated events for the processes
pp — X5/3X5/3 — D1Da, where Dy and Dg can be any of the decay modes Wt,
WtZ and Wth. In total, we have 6 decay combinations for each mass. The analysis
was done following the strategy described in Section 7.2. The distributions were

re-scaled in such a way that the cross section is given by
oxxp0, = 0xx X F[BR(D1), BR(Dy)] (7.8)

where oy ¢ is the cross section of the Xj5,3 pair production and F' is a factor that
depends on the branching ratios of the channels involved in the process, following
Eq. 7.2. We considered the two scenarios listed in Table 7.2 for the branching ratios.
The values in the last scenario were chosen to be representative of the parameter

space of MCHMj as shown in Figure 6.7.

We required events containing two isolated leptons with the same electric charge.
Since there can be additional leptons, we define the signal pair as the same-sign lepton

pair that maximizes the scalar pp sum of their constituents. In [39], a different pp
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Scenario \ BR(W*t) BR(W*tZ) BR(W*th)

2-body 1 0 0
3-body 0.8 0.1 0.1

Table 7.2: Scenarios considered in the Xj5,3 analysis and their corresponding branch-
ing ratio configurations.

requirement was set for each of the two different triggering eras in which the samples
were collected. However, we will set a unique requirement on the lepton p7, which
simplifies the analysis without significantly affecting the number of accepted events.
The leading lepton is required to have pr > 40 GeV and the subleading lepton to
have pr > 35 GeV. To avoid quarkonia decays, the same-sign lepton pair invariant
mass is taken to be greater than 20 GeV. To reject events with Z boson decays,
any event with an opposite charge same flavour lepton pair (electron-electron or
muon-muon) with an invariant mass in the range [76.1 GeV,106.1 GeV] is removed.
Also, the event is required to contain at least two AK4 jets with the kinematical cuts
outlined before (pr > 30 GeV and || < 2.4).

The number of constituents, Neonst, is defined as the number of AK4 jets plus
the number of leptons not included in the signal lepton pair. Additionally, the CMS
study [39] used Neonst > 5 and H;?p > 1200 GeV, which we are also requiring.

Figure 7.5a shows the number of events that passed the required kinematical cuts
at a luminosity of 35.9 fb~1. They are shown for each analyzed X; /3 mass and for
the two branching ratio scenarios in Table 7.2. The blue circles represent the 2-body
scenario and the orange ones, the 3-body scenario. In Figure 7.5b, we can see the
ratio between these number of events. Unlike the T search analysis, in this case,
there is a small increase of 5% - 10% in the number of accepted events of the 3-body
scenario with respect to the 2-body scenario. The reason for this is that, in the case
of Xj/3, the three body decays are introducing either an additional & or Z bosons,
which mostly decay into quarks rather than into leptons, making the 2SSL channel
less favourable. As a consequence, the lower mass exclusion limit of X5 ,3 is barely
affected by the introduction of the 3-body decays in the 2SSL search channel, as we
can see in Figure 7.6. There, we show in blue the observed cross section upper limit
for a right-handed X5,3 — W —t coupling in the 2SSL channel (see Figure 7.2). The
purple line represents the estimated 3-body upper limit obtained by displacing it

using the proportions in Figure 7.5b. Similar small displacements are found if we
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Figure 7.5: Results of the Xj5,3 resonances search analysis.

take as a reference the left-handed Xj5,3 coupling scenario or the combined search
channels. We conclude that, at least in this search channel, the introduction of
3-body decays will not affect the exclusion limits significantly. However, other search
channels (like the 1L channel) could be affected in a more significant way, which

suggests a direction for future investigations.
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Chapter 8

Search strategy for scenarios with non-negligible

3-body decay channels

In the previous chapter we saw that the presence of three body decays have an
impact on the experimental exclusion limits of the resonance mass and we even
made a rough estimation of their effect. There we analyzed the modifications on
the X5,3 and T' top partners searches independently. Moreover, in each of those
cases, we treated the doubly produced resonances as being on-shell when we used
Eq. 7.2. However, if we want to do a complete top partner search analysis involving
their pair production and subsequent 3-body decays in the MCHM5, we will see
that new off-shell contributions can arise and that the two resonances cannot be
studied independently anymore as both X5,3 and T' 1) pair produced resonances will
contribute to the same experimental searches since their final states are similar. Let

us show why this is the case.

Let us consider first (for illustration purposes only) the diagrams in Fig. 8.1.
These diagrams are only one of the diagrams that contribute to the physical processes
that generate the corresponding final states. The full physical process should include
all the diagrams in 6.6a (for 8.1a) or 6.3 (for 8.1b). However, the diagrams in Fig. 8.1
have one of the largest contribution to the process in fourplet-like points and will be

useful to extract important insights for our study.

In Figure 8.1a, we show the pair production of X5,3 with one of them decaying
into the 3-body channel W*¢Z mediated by T (which can be any of the three 2/3
charged top partners)!. A 3-body decay of the X5 /3 resonance implicitly assumes
that Xp5,3 is on-shell while 7" is off-shell (if both X5,3 and T" were on shell, we would
have two consecutive 2-body decays: X5,3 — WT followed by T'— tZ)). However,
there is also a probability to have an off-shell X5,5 and an on-shell 7', in which the

LSimilar results are obtained if we consider the channel X5,3 — W th instead of X5,3 — WTtZ.

110
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Figure 8.1: Feynman diagrams of the processes involving both two- and tree-body
decays of resonances.

diagram represents the production of W17 X553 mediated by an of-shell X (5/3) With
the produced on-shell T" decaying into the 2-body channel 7. The magnitude of each

of these contributions will be given by the resonances mass and the couplings involved.

To do a complete analysis we need to consider all of these possibilities. Let us
explore how they can arise in detail. In the MCHMj5 we can have two types of lightest

states: a singlet-like and a fourplet-like. Let us study each of these cases:

« For a singlet-like point, the mass of the lightest T" resonance is given approx-
imately by My ~ /M + y%f?. Recalling that My, . ~ M, we have that
Mx;,, > My + My holds for a large enough Mjy. That is, there is enough
phase space for the on-shell X5,3 to decay into the 2-body channel W*T. The
on-shell T' can, in turn, decay into tZ (or tH). Having the two resonances
on-shell could make the singlet-like 7" to be the most important contributor to
the whole process. However, the vertex Xs,3_7_y+, in this case, is suppressed
since the resonances belong to different multiplets. Therefore, this process will

be more suppressed the more purely singlet T is.

 In a fourplet-like point, X5,3 and the lightest T" belong to the same doublet

and, hence, they have a degenerate mass approximately equal to My, with
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the difference between them being less than Myy. That means that both
resonances cannot be on-shell at the same time. However, one of them can
be on-shell while the other is off-shell. The physical process will have both
contributions as we can see in Figure 8.2. There, we show the normalized
invariant mass distributions of two combination of final states from the process
in Figure 8.1a for the C'9 benchmark point, that we take as representative of a
fourplet-like point. At the top, we can see the distribution of M[W ™ ¢, Z], the
invariant mass of the 3-body decay products of X5,3. There we can see a peak
at approximately 1300 GeV and a continuous bump right after it. The peak
corresponds to the on-shell contribution of X5,3 and the bump to the on-shell
contribution of the T" resonance. The bump starts appearing at approximately
the peak mass because X5,3 and T" are degenerate in mass. For a heavier T’
mass resonance, for instance, the bump would start appearing more to the
right. This is because an on-shell 7" would, at least, produce a M[t, Z] equal to
its own mass (for a W7 emitted with py = 0). At the bottom of Figure 8.2 we
can see the distribution of the invariant mass of the tZ combination. In this
case, the peak at around 1300 GeV corresponds to the on-shell contribution of
T. The bump at the left of the peak represents the on-shell contribution of
X5/3. The maximum value of the bump is the X5,3 mass which corresponds
to the case in which the W™ is emitted with p; = 0. So, we can see that, for
a fourplet-like point of the MCHM35, both contributions overlap and have to

be considered jointly.

In Figure 8.1b we show the Feynman diagram that represents the pair production
of a T resonance with one of them decaying into the 3-body decay channel W W ¢t
with a X5 /3 resonance as mediator. Similarly to the previous case, this diagram can
also represent the production of an on-shell Xj5,3 (in association with a T and a
W) decaying into the 2-body channel W™t. Let us explore this process for the two

realizations that the lightest T' resonances can take:

o When the lightest 7' is a singlet-like resonance this process is highly suppressed
as the resonances belong to different multiplets, however, we will still study
their distributions as they can be useful to understand their fourplet-like
counterparts. In a singlet-like point, the Xj5,3 mass is greater than the 7" mass
for a large enough M,. That means that both resonances cannot be on-shell
simultaneously. However, either one of them can be on-shell while the other is

off-shell. These two contributions can be clearly seen represented by the blue
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Figure 8.2: Invariant mass distributions of the process in Figure 8.1a for the bench-
mark point Cy (fourplet-like point). Histograms generated with MadAnalysis 5 [75].
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lines in Figure8.3, which show two invariant mass distributions (normalized to
one) for the singlet-like point C3 and the process in Figure 8.1b. At the top,
we can see the M[W ™, W ~t] distribution that shows the presence of a peak at
around 1.6 TeV, that corresponds to the on-shell mass of the lightest 7', and a
bump starting at around 2.2 TeV (the mass of X5,3) that corresponds to the
X5/ on-shell contribution. In this case, the peak and the bump are clearly
distinguishable because of the difference in mass between the lightest 7" and
X5/3. The blue line in Figure 8.3b shows the distribution of the invariant mass
M[WT . t] for the same point C3. Here, also, both contributions are clearly
distinguishable with the peak at around 2.2 TeV representing the on-shell
contribution of X5,3 and the bump at the left, the 7" on-shell contribution that
goes up to around 1.6 TeV (The lightest 7' mass) when a W™ is emitted at

rest.

o When the lightest T is a fourplet-like resonance, it forms a doublet with X 3.
Then, their masses are approximately degenerate and they can not be on-shell
simultaneously. However, one of them can be on-shell while the other is off-shell.
In Figure 8.3, we show in red, two normalized distributions for the fourplet-like
point C9. There we can see both contributions but, unlike the singlet-like case,
they overlap due to the mass degeneracy between T and X5/3. We saw a

similar behaviour in the distributions of Figure 8.2.

As we see, it is not an easy task to split the on-shell contributions for a fourplet-
like point in processes where both X5,3 and T resonances are present in the same
diagram. On the other hand, in the singlet-like points, although it would be easier
to split the on-shell contributions, they are negligible compared to other diagrams

that contributes to the 3-body decay channels.

8.1 Detailed phenomenological analysis on a show-
case MCHM; point

In Chapter 7 we followed the analyses made in the experimental top partner
searches, which assume simplified scenarios in which there is only one light resonance
(T or X5,3) while others are considered heavy enough to be integrated out. Also,
they only considered these resonances to decay into 2-body channels. However, we

saw that, in the MCHMj5, the existence of 3-body decay channels implies considering
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processes where more than one resonance is present. Moreover, these processes are
more relevant in cases with mass degeneracy. An important case of degeneracy in
our analysis is the one between the lightest 7" and Xj5/3 in a fourplet-like scenario,
which involves the overlap between their on-shell contributions in processes where

both are present.

Here, we present a complete analysis for a representative MCHMj5 fourplet-like
point including all resonances and contributions arising from the 3-body decays in
the multileptonic search channels. At the time of the elaboration of this analysis,
the most recent pair produced top partner searches including a two same-sign lepton
(2SSL) channel were [39] for the Xj5,3 search and [96] for the T search. The reported
mass lower bounds in those studies were around 1.3 TeV for both resonances. We
chose to do the analysis on the benchmark point Cy in Table 4.5 since its X5,3 and
lightest T" masses are nearly degenerate and borderline with respect to that limit.
Also, the mass of the second lightest 2/3 charged top partner (1.8 TeV) is low enough
so that it is not integrated out and can contribute to increase the signal events.
More importantly, 7' (1) has a sizable branching ratio into three bodies making it an
unexplored scenario in current searches. In Table 8.1 we show the main properties of

the 5 resonances in the Cy point 2.

8.1.1 Signal

Since we have seen that 3-body decays of the TW resonance increase the resis-
tance to cuts in the leptonic channels, we will focus in a signal containing the decay
7O - wHw—t. Specifically, we will focus on the T pair production where one
resonance decays into a 2-body state (th or tZ) and the other into the 3-body one
(WWt). In turn the top quarks decay into Wb and we will consider h/Z to decay
into bb to maximize the number of events, which give rise to W W =W W ~bbbb
(4W4b). This same configuration can be obtained from the pair production of the
X5,3 resonance with one of them decaying into the 3-body channel WtZ or Wth and

the other into the 2-body channel Wt. Therefore, we must consider both processes 2.

2Here, we are computing the widths including all possible partial decays. The value Lpay =775
GeV is, thus, a bit higher than the one showed in Table 4.5 (TT(1> = 7.49 GeV ), because, there, we
used the "automatic" Madgraph tool, which compute widths ignoring some small partial decay for
computational efficiency.

3Although we are mentioning only the on-shell 3-body decay, we are implicitly including the
off-shell contributions, as well.
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TAQ) 7@ @) B X5/3

Mass (GeV) 1312 1804 2024 1987 1309
Width (GeV) 775 1338 6.8 55  6.68
Pair production ¢ (fb) 6.60 0.50 0.17 0.21 6.74
BR(th) 0.456 0.162 0.032 - -
BR(tZ) 0.395 0.07 014 - -
BR(W*b) 0.016 0.204 0.135 - -
BR(W 1) - - - 0045 -
BR(W*t) - - - - 0.855
BR(W W t) 0.097 0.124 0.009 - -
BR(W*tZ) - - - - 0.025
BR(W*ht) - - - - 0.025
BR(X5,3W ") - 0128 0014 - -
BR(T( )h) - 0.066 0.006 - -
BR(TM 2) - 0.062 0006 @ - -
BR(T?)h) - - 0179 - -
BR(T() 7) - - 0421 - -
BR(W-T(M) - - - 0007 -
BR(W~T(%) - - - 0765 -
Other BRs 0.037 0.18 0.058 0.19 0.095

Table 8.1: Masses, decay widths and branching ratios of the resonances in the
benchmark point Cy.
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Subsequently, there can be different final states depending on the decay mode of
the W bosons (which can be either leptonic or hadronic). In this study we chose
to focus in multileptonic search channels which, despite their low cross section due
to the low branching ratio of the leptonic W decay, are a cleaner signature as com-
pared to the fully-hadronic or mono-leptonic channels, as the last ones present large
backgrounds. We will perform dedicated analysis for two multileptonic channels:
The two same-sign leptonic (2SSL) channel, in which only events with exactly a pair
of leptons (electrons or muons) with the same electric charge are considered, and
the trilepton (3L) channel, in which exactly three leptons (electrons or muons) of
any charge are required. Additionally, we will do an analysis for a 2SSL+3L search
channel in which events with two same-sign lepton or three leptons are required. To
perform an inclusive search, we will consider as signal events the ones arising from

all processes involving top partners that can contribute to the search channels.

Process o [fb] decay mode o x BR [ab]
XX > ttW W~ 4.87 W WixWhaaWhad 208
lel: WFF Wl:t Whad 133
VVl:t WFFWZZ‘:WFF 106
XX - WTW-tth  1.12 Wi Wit WhaaWhad 27.6
lel: Wl$ Wl:t Whad 17.7
VVli Wl:FWlin:F 141
TT — WTWtth 1.01  WixWWhaaWhad 24.9
Wlin:FWliWhad 15.9
VVli qu: Wlin:F 127
TT — tthh 1.37  Wix Wit WhadaWhad 14.6
Wl:I: Wl:': Wl:t Whad 9.32
VV[:I: qu:Wl:I:qu: 0.75
XX - WTW—ttZ 1.1 Wi Wit WhaaWhad 7.15
Wl:l: Wl¥WliWhad 4.58
VVlzl: Wl$Wlin$ 366
TT - WTW—ttZ 0.86 Wi Wi WhaaWhad 5.99
lel: Wl$ le: Whad 3.57
VVli Wl:FWlin:F 029
TT — ttZh 2.37 Wl:thIWhale 4.29
Wli Wli Whad Whad 3.33
Wlin:FWliWhad 2.13
I/Vlzl: Wl:FWlin:F 0.17
TT — ttZ7 1.03 Wlin:F Zl 0.98

Table 8.2: Signal processes for the point Cy in the 2SSL search at LO and /s = 14
TeV.
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In Table 8.2 we list (in the first column) the signal processes used in the analyses.
The signal processes are composed by the pair production of 7" or X with all the
possible decay combinations into two or three bodies with the exception of the ones
containing both resonances decaying into three bodies due to their negligible cross
section. The second column shows their corresponding cross sections at /s = 14 TeV
before any leptonic or hadronic decay. The third column shows the decay modes that
contribute the most to our desired signatures. For the case of the W boson, W+ or
Wi+ represent their leptonic decay mode (into electrons or muons) and Wy,q, their
hadronic decay mode. Z; represent the leptonic decay (into electrons or muons) of
the Z boson. The fourth column lists the cross sections after the decays. These were
computed by multiplying the cross section by the corresponding branching ratios.
All processes were simulated with Madgraph5 (v2.9) [74] at LO. Showering and
hadronization were performed by Pythia8 [91] and the events were passed through
Delphes3 (v3.5.0) [92] for a fast detector analysis. At Delphes level, we used the
default card for the HL-LHC and we used FastJet [94, 95] to cluster jets using the
anti-k7 algorithm with R = 0.4.

One can think that the cross sections of all processes (before the decays of Ws) in
table 8.2 can be approximated by the product of the corresponding pair production
cross sections and the branching ratios into 2- and 3-body channels listed in 8.1.
However, this is true only for the processes containing 2-body decays, exclusively. For
the ones containing 3-body decays, the cross sections are larger (around four times)
than just the corresponding product. This is because, for these cases, besides the
pure 3-body decay of the on-shell pair produced resonances, there is the additional

contribution of the off-shell counterpart, as discussed previously.

8.1.2 Background

The 4W4b signature of the signal events is also produced by the SM production
of four top quarks. We will take advantage of the fact that this process has been
the subject of intensive dedicated searches [97, 98, 99] and consider it and its usual
backgrounds as the background processes for our analysis. The ¢ttt backgrounds
are usually categorised into two types: irreducible, composed of the processes in
which the selected leptons come from decays of W or Z bosons, and the reducible
background, which is composed of processes in which misidentified leptons can fake

the signal signature. These mis-identifications can be produced either because of
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misassigned electric charge of prompt leptons or fake/non-prompt leptons arising

from the decay of a heavy meson.

Among the irreducible background processes, the most important is the pro-
duction of ¢f in association with a boson, that is, tZtW, ttZ or tth. Other minor
contributors are the top pair production in association with two bosons, that is
ttW W=, tthh, ttZ 7, tthZ. However, we will not include the processes containing
Z or h bosons since, either the branching ratio into leptons is small (in the case of the
Z’s), or they have to first decay into W’s to finally produce leptons (in the case of h)
making them to have a safely negligible contribution. The t#WW "W~ process, on the
other hand, can decay directly into the desired final states and will be considered.
In Table 8.3 we list, in the first column, all the considered irreducible background
processes with their cross section at LO and /s = 14 in the second column. The
third column shows the decay modes that contribute to our search channel and the
fourth the cross sections after these decays. The “jets” term in t#W® + jets and ¢£Z
+ jets represent the respective process plus 0, 1 and 2 jets. For these processes, the
final jets after parton shower were matched to the original partons using the MLM

matching scheme. The processes in Table 8.3 will be used in all three search channels.

Backgrounds o [fb] decay mode o x BR [fb]
HWT + jets  574.5 Wy Wit Whad 18.14
Wl:i:VVl:tI/VlﬂF 5.81
ttZ + jets 743.1 Wi WhaaZi 12.73
VV[:I:W[$ZZ 2.04
tth 479.9 Wit WhaaWix Whada 4.42
W Wi Wit Wiad 2.82
Wit Whad Z1 Znad 0.54
Wlinq:VVlinq: 022
tttt 11.8  Wix Wi WhaaWhad 0.51
WliVqu:WliWhad 0.32
WliVqu:VVlinq: 003
HWTW—  0.88 Wi Whad Wit Whad 0.42
WliVVl:FWliWhad 0.27
Wl:tI/qu:VVl:I:qu: 0.03
tZ bj] 317 W= 2, 1.6

Table 8.3: Most important background processes contributing to the 2SSL, 3L or
2SSL+-3L channels. The cross sections were computed at LO and /s = 14 TeV.

We are neglecting the irreducible background ¢t + jets, despite it having a larger
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cross section before cuts due to computational limitations. However, the cuts we will

impose in the analysis are hard enough to safely neglect it.

8.1.3 Analysis strategy

Once the signal and background samples were generated, they were passed through
Delphes3 to simulate the response of the HL-LHC detectors. For that, we used the
default card corresponding to this detector configuration. The b-jet reconstruction
algorithm has an efficiency of 0.75(1 — g555%5y). Given a lepton candidate with
transverse momentum pé_p, it is considered to be isolated if the pp sum of all the
particles inside the cone with fixed radius R = 0.3 around the lepton, divided by plT,
is less than 0.1. Additionally, we imposed the following conditions on the accepted
reconstructed particles: leptons (electrons or muons) with pr > 30 GeV and || < 3
and jets with pp > 30 GeV and |n| < 3.

As we mentioned before, the signal processes involving 3-body decays have 4 b-jets
in their final state, which arise from the hadronic decay of the Higgs or Z bosons
and from the electroweak decay of tops. From all the background processes, only the
four tops production presents this same feature at the matrix element (ME) level.
Thus, the b-jet multiplicity is another important signal /background discriminator.
We kept only the events with three or more reconstructed b-jets (N, > 3). This cut
will be used in all three search channels (2SSL, 3L and 25SL+-3L).

The decays of the pair produced resonances in the signal processes produce highly
energetic particles. Although we could use the leptons’ py sum or the jets’ pr sum
as good discriminators, separately, we found that the variable Hé?p (defined in Sec-
tion 7.2) is an even better discriminator. In Figure 8.4 we show the HlTep distribution
of all the processes involved, when selecting only the events with exactly two leptons
with the same electric charge (2SSL channel). The black line represents the sum
of all the events arising from the signal processes in Table 8.2. The background
processes are shown as stacked histograms. As we can see, the signal H;fp takes
high values as compared to the background counterpart. We use this variable as
an important cut to enhance the signal/background ratio. We experimented with
different H%ﬁp cuts in each search channel and chose the following values as the best
ones: H%p > 1.8 TeV for the 2SSL channel, H;?p > 1.6 TeV for the 3L channel and
HpP > 1.6 for the 28SL+3L channel.
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Figure 8.4: H;?p distribution in the 2SSL channel.

We also impose cuts on the missing energy (£'7) to help ensure we are excluding
the contributions of the reducible backgrounds and other rarer processes like double
boson production (WZ, ZZ, WHWT). The chosen minimum values of 7 are: 100
GeV for the 2SSL channel, 150 GeV for the 3L channel, and 100 or 150 GeV for the
2SSL+3L channel depending on the desired degree of rare background exclusion.

8.1.4 Results

In Tables 8.4, 8.5 and 8.6, we list the number of events at a luminosity £ = dab ™!
after each step of the cuts implementations for both signal and background processes
in the 2SSL, 3L and 2SSL+3L search channels, respectively. These values are rounded

to the nearest integer.

We can see that the first two cuts (N, and H;?p) are the most important ones to
enhance the signal-to-background ratio (S/B) and the signal significance (S/v/B).
After these two cuts these values are, respectively: 2.2 and 11.9 for the 2SSL channel,
2.1 and 9.0 for the 3L channel, and 1.7 and 14.5 for the 2SSL+3L channel. These
results show us that it is posible to find evidence for this model at the HL-LHC
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in these kind of inclusive searches. We can further use the missing energy cut to
ensure reducing rare backgrounds even if we slightly reduce the number of signal
events. With the listed cuts S/+/B shows a slight increase in all three search channels.

From the three studied channels, the most promising one is the 2SSL + 3L both
because of the highest value of S/v/B = 14.5 getting up to S/v/B = 15 with the
K1 cut implementation and because of the higher number of signal events. Although
we are considering a model with resonance masses around 1.3 TeV, we can roughly
estimate the mass reach of the HL-LHC. For this, we can assume that the signal
cross section (or, directly, the number of events) is proportional to the resonance
pair production cross section, which decreases exponentially with mass as shown
by the black line in Figure 7.6. In this way, and assuming a luminosity of 4 ab™ !,
the estimated mass that it is possible to reach at the HL-LHC is around 1.5 TeV
for S/v/B = 5 and 1.6 TeV for S/v/B = 3. These mass reaches were obtained
following a simple cut-and-count analysis, with only two multileptonic channels. A

more complete analysis would surely enhance them.

It is worth noticing that, among the signal processes, the ones containing three
body decays survive the cuts better and even overtakes the number of events of
the ones with only two body decays. This happens despite the small 3-body decay
branching ratios of both 7" and Xj,3 resonances, mainly because of the low cost
to produce leptons as they come directly from the W bosons, while in the 2-body
processes, production of leptons needs to pass first through h — WW™ or the direct
Z leptonic decay (Z — I717) which has a smaller branching ratio.
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Number of events - 2SSL (£ = 4 ab™ )

No cuts | Np >3 | N > 3, Ny > 3,
Process lep lep
Hp" >18TeV | Hp" > 1.8 TeV
Er > 150 GeV

ol XX o> tawtw- 356 40 20 15

= TT — tthh 39 14 5 3
|2 TT — ttZh 17 7 4 2
;50 ™ TT - ttZZ 12 2 1 1
D XX WIWoEh | 48 24 15 11
=S| TT — WHW-tth 42 21 13 9

2| TT - Wrwttz 15 6 4 3
XX > WIW—ttZ 12 5 3 2

- {Hw+ 20536 691 19 9
= A 7062 237 4 2
g tth 3893 132 1 0
< L 658 288 6 3
a Hw+w- 597 30 1 0
tZ bij 761 18 0 0

S/B 0.1 2.2 3.2

S/VB 3.2 11.9 12.1

Table 8.4: Number of events surviving the cuts implementation in the 2SSL search

channel.
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Number of events - 3L (£ =4 ab™ ')

No cuts | Np >3 | N > 3, Ny > 3,
Process lep lep
HT > 1.6 TeV HT > 1.6 TeV
Er > 100 GeV

S XX s awtw- 137 9 5 4

= TT — tthh 19 5 3 2
|2 TT — ttZh 35 16 13 11
;50 N TT — 27 49 7 6 5
2 XX S WIWh | 18 8 5 5
=S| TT — WHW-tth 15 7 5 4

$ TT — WtW—ttZ 5 2 1 1

S XX > WHW—ttZ 4 2 1 1

. W= 3203 44 2 2
= iz 10444 308 13 8
2 tth 1280 26 0 0
< tHE 201 79 3 2
a HW+rw= 197 6 0 0
tZ bij 984 21 1 1

S/B 0.1 2.1 2.6

S/vVB 2.5 9.0 9.3

Table 8.5: Number of events surviving the cuts implementation in the 3L search

channel.
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Number of events - 2SSL+3L (£ = 4 ab™ 1)
P No Nb23 Nb237 szga szga

rocess cuts H > 16TV | HP > 16TV | HP > 16 Tev

E{r > 100 GeV Z;; > 150 GeV
W | XX o tWHw- | 492 49 32 28 24
= | TT — tthh 58 19 10 8 7
_ | 2| 1T —tizh 52 23 18 14 11
;% NN TT S 122 60 9 7 6 4
D XX wrweh | 66 | 32 24 20 17
S| TT > wHwth | 57 27 21 18 15
2| TT>ww-iz | 20 8 6 5 4
XX S WHWZ | 16 7 5 4 4
- W=+ 23739 | 735 35 24 16
= iz 17506 | 545 20 12 8
e tth 5174 | 158 1 1 1
= titt 859 | 367 14 10 7
3 HW W= 794 36 1 1 1
tZ bij 1744 | 39 1 1 0
S/B 0.1 1.7 2.1 2.6

S/vB 4.0 14.5 14.9 15.0

Table 8.6: Number of events surviving the cuts implementation in the 2SSL+3L
search channel.



Chapter 9

Conclusions and Outlook

This thesis explored Minimal Composite Higgs Models at high energy hadron
colliders. In particular, we focused on the MCHMj5 and the MCHM 4, for which we

developed full generation and simulation frameworks to study their parameter space.

In Chapters 3 to 5, we concentrated on the tth and tthh production processes.
The tth process kinematic distributions are not modified with respect to the SM
but deviations in the cross section can occur. While it is always suppressed in
the MCHMs3, the cross section can be enhanced in the MCHM 4, as expected. Re-
garding the tthh process, both non-resonant contributions and heavy top partners
pair production were included. The study finds that the non-resonant contribution
is sizable, and even dominant for heavy fermion masses over 4 TeV, and provides
access not only to the trilinear Higgs self-coupling (as in the SM), but also to the
double Yukawa coupling introduced by the MCHM. The analysis also examined
the relative contributions of the top-Yukawa, double Yukawa, and trilinear Higgs
couplings, revealing that the trilinear Higgs coupling accounts for around 15% of the

non-resonant cross section, as shown in Tables 4.3 and 4.4.

A systematic investigation of the parameter space of both models was conducted
using a clustering algorithm. This two-stage exploration begins with physics at the
“Low Scale” (see Chapter 4) concentrating on the part of the parameter space that
the HL-LHC can probe. In a subsequent stage, the analysis is extended to the “High
Scale” (see Chapter 5) region, including mass parameters that reach up to 30 TeV,
which is of interest for future planned colliders such as the 100 TeV FCC-hh and
the SppC. Then, a set of representative points were selected for each energy regime.
These points comprehensively summarize the phenomenology of the parameter space
of the models. They are listed in Tables 4.1, 4.5, and 5.1 for the MCHMj3;, and in
Tables 4.2, 4.6, and 5.2 for the MCHM 4.

As part of the exploration, representative points with sizable three-body decays

127
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were found. In Chapter 6, we saw that this behaviour arises for fourplet-like points!,
in which the lightest states form a near degenerate doublet. Although we focused
on the MCHM, we expect this to happen generally in any model with a vector-like
doublet. The inclusion of these three-body channels in experimental searches can
increase previous exclusion limits. In Chapter 7, we estimated that, for the case
of the lightest 2/3-charged top partner, T(l), its exclusion limit in the same-sign
dilepton channel [40] can increase by 80 — 100 GeV. This happens because the 3-body
decay of T (1) into W*+Wt increase the probability of producing two same-sign
leptons in the final state, as compared with the two-body channels, which allows the

events to survive the kinematical cuts more easily.

However, when two resonances are nearly degenerate, another feature emerges:
there is an additional off-shell contribution from one of the two resonances that
increases the total cross section. Since it is difficult to isolate the two states, we
proposed an inclusive search in Chapter 8 in three scenarios: two same-sign lep-
ton, three-lepton and their combination. The results are shown in Tables 8.4, 8.5
and 8.6, respectively. In the combined scenario and for a point with relatively low
resonances with mass 1.3 TeV, we get a significance S/ VB = 15 at the HL-LHC
with a luminosity of 4 ab=!. If we scale it according to the production cross section
we reach masses of 1.5 TeV for S/v/B =5 and 1.6 TeV for S/+/B = 3, indicating
opportunities of discovery or evidence at the HL-LHC. Furthermore, the analysis
presented here can be further improved by using more complex techniques than the

simple cut-and-count analysis performed.

Overall, this thesis provides a comprehensive examination of MCHM models at
high energy hadron colliders and contributes to the ongoing efforts to uncover new
physics beyond the Standard Model.

1See the definitions after Equation 6.6



Appendix A

Representations of SO(5)

We use the following 5 x 5 matrix representation of the generators T2 of SO(5):
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00 0 0 0 000 0 0
00 0 0 0 000 0 0
=000 0 -5 | "=|{000 0 0 |, (A.1)
00 0 0 0 000 0 -2
7 7
00 40 0 000 45 0

which act on the fundamental representation 5 of SO(5) as 6¥5 = T5¥5. We write
the 5 representation (using a notation appropriate for states with U(1)x charge

X =2/3) as

¥ = Xoguyy+ Xagu gy +Toy g+ Boy 4 Tw, (A2

(S

1
29

where we used the normalized basis

-1
- L = L
R B R el E
0 -1
0 0
0 —1
0 -1
— 1 ; — 1
bt T VAl TV it TR ’
1
0

and
vt =(0,0,0,0,1) .

The notation is such that the subindices a, b denote the TE’ R eigenvalues: TE Vap =
avgp, T}% Vap = bv4yp, wWhile vy denotes the complete singlet, Tz vy = T}é vg = 0.
Furthermore, one has T]—j'v%i% = 0, T;U*%,i% = Vi1, T, Vial = Uil
TEU—%;I:% = 0, and similarly TI%LU:I:%,% = 0, Tﬁ”ﬂ:%,—% = U:I:%,%’ T]%Ui%é =
vir 1, Tpvgy 1 =0, where TiR =T} p £ 1T} p are the standard SU(2) raising

and lowering operators, satisfying

13,7 = #TF,  [1TH) = +Ti,
T/, T;] = 273, TH, TR = 2T},
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and [T%, T{%] = 0. The states satisfy the standard normalization

TF|sp,mp;sp,mg) = \/SL(SL +1) —=mp(mp F1) |sp,mp £ 15 sp,mp) |

TF|sL,mp; sg,mg) = \/SR(SR +1) —mp(mr F1)|sp,mp; sg,mr 1) .

Thus, ¥4 ~ (X5/3,X9/3,7T, B) is a bi-doublet (2,2) of SU(2) x SU(2)g with
(sr,sr) = (1/2,1/2), while ¥1 ~ T is a singlet with (sz,sr) = (0,0).

The 14 representation of SO(5) can be written in terms of a 5 x 5 symmetric
and traceless matrix, such that the SO(5) generators (A.1) act as 6¥14 = [T5, ¥14].

Using again the notation for states with X = 2/3, we write

¥ = PG+ (XsS11+X2S 114+TS 1+BS 1 1)
3 272 3 272 27 2 27 2
+ [U§5171 + Ugso,l + U%S—Ll
+ Vg S10+ V% So0,0 + V_% S_10 (A.3)

+ F% 517_1 + F_% 507_1 + F_% 5_17_1]

which exhibits the decomposition 14 ~ (3,3) 4+ (2,2) + (1,1) under SU(2), x
SU(2) -

The notation for the basis S, is the same as explained above, e.g. [TE, Sap) =
@ Sap, [T, Sap] = bSap, while Sy denotes the complete singlet, [T}, So] = [T, So] =
0. The states Yo ~ (Us/s,Us/3,Us/3, Vs/3, Va3, Vo173, Fo/3, F 1,3, F_4/3) trans-
form as a bi-triplet of SU(2)r x SU(2)g with (sz,sr) = (1,1), and the bi-doublet
¥4 and singlet ¥ follow the same notation used for the 5 of SO(5) above. The

subindices on the fields denote the electric charge, given by
Q=T}+Ts+X . (A.4)

Explicitly, the S, ; and Sy matrices are given by:

1 @ 000 0 0 -1 —i 0

N I U 0 0 —i 1 0
Sii=5|0 000, Sio=55|-1-i 0 0 0,

0 00 0 —i 1 0 0

0 000 0 0 0 0
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for the 9 of SO(4) = SU(2)1, x SU(2)g,

00 00 i 00 00
0 0 00 —1 00 00
Sii =3[0 0 00 , S1. o=3loo0o 0 0 —i],
272 2y 2
0 0 00 00 0 0 1
i =1 0 0 00 —i 1 0
00 0 0 0 0 00 —i
00 0 0 0 0 00 —1
S11. =300 0 0 —i|,Si1 1 =20 000 :
22 2 2
00 0 0 -1 0 0 00
00 —i —1 0 —i =1 0 0
for the 4 of SO(4), and
1000 0
0100 0
S L1oo010 0
=
2v/5
\/_00010
0000 —4

for the SO(4) singlet. These matrices form an orthonormal basis: Tr(S%Sp) = d45.



Appendix B

Embeddings of SO(4) into SO(5)

The four NGBs resulting from the spontaneous breaking of SO(5) — SO(4) =
SU(2)r x SU(2)g can be parametrized as

iV2Zpaa
e f

U = : (B.1)

where T% are the (four) broken generators in SO(5)/SO(4) given in Eq (A.1) and
f is the scale of spontaneous symmetry breaking. The h? transform as a 4-plet of
SO(4), and can be arranged in a doublet of SU(2), as:

1 h h
H o= i (B.2)
\/§ hg —ihs

One can assume that EWSB proceeds through a non-vanishing vev hg = (hy), with
the vev’s of the other components vanishing. In unitary gauge, hy = ho = hg = 0
and hy = hg + h, where h is the physical Higgs boson. Using the explicit form of
the broken generators results in the matrix given in Eq. (2.1).

It is also easy to embed the various fermion SO(4) multiplets used in the main
text into (incomplete) representations of SO(5) that simplify the writing of the

Lagrangian. For example,

e For the MCHM5:

The elementary fermions are written as

Q) = trvi_1+brv_1_1,
27 2 2 2

5
TR = tR v
and the composite fermions are written as

‘Y4 — {(5/31)%7%+X2/31)7%7%+TU%77%+BU
Tl == TU().

13/
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135

These result in Egs. (2.9) and (2.10).
e For the MCHM 4:

The elementary fermions are written as

i‘l = tLS%’f% +b;, S

14
Tp* = trSo,
and the composite fermions are written as

Y9 = [U§5171 + U%S()J + U%S—l,l
+ Vg S1,0 + V% So,0 + V_% S_1,0

+ Fg S1,-1+ F_% So,—-1 + F_% S_1,-1]

Y, = X5/3S;1+X2/3S_%%+TS% _%—FBS_

272

Y, = TSy

I

)

| =
| =

All of these are traceless, symmetric 5 x 5 matrices. It is then straightforward

to form a complete 14 of SO(5) as

Y94 = Yo+Y¥Y4+Y1.



Appendix C

Explicit form of the Lagrangian terms with

the d,, and e, symbols

In unitary gauge, the gauged d, and e, symbols are given by

3 !
9 i1 g 112 gWi —9Bu  Ouh
d, = {Lwis, w2, T I%e, Cult C1
12 {\/Q 7 h \/i 7 h \/5 h f ( )
0 —9' By — gWg’ gWg —ng}ch
o i 9B, + gWE 0 —ng} —gWﬁch (C.2)
g 2 —gWi 9Wa 0 (9'Bu—gWien |
gWien gWicy —(9'Bu — gW3)en 0

where ¢;, = cos ho?h and sj, = sin ho?h . Under SO(4), dL transforms in the funda-

mental and e); in the adjoint.

Let us take the terms containing the d, symbol in Equations 2.7 and 2.17 and
define:

LY = —ic,¥aPLdY1—icrRYaPrd Y1 +hec., (C.3)
LY = iy d ¥ —icy Ty 4, — i f’jﬁgj dd*T +he.  (C4)
s

Using the fermion embeddings defined in Appendix B and Equations C.1 and C.2,
we can write, explicitly, the Lagrangian terms above in the interaction basis as:

1 /- ~ 1 — - 1 -
__ — h .
+i[(Koss), ~Tl é;TR} + (R L)+he,

o ~ (C.5)
“oe (X2/3)R ZTg
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L = [g\/( X5/ sW T—TBW T_Qc TZT —X2/3ZT>
i dh
—H(X2/3—T) fT}

o 4 f{ [ 1/3+F 1/3] ZB+[V2/3—|—2U2/3] ZX2/3

+ [Vz/s + 2P| 2T+ V2 |Usja+ Viss| 235

1 — - — _ — _ — _
- 10992\/5 {\@VQ/SW Xs/3+2V2F _4ysW B42F_1;sW T +2V_1,3W~ Xos3
- \/572/3W+B + 2\/§U8/3W+X5/3 + 275/3W+T + 2U5/3W+X2/3}

+ ﬁCQ {f |:v_1/3 —F_l/g} dhB + [Vg/g — 2?2/3} dh T+

[2U2/3 - Vg/g] Ih Xa/3+ V2 [U5/3 - 75/3} dh X5/3}

ic — — ~
+ 47:}936 ho"h [Usss = Vays+ Fass| T

¢ i 77 TT Y7 e -— ~
+ ﬁ?;;@zu (020 (Fays = Tapa) + Wit (Tss = Vsga) + Wi (Foays = Vorgs)| T
: 2
ierogs€ [ Zy 2t — — — — I
+ 87I‘f2 {_ ;Cw (U2/3+V2/3+F2/3>—WjWJrng/g— WMW '“‘F_4/3

Z, W +p

w

+ WJW_MVQ/3 - <Vfl/3 +F71/3) + il (US/?» +VS/B)] T+h. c,

where ¢, is the cosine of the Weinberg angle.

Now, we can take, conveniently, some terms from Eq. 2.7 and 2.17 and define:
5 v 2 !
£ = ¥a(5oB ) ¥a, (C.6)
- (2
£* = ¥ (SQIB‘Pg - [¢,‘1’9]) : (C.7)

This terms will lead to electroweak corrections due to compositeness that are

given by:
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(Y
&

I

|

+

+ o+ 4+ o+ + o+ o+

4 (g 'B— ;‘é) Y4
= L(g+ ) B2B+ (522 Kooy
\/12? 22 )TZT+< \/ﬁ_gs >X2/3ZX2/3]

2 3
1++1—

@

w \

lﬁ

BW T+ X5/3W " Xoy3+h. c]

1—I= o
2 [XssW T+ BW ™ Xoy3+h. ¢, (C.8)

—_
™ m

Sl gl

- (2
‘Fg (39/B\F9 - [¢7\F9]>
2 1—+/1- d o
Ea K \/E—i— — 35w > Usy32Us 3+ (é -3 ) Us/32Us ;3

Cw 2 3w

1 8 — 1+ \/ —
(2 - 3812,)) Usg/3ZUs/3 + ( 5 38 ) V_ 1734V 13

2 5 1+ +/1—
—38120‘/2/32"/2/3 + < 3 ) Vs/34Vs)3
i | JyT=F 1
Si) F_y3lF_y/5+ <—2 + 382> _1/3LF 13

4
<_1 T3
<\/§ - 235;) F2/3ZF2/3}
2(1 1= 8) [VaysW Vays + VaysW Vo g
F_ysW F 43+ FopsW F )3
Us/sW Us s+ UssW Uy +h. .|
%(1 —1-¢) V_1sW Fays+VaysW Foyy
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Appendix D

Results of the clustering algorithm applied
to the parameter space of the MCHM

This appendix contains the plots relative to the clustering of sections 4.4.2, 5.2.1
and 5.2.2, according to the table below.

’ Model and Scan \Section\ Figures ‘

Low Scale MCHM 4 4.4.2 | D.1 and D.2
High Scale MCHM5 5.2.1 | D3 and D4
High Scale MCHM4 | 5.2.2 | D.5 and D.6
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Figure D.1: Distributions at /s = 14 TeV for the invariant mass of the pair composed
by top and most energetic Higgs h (first column), transverse momenta of h; (second
column) and angular distances in the transverse plane between hj and the top (third
column), organized in clusters by similarity (clusters 1 through 6). Red, blue, orange
and cyan curves indicate respectively points in Regions I, II, IIT and IV of the
LS-MCHM 4. The benchmark point for each cluster is shown in black, with clusters
1 to 6 containing respectively points D to Dg in Table 4.6. The example points (see
Table 4.2) are shown in green (cluster 1 contains @1, cluster 4 contains Q5 and Q7).
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Figure D.2: Distributions at /s = 14 TeV for the invariant mass of the pair composed
by top and most energetic Higgs h (first column), transverse momenta of h; (second
column) and angular distances in the transverse plane between hj and the top (third
column), organized in clusters by similarity (clusters 7 through 12). Red, blue,
orange and cyan curves indicate respectively points in Regions I, II, III and IV of the
LS-MCHMi4. The benchmark point for each cluster is shown in black, with clusters
7 to 12 containing respectively points D7 to D9 in Table 4.6. The example points
(see Table 4.2) are shown in green (cluster 7 contains @2, cluster 9 contains 3 and
()4 and cluster 10 contains Qg).
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Figure D.3: Distributions at /s = 100 TeV for the invariant mass of the pair
composed by top and most energetic Higgs hy (first column), the top quark angle
(second column) and the transverse momenta of hy (third column), organized in
clusters by similarity (clusters 1 through 5). Red and blue curves indicate respectively
points in Regions I and II of the HS-MCHMj5. The benchmark point for each cluster
is shown in black, with clusters 1 to 5 containing respectively points E7 to E5 in
Table 5.1.
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Figure D.4: Distributions at /s = 100 TeV for the invariant mass of the pair com-
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similarity (clusters 6 through 10). Red and blue curves indicate respectively points in
Regions I and II of the HS-MCHMj5. The benchmark point for each cluster is shown
in black, with clusters 6 to 10 containing respectively points Fg to E1g in Table 5.1.
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Figure D.6: Distributions at /s = 100 TeV for the invariant mass of the pair
composed by top and most energetic Higgs hy (first column), transverse momenta
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point for each cluster is shown in black, with clusters 1 to 6 containing respectively
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