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Abstract

The light quark Yukawa couplings are notoriously difficult to measure at the LHC. Current bounds and future pro-
jections for the HL-LHC (High-Luminosity Large Hadron Collider) foresee that the first generation couplings can be

constrained to be a factor of several hundred times their Standard Model value.

This thesis aims at responding to the question on how large they actually can be in UV models. UV models that
generate deviations in light quark Yukawa couplings via dimension-six effective operators at the tree level will be
identified. A particularly good choice not studied yet in depth in literature is models with vector-like quarks.

The list of possible models is finite and can hence be studied systematically, taking into account potential bounds from

direct searches, flavour physics, Higgs physics and electroweak precision tests.
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Chapter 1

Introduction

What we now call Higgs boson was first theorised in 1964 [1] in the context of developing a mechanism to describe
how the massive Standard Model particles acquire their mass, since an explicit mass Lagrangian term would not be
invariant under the Standard Model gauge group. Such mechanism is known as the Englert-Brout-Higgs mecha-
nism [1-3], or simply the Higgs mechanism. Since then, the Higgs boson has been the object of extensive theoretical
studies and experimental searches, which led to the particle’s detection in 2012 at the Large Hadron Collider (LHC)
by ATLAS [4] and CMS [5]. This experimental success was not the end of the story: to date, several of the Higgs

properties still have to be understood.

One of the areas still open to investigation concerns the interactions of the Higgs boson with the lighter generation
fermions. Theoretically, the Higgs mechanism predicts that the couplings associated to such interactions, the Yukawa
couplings yy, are linearly proportional to the fermion masses. This has so far been confirmed [6-8] for the top quark,
for the bottom quark and the tau lepton. For the top quark, the coupling is studied by measuring the rate with which the
Higgs boson is produced in association with a top and anti-top pair, for the other two fermions, the decay rate of the
the Higgs boson into bb and 77~ pairs are respectively measured. Additional studies [9, 10] have also constrained the
muon’s coupling to be in agreement with the Standard Model prediction, though these measurements currently have
larger uncertainties than those of the third generation couplings. Figure 1.1 shows the associated Feynman diagrams
for the processes previously mentioned.

Experimentally, the study of the lighter fermion couplings is complicated by the small size of their Yukawa couplings,
thus suppressing their contributions to scattering processes involving the Higgs boson. Focusing on the deviations
from the Standard Model predictions for the couplings, parameterised by the ratio xy = yy/ y?M , it is of theoretical
interest to find upper bounds for these deviations and of experimental interest to develop ways to probe them. For

the missing charged lepton, the electron, there have been proposals for the study of its coupling at the Future Circular

G I f
tA
,,,,,,,, h [
tA

G W —e—— ¢ f

Figure 1.1: Feynman diagrams for the Higgs boson & production in association with a top and anti-top pair (left) and for the Higgs
boson decays into fermions f (right). The gluons are denoted by the letter G. In both diagrams, the Higgs boson interacts with a
fermion; the Yukawa coupling-dependence is picked up from those interaction vertices.



CHAPTER 1. INTRODUCTION

Second Generation First Generation

Ke < 1.2 Ky < 260
Ks <13 Kd < 156
Source [23] Source [25]

Table 1.1: Future projections for the values of the modifier «,, for the first two quark generations for the High-Luminosity LHC
(HL-LHC). These values will be used as comparison for the results found in this work; they will be referred to as "literature
values".

electron-positron Collider (FCC-ee) [11]. For the strange and the first generation quarks, a further problem consists in
the difficulty to tag them in the detectors.

There have been promising proposals for the charm quark’s coupling: the associated production of the Higgs boson
with a vector boson, with the Higgs then decaying into charm quark anti-quark pair, was studied by CMS [12] and
ATLAS [13]. Ata 95% Confidence Level, CMS found the charm quark coupling modifier to be bound by 1.1 < |k.| <
5.5, while ATLAS reported |k.| < 8.5. Another proposal for the charm quark study is to consider the decays of the
Higgs boson into vector mesons [14-16]. As for the other second generation quark, the strange, it has been suggested
to perform strange tagging at the future electron-positron colliders [17].

As for the first generation quarks, many proposals have been made. Of these, three examples are Higgs pair production
[18], Higgs plus jet production [19,20] and Higgs plus photon associated production [21,22]. The last one can also be
applied to the second generation quarks; the CMS search [22] translated upper bounds, at a 95% Confidence Level, on
the Higgs plus photon production cross-sections into constraints for the couplings modifiers, obtaining |r,,| < 16000,
|kal < 17000, |ks| < 1700 and |k.| < 190.

Given that enhanced Yukawa couplings would lead to deviations of the Higgs boson decay branching ratios, global

fits can be performed, finding the projections for the High Luminosity Large Hadron Collider (HL-LHC) |, | < 560,
|kal < 260, |k.|] < 1.2 and |ks| < 13 [23]. Furthermore, an enhancement of the first generation quark Yukawa
couplings with respect to the Standard Model prediction would mean that Higgs boson production at hadron colliders
receives a contribution directly from the parton constituents; this was taken into account, in the context of off-shell
Higgs production, by [24,25], with the latter obtaining projections for the HL-LHC of |x,,| < 260 and |k4| < 156.

The aforementioned projected sensitivities (or for the charm quark bounds), are still quite loose. Therefore, it is of
interest to consider how different New Physics models can give rise to enhanced Yukawa couplings. This thesis will
hence address the question: how large can the light quark Yukawa couplings be in concrete UV scenarios?

In order to address this question, this thesis will focus on eight models involving pairs of heavy new particles called
vector-like quarks. Even though such particles appear in several different extensions of the Standard Model, here they
will be studied strictly within the context of modifications in the first and second-generation quark Yukawa couplings.
Indeed, it will be shown that all these models generate, once the heavy quarks have been integrated out at the tree level,
dimension-six effective operators that cause deviations in the light quark Yukawa couplings. The assumption that the
vector-like quarks can only couple to one generation of Standard Model quarks at a time will be made.

The Standard Model Effective Field Theory will provide a model-independent framework to study deviations of ex-
perimental observables from the Standard Model predictions. For the models treated in this thesis, ElectroWeak and
Higgs Physics observables will provide relevant constraints. Once the deviations have been studied in terms of the Ef-
fective Theory’s coefficients, a matching condition between the specific New Physics model and the Effective Theory
allows to recast the deviations in terms of the model’s parameters, the vector-like quark masses and their Yukawa-like
couplings to the Higgs boson. The resulting bounds on the parameter space can then be used to find the maximal value
for the modifier x, compatible with the experimental results with a chosen confidence level. Finally, the results found

will be compared to the reference values in Table 1.1.
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The following Chapters are organised as follows:

A brief review of the Standard Model of Particle Physics and of Effective Field Theories is presented in Chapters
2 and 3 respectively. These chapters will fix the notation used throughout the rest of the thesis;

In Chapter 4 the Standard Model Effective Field Theory operators that cause deviations in the quark Yukawa
couplings are first of all identified. Then, different New Physics models that can give rise to such operators are
mentioned before selecting the eight models involving pairs of vector-like quarks;

The matching between the Standard Model Effective Field Theory coefficients and the New Physics parameters
is performed in Chapter 5. One model will be studied in detail in Section 5.1, while for the remaining seven

only the main results will be presented;

The comparison with experimental observables is performed in Chapter 6. Initially, the bounds from Elec-
troWeak Observables, Section 6.1, will be studied separately from those of Higgs Physics, Section 6.2. Then the

two cases will be combined in Section 6.3;

In Chapter 7 experimental searches for vector-like quarks at hadron colliders will be presented. In particular, the
search performed by ATLAS [26] for pair-produced vector-like quarks with couplings only to the lighter quarks

will be shown to provide a lower bound for the heavy mass scale;

The conclusions are drawn and future outlooks are presented in Chapter 8.

Additionally, several Appendices are present. These serve the purpose of presenting material considered useful for the

understanding of the topics being dealt with but that would disrupt the flow of the reading if inserted in the main text.
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Chapter 2

The Standard Model of Particle Physics

The Standard Model of Particle Physics (abbreviated as SM) [27,28] currently provides the best description of particles
and their strong and electroweak interactions.

The Standard Model is a quantum field theory; as such it is identified by:
1. a gauge group G (Section 2.1);
2. the theory’s particle content (Section 2.2);

3. a spontaneous symmetry breaking (SSB) pattern which leads to a new gauge group §’ (Section 2.4).

2.1 Gauge Group

The Standard Model is based on the (local) gauge symmetry 9, defined as
G =SU(3). x SU(2)r, x U(1)y. (2.1)

Each group is associated with one of the three fundamental forces described by the Standard Model. A summary of the
Gauge Groups (containing the names of their couplings, the group generators, the name of the associated gauge bosons

and the structure constants) is presented in Table 2.1. Relevant group theory information is reported in Appendix A.

Strong Interactions: associated with the SU(3) gauge group. Such group has 8 generators 74 = %)\A, where \4
are the Gell-Mann matrices listed in Appendix A.1. The associated gauge boson is Gﬁ‘. The associated field

strength tensor is defined as
Gy = Gy — 0,Gy + g5 ['PCGRGT . 2.2)

Strong interactions are described within Quantum Chromodynamics.

ElectroWeak Interactions: described by the SU(2)z, x U(1)y group. Treating the two subgroups individually,

Gauge group Couplings Group Generators Gauge boson multiplicity Structure constant

SU(3). gs T4 = I\ G 8 fABC
SU(2) 9L =30’ W, 3 0%
U(1)y gy 1 B, 1 0

Table 2.1: Gauge groups and corresponding bosons.
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Field ¢ | qrr = (ZU) lp, = <VLT) URr dRrr €Rr Gen. |ur dr e wr
Lr CLr I(r=1) | v d e v
SU(3). 3 1 3 3 1 Or=2|c s pu v,
SU(2)p, 2 2 1 1 1 Mr=3)| t b 1 v
U(l)y 1/6 -1/2 2/3  -1/3 -1
Table 2.2: SM fermions with their charges under G [29]. Table 2.3: Fermion generations and compact notation.

* SU(2)z, has as group generators 77 = %aj , where the Pauli matrices, o”, are defined in Appendix A.2. The

gauge bosons associated with the group generators are 17, and the field strength tensor is

W, = 0,W, — 0,W; + gp X WIWw* (2.3)

* U(1)y is an Abelian group. The associated gauge boson is B,,, with field strength tensor

B = 0,B, —9,B,. (2.4)

This sector is affected by the SSB mechanism SU(2) 7, x U(1)y — U(1)gas, though the details will be addressed

in the corresponding section.

2.2 Particle Content

The particles described by the SM can be separated into two main categories based on their spin-statistics: fermions
and bosons. Each category contains two subcategories: fermions are divided into quarks and leptons depending on
whether they interact strongly or not, while bosons are separated into scalars and vectors depending on the value of

their spin. In the following, each of these categories is described in more detail.

Fermions: these spin-1/2 particles are often called matter particles [30]. As mentioned, they can be either leptons
or quarks. Their charges under the SM gauge group G are presented in Table 2.2. Fermions are furthermore
organised in three generations, which repetitively have the same charges under G. This motivated the introduc-
tion of the compact notation in Table 2.3, the generations can be read horizontally and are labelled with the
Roman numerals I, II, and III. Each generation consists of two quarks and two leptons; moving horizontally, the
first-column particles all have an electric charge +2/3, the second-column particles have a charge —1/3, the
third —1, and finally the neutrinos are neutral. Except for the neutrinos (which are predicted to be massless by
the SM), the fermions in the second generation are heavier than their first-generation counterparts and lighter

than the third-generation.
Bosons: There are two types of bosons:

Scalars: only one SM particle falls into this category, the Higgs boson. In the unbroken phase, it is typically
identified by the letter ¢. It is a complex scalar doublet under SU(2);, with hypercharge Y, = % The

Higgs field can be written in terms of four real scalar fields h; as :

1 [ih(z) + ho()
"= (ihs(:c) +h4(x)> ' @5)

However, as will be discussed in more detail later on, of these four degrees of freedom only one will appear

as a physical particle. This is identified by the symbol h.

6
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Vectors: particles which serve as force carriers. As seen in the previous section, each group which makes up
G has associated gauge bosons, in number equal to the number of generators of the group. Therefore,
the vector content of the SM consists of the eight gluons G, three Wg and B,,. The situation is dif-
ferent in the broken phase: while the gluons remained untouched, the four mediators of the electroweak
sector are "replaced” by the massive mediators of the weak force W+ and Z and the massless photon of

electromagnetism A,.

A review, including also the masses of the particles, is given in [31].

2.3 The Lagrangian

The SM Lagrangian can be compactly written as shown in Equation (2.6). For convenience, the terms will be dealt
with one by one.

Cont = £+ £[T™ 4 LT+ L i 26
Gauge term: the explicit expression of £779¢ is
L3019 = (G — (W)~ 1(Bu) 7)
kin = g \Gw)” = 7 (W)™ = 7 (Bu)” '

This term does not only contain the gauge bosons’ kinetic term but also their triple and quartic self-interactions.
Indeed, given the non-Abelian nature of SU(3). and SU(2)y, the field strength tensors take the form shown in
Equations (2.2) and (2.3). By expanding the field strength contractions, three fields and one derivative or four

field interactions can appear. Diagrammatically, these are respectively:

~ g1/ D" ~ 935

Fermion Kinetic term: describes both the kinetic term of the fermion, but via the covariant derivative D,,, also the
interaction of the fermions with the gauge bosons,

kin

cferm — ipy* D, where D, = (0, + igSTAGﬁ + igrLT Wy +igyYyBu)y. (2.8)
N—— ——

only for quarks  absent in case of SU(2), singlets

Higgs sector The Higgs sector of the SM can be written as

'CHiggs = (DM¢)TDM¢ - V(¢T¢) )
V(') = u*¢To + M(679)?. 2.9)

The first term in the Lagrangian is the Higgs kinetic term, which contains the interaction of the Higgs doublet
with the Wﬁ and B,, gauge bosons via the covariant derivative D,,¢ = (9, + igLTWy + igy Yy Bu)o.

As for the second term, V' (¢), denotes the Higgs potential. Two parameters appear, 12 a parameter with mass
dimension two, and A a dimensionless parameter. Of these, we must require A > 0 to have a potential bounded
from below. Instead, ;2 can be both positive and negative. The shape of the potential depending on the sign of

2 is shown in Figure 2.1.

Yukawa sector: describes fermion interactions with the Higgs boson. In particular, a fermionic doublet and a fermionic

7
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V(D) V(D)
A

u? >0 I u? <0

- -
Re(®) 1 Re(®)

- R

*Im(®) #Im(®)

Figure 2.1: Higgs potential for two different sign choices for y2.

singlet are coupled to the Higgs boson; the Lagrangian reads

LI = —yudLdur — yadrd dr — yelrder +he., (2.10)
where <z~5 = jo9¢*. It is important to notice that these terms are gauge invariant and lead to a mass term for the

fermions upon electroweak symmetry breaking.

2.4 Symmetry Breaking

Up to this point, the SM particles are massless as a mass term would break gauge invariance. However, the particles
that are experimentally observed are massive. The solution was found in the so called Higgs mechanism [1-3,32]: the
SU(2)r x U(1)y symmetry is spontaneously broken to U(1) g/, and particles acquire a mass. Hence the SSB pattern

in the SM consists in
SSB

G PP G =SUB3)e x U)g - @2.11)

In the broken phase, the massless force mediators are the eight gluons (untouched by the Higgs mechanism since they
do not interact with the Higgs field in the SM) and the photon.

To describe how the other particles in the SM are affected by the Higgs mechanism, one first of all needs to study how
the Higgs boson can acquire a non-zero vacuum expectation value v. Then he can consider how the Higgs, the weak
gauge bosons and the fermions acquire their mass terms.

Considering the Higgs potential in Equation (2.9), one finds that for > > 0, the potential has a minimum for (¢) = 0
and the potential has the form on the left in Figure 2.1. In terms of the function h; introduced in Equation (2.5), the
vacuum expectation values satisfy (h;) = 0, Vi € {1,4}.

When p? < 0, the potential takes the "Mexican hat" form and its minimum is no longer at the origin. The hy(z)
component is chosen to acquire the vacuum expectation value v/+/2, where v = \/—7"72 = 246 GeV. This sponta-
neously breaks the system’s symmetry since a preferred direction has been chosen. The Higgs field can be written in

the following manner around the minimum:

B 1 zﬁ 0 unitary gauge i 1 0
olx) = 5 (H h(x)) ZEE o(a) = 3 <U . h(@)‘ (2.12)

N
The first three real scalars have null vacuum expectation values and make up the Goldstone bosons, denoted by h (x) =

T
(h1 (x) ha(x) hg(x)> . From this point on, the x dependence is dropped.

8



CHAPTER 2. THE STANDARD MODEL OF PARTICLE PHYSICS 2.4. SYMMETRY BREAKING

Particle Square mass dofs H Particle Square mass  dofs
W W- om =% 33w 0 24242
2 2
Z my = L2 3 B 0 2
A 0 2 - - -
h 202 1 o 0 4
12| 12

Table 2.4: Bosonic degrees of freedom for the broken (left) and unbroken (right) phases. The total number of degrees of freedom
is preserved, but their distribution varies. The massless gauge bosons carry two degrees of freedom each, while the massive ones
have an extra degree of freedom. As for the Higgs, in the unbroken phase, it is a complex doublet (four degrees of freedom),
while in the broken phase, it is a singlet (one degree of freedom).

2.4.1 Gauge and Higgs bosons masses
Starting from the Higgs kinetic term, equation (2.9), it is possible to derive the gauge boson masses simply by substi-

tuting the form of the Higgs in (2.12) and focusing on the terms that are quadratic in the gauge bosons.
The charged VVMi bosons are obtained via the mixing of Wl} and Wi Their mass and definition in terms of the original

+ 1 —3 1
= 920 (W) 2 L (L =) (W) (2.13)
2 W, ) V2\+1 i ) \W;

The mixing of WEZ with B, results in a massless field, identified as the photon A,,, and the massive neutral boson Z,,.

gauge bosons are:

Defining the Weinberg angle to be tan 6y = %’ the Z,, mass and the definitions of Z,, and A, are:

\/9% +932/v (A“> B (sin@w cos Oy ) (WS) (2.14)

my =
2 Zy cos Oy —sin Oy B,

The interactions of the W and Z bosons with the Higgs can be recovered by performing the substitution v — h + v;
this means that the coupling between the massive gauge bosons W= and Z with the Higgs boson is proportional to

their mass squared.

The Higgs boson mass is picked up from the potential V' (¢) defined in Equation (2.9). In Equation (2.15) the entire

Higgs sector is written in the broken phase:

1
Chriggs = 50uh 0h = w2

4 1 A
— my 212 3 14
7 7 ) S0uhO"h— Qo2 = Xoh® = Tht.(215)

2
2my

From the above expression, one can appreciate that once the Higgs boson’s mass has been measured all the parameters
of the Higgs potential are determined. In particular, the Higgs boson self-coupling is proportional to the mass squared
upon rewriting A in terms of my,:

m2
"h
202

The number of bosonic degrees of freedom is the same in the broken (where the bosons are the gluons, the massive

mi =2 \? = A= (2.16)

gauge bosons, the Higgs boson and the photon) and the unbroken phase (where the bosons are the Higgs doublet and
the gauge bosons associated to the SM gauge groups), as shown in Table 2.4 for the electroweak sector. What changes

between the two phases is how the degrees of freedom are distributed between the different particles.

9



2.4. SYMMETRY BREAKING CHAPTER 2. THE STANDARD MODEL OF PARTICLE PHYSICS

Fields ‘ u d e v

wIinN

Charge ‘

Table 2.5: Electromagnetic charges of the SM fermions.

2.4.2 Fermion masses

Considering the Yukawa component of £gj; (Equation (2.10)) and using Equation (2.12) to rewrite the Higgs in the
unitary gauge, one finds

_Lferm — %Y UL R+ Yel —erer + 7hdeR + huLuR + 7h6L€R + h.ec.. .17

Yuk = /5 \/5 V2 NG \f V2

The first three terms will allow the identification of the fermion masses m. = %vy* once the rotation into the mass

drdg + Y

basis has been performed (see Subsection 2.4.4), whereas the last three describe the interactions between the quarks
and the Higgs boson. While the massive gauge bosons had coupling to the Higgs bosons proportional to the square of

their mass, the fermion have a coupling with the Higgs boson that linearly depends on their mass.

2.4.3 Fermion interaction with the gauge bosons

Given the relevance in Chapter 7 of the quark interactions with the Wﬁt and Z,, bosons, the description of such
interactions is presented here. The steps will be shown explicitly only for the quarks but can be extended to the leptons.

The starting point is in the quark kinetic terms, where the gauge bosons are contained in the covariant derivatives:

L3R = g ilqy, + ugilug + drilPdg (2.18)
_ J B _
D —qL (%LUJW + ngqE) qr, — gy Yo upBur — gy YadrBdg . (2.19)

Then, using Equations (2.13) and (2.14), the Lagrangian description of the weak and electromagnetic interactions of

the quarks is found:

—LwirEm :% (aLW+dL + JLWVLL) + OZI;W
+eqr AQquqr + eur AQuur + dr AQudr . (2.20)

(QL 297y, + apZ gitur + JRZg}%ddR> +

The charges are defined as Q; = 7'5’ + Y,1 and the Z couplings to left- and right-handed currents are defined, respec-

tively, as

g7t =78 = Qqsin® O, g = —Qqsin® Oy . (2.21)

Using the values for the hypercharges reported in Table 2.2, the electromagnetic charge assignments are those in Table
2.5.

2.4.4 CKM matrix

So far the Lagrangian terms have been written in the so-called interaction basis, where the Yukawa matrices are 3 X 3,

non-diagonal matrices: Explicating the flavour indices of Equation (2.10), the Yukawa sector of the Lagrangian is:

L{fé‘g" Walop GLr® URE + Yalop GLrd drE + [Ye) 1 L rd ek + hec.. (2.22)

10
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It is possible to diagonalise the Yukawa matrices (going into the mass basis) via a biunitary transformation. Let L

and Ry be the unitary matrices, then:
i = diag(ys1, yr2, yrs) = LhysRy . (2.23)
The associated rotations for the quarks, with explicit family indices, are:

qrr = [Lql,. ark s arr — [Rql,1 Rk » (2.24)

where ¢ = u, d. Similarly for the leptons, the rotations read

err = [Lel, €k, €rr — [Rel 1 erk ,

vir = [Ly) Vik - (2.25)

These rotations into the mass basis have to be performed in all the sectors of the SM Lagrangian. By construction, the
interactions with the neutral gauge bosons (the photon and the Z boson) in Equation (2.20) are left invariant since they
do not mix the up and down type fermions. This is not true for the charged bosons, which couple fermions of different

generations. Performing the rotations defined in Equations (2.24) and (2.25),

Ly = —% Uy [LLLd:| . W + 1, |:L1J£Le:| i Whepy, +he.| . (2.26)
N -—
Ver Ml g [UpMmNS] g

The first matrix is the CKM matrix (from Cabibbo, Kobayashi and Maskawa), while the second is the PMNS matrix
(from Pontecorvo, Maki, Nakagawa and Sakata).

The CKM matrix is a complex unitary 3 x 3 matrix. As such, it has nine real degrees of freedom, of which three
correspond to rotation angles and six are associated to phases. However, it is possible to perform quark field rotations
to remove all phases but one. Therefore, the CKM matrix bears four degrees of freedom: three rotation angles and one
phase. The values for the angles and the phase have been measured and are reported in [31].

Since neutrinos are massless within the SM, one can pick an arbitrary L, to perform the rotation into the mass basis.
If L, =L, the Uppyns = 13x3.

11
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Chapter 3

Effective Field Theories

Effective Theories often appear in Physics. Indeed, besides Particle Physics’ well-known Fermi Theory [33,34] (that
provided the first description of Weak Interactions and is used for low-energy studies'), they also appear in areas such
as Cosmology (e.g., for the study of inflation [35, 36]) and Nuclear Physics [37]. Effective field theories provide a
tool for the description of processes up to a given order in an expansion parameter without requiring knowledge of the

underlying UV theory.

3.1 Effective Theories

One of the simplest examples of effective theories is how the gravitational force felt by an object of mass m on Earth
can be approximated by the F,, = myg, instead of using Newton’s force. For everyday use the difference between the
two descriptions is negligible.

This simple example will be used to introduce the ingredients for an Effective Theory: let R be the Earth’s radius and

d the height of the object above the Earth’s surface. Then, Newton’s force can be expanded as

ME mME 1 d<R mME d
FN =g = N e—E(1-2=). 1
Y =Criar—C e G g < R> 3.1)
Mg
‘R?

ingredients can be identified:

Defining ¢ = G and truncating at zero order, the usual weight force expression is obtained. The following

* an expansion parameter, in this case d/ R. The approximation made becomes increasingly worse as the distance
d becomes comparable to the radius R. This is related to the existence of a separation of scales between the

more complete theory and the particular case being studied;

* a symmetry, that in the effective theory consists of translational invariance at fixed height and invariance under
rotation about the vertical axis (while the original system was invariant under rotations in the three-dimensional

Euclidean space);
* adegree of freedom, here the presence of an object of mass m.

This example shows the "top-down" approach: the more complete theory is known, but via an appropriate series
expansion a simplified version is found.
The other possible direction in which one can proceed is known as the "bottom-up": only the approximation is known

and one would like to reconstruct the more fundamental description. In the case of the object feeling the gravitational

! As will be better addressed later on, Effective Theories have a validity interval, below which the description provided is accurate and above
which it breaks down. In the case of the Fermi theory, such energy scale is the WW-boson mass my ~ 80 GeV.

13
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force, the "bottom-up" approach would consist in starting from the weight force I, = mg, setting it to be the zero-

order term of a series expansion with expansion parameter d/R and adding higher order terms.

(oo 8 o) o)

where the a; coefficients are unknowns that have to be fitted to experimental data.

Fg =mg ) (32)

3.2 Effective Field Theories

When moving from an Effective Theory to an Effective Field Theory, symmetry preserves its relevance and the fields
are the degrees of freedom. The effective theory’s expansion is organised in terms of inverse powers of a heavy scale
A. This organisation will be dealt with in the next section, considering the particular example of the Standard Model
Effective Field Theory. In the following, some other general features are briefly addressed.

Consider a quantum field theory describing two interacting scalar particles, one called ¢ with mass m and a second ®
with mass A, such that m < A [38]. They are described by a Lagrangian Ly = Lyy (¢, D, ¢), where ¢ describes
a set of couplings. If the experimental energy scale € satisfies m < & < A, then only the lighter ¢ can be produced
and directly observed. The heavy ® can still virtually contribute to scattering processes involving the lighter field as a

propagator, which can be expanded as

I -1 pPea? 1 p?
m—pm ~ A2 (1 A2+...). (3.3)

Truncating the expansion to the zero-order term corresponds to shrinking the internal propagator to the point of having
a contact interaction. Even if the full theory involving both fields is known, it is convenient to develop and work with
an effective description £ ppr = £ ppr(¢, ¢) which only depends on the lighter ¢. The effects of ® are encoded in the
new coefficients ¢: the procedure of expressing ¢ in terms of the original theory’s parameters is referred to as matching.

The matching can be performed in two ways:

1. Starting from the UV Lagrangian, the equations of motion for the heavy field ® can be derived and substituted
in Lyy, losing the dependence on ®. Rearranging the remaining terms, which only involve the field ¢, the

correspondence between c and ¢ is found;

2. Using Ly and £ g7, the amplitude for a given process can be evaluated from both viewpoints. Requiring the
two descriptions to be the same, the following matching condition is found:

Myv (¢, ®,¢) = Mgpr (6,0) . (3.4)

This procedure will be explained in more detail in Chapter 5 for the concrete models and EFT considered in this thesis.
Before moving on to the Effective Field Theory relevant to this thesis, a few words are spent on the Fermi Theory
of Weak Interactions: Figure 3.1 puts side-by-side the two descriptions of the decay of the muon provided by the
Standard Model and in Fermi Theory. In the Standard Model description, the decay involves two leptonic currents,
connected by a W boson propagator. Given that the energy scale of the process, the muon mass, is much smaller than

the W boson mass, the propagator shrinks to a point-like interaction as

i Kk i k? kuk,
D,, :m <_9uu+ m%/v) = m{%{/ <1+m%v +> <—9uu+m%/v )

g0 (L (3.5)
~ m%vgw, m%v . .
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Vg2
a2 s
1(p) /
%4 puip elp
o) ») )
_ v,
Ve (q1) € (QI )
Figure 3.1: UV versus EFT description of the muon decay.
The point-like interaction of the two leptonic currents in Fermi’s description is given by
Gp . _
LFermi = 4% [(V;LL’Y ,UL) (eL'YVVeL) + hC] . (3.6)

The G coefficient is known as Fermi’s constant. It has mass dimension -2 and is defined in terms of the Standard
Model g;, coupling and the mass of the heavy field that has been integrated out myy,

2
Gr=v2-IL_ =1.166 - 107° GeV 2. (3.7)

8miy,
Therefore, Fermi’s theory acts like an effective field theory for the Standard Model, which includes the W= bosons, if
the energy scales being considered are much lower than the W+ mass.

At this point, the effective field theory relevant to the study performed in this thesis can be presented.

3.2.1 Standard Model Effective Field Theory

The success of the Standard Model in describing current experimental data suggests that there is a mass gap between
its degrees of freedom and those of New Physics. Let A denote the energy scale at which New Physics appears: the
Standard Model Effective Field Theory (SMEFT) was developed to parametrise deviations from the Standard Model
at energy scales below A due to the presence of heavy new degrees of freedom in a model-independent manner. The
SMEFT’s region of validity is between the ElectroWeak scale and A, under the assumption that v < A.

Going below the ElectroWeak scale, another field theory known as LEFT (Low Energy Effective Field Theory) is
commonly used. The particle content of LEFT consists in the massless gauge bosons (the photon and the gluons), all

the SM leptons, the three down-type quarks and the two lighter up-type quarks [39].

The SMEFT Lagrangian is built starting from the SM Lagrangian density and adding a tower of higher-dimensional
operators, organised as an expansion in inverse powers of A. These operators are required to be invariant under the

SM gauge group G and are built out of the SM fields. In general, the SMEFT Lagrangian can be written as

(d
(‘3
Lsyerr = Lsm + E § (3.8)
d>4 i=1

in which Ogd) are the new operators with dimension d and the dimensionless ng) () are Wilson coefficients. These
coefficients are not constant: they depend on the energy scale u being considered. The equations that describe the
running of the Wilson Coefficients as a function of the energy scale are the Renormalisation Group Equations (RGEs)
[40-42].

Figure 3.2 shows how the SMEFT can be used to study New Physics effects in three steps:

1. Matching at the high energy scale of the UV model with the SMEFT to express the corresponding Wilson

coefficients in terms of the UV masses and couplings;
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H o s
1. Matching
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A model g
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" /{1y ) observables
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Figure 3.2: Schematic description of how SMEFT connects the UV parameters to the ElectroWeak Observables. Figure from [43].

2. Using the RGEs to run down the Wilson coefficients to the scale of the experiments of interest. In compact

notation, they read

. . d

€ => i, €= 16w2u@ei : (3.9)

J

where the matrix +;; is known as the anomalous dimension matrix. To integrate them, the leading log approxi-
mation is typically performed. This approximation consists in assuming that the left-hand side of Equation (3.9)
is ¢ independent. Hence, the expression can be integrated and provides the following result:

1
€i(n) = €i(A) + o5 1og (5 ) D r€i(A). (3.10)
J

For the specific example of Figure 3.2, the energy scale corresponds to the W boson mass, so 1 = myy;

3. Mapping, in this particular case, into the ElectroWeak Precision Observables, getting bounds on the New Physics
parameters. Only certain operators can generate deviations to a given observable: as will be shown in Chapter
6, once a dimension d has been fixed and an operator basis has been chosen, model-independent deviations in
terms of Wilson coefficients can be written for each observable. Model-dependence is reintroduced once the
explicit expressions of the Wilson coefficients are introduced.

At a given dimension d, several operators can be built. However, they are not all independent: one calls "redundant”

all the interactions without physical effects. Typical examples of redundant operators are [44]:

* Those corresponding to total derivatives, except for those cases in which the asymptotic behaviour of fields
cannot be neglected (for example in the presence of non-trivial topologies);

* Operators that are equivalent up to a field redefinition to an already present operator;

* Operators related to one another via relations such as the Fierz Identities. For example, at the dimension-six

level, Fierz identities allow to reduce the number of independent four-fermion operators.

16



CHAPTER 3. EFFECTIVE FIELD THEORIES 3.2. EFFECTIVE FIELD THEORIES

The operator with the smallest dimension introduced by SMEFT is the dimension-five Weinberg operator [45],

(O], = (55* lp)TC ((5* lr) - (.11)

This operator violates lepton number and generates neutrino masses in the broken phase. Since leptons will not be
considered in this thesis and there are no other dimension-five operators, the first contribution is from the dimension-

Six operators.

Two operator bases often appear when dealing with the dimension-six SMEFT and will be used in this thesis: the
Green’s basis [460] and the Warsaw basis [47]. The elements of the former are independent under integration by parts,
and those of the latter are independent under both integration by parts and use of equations of motion of the SM fields:
the Warsaw basis is a non-redundant basis for SMEFT at the dimension-six level. Using the SM equations of motion
it is possible to go from the Green’s basis to the Warsaw basis [46].

So why should one not work directly with the non-redundant Warsaw basis? When the matching procedure is per-
formed by imposing that the EFT and the UV amplitudes are the same, the equations of motion of the SM field are
not involved. So the results of such matchings are in the Green’s basis; the final step of a matching will be to go to
Warsaw basis.

Finally, instead of working with dimensionless Wilson coefficients, the convention used here has the heavy scale of

the expansion included in the coefficient. An operator O, will, therefore, contribute as

1

Lsverr O €0, €
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Chapter 4

Identifying the New Physics Model

As seen in Chapter 2, in the Standard Model there is a unique correspondence between the fermion masses and the
corresponding Yukawa couplings. Hence, a deviation from such relationship provides evidence of the presence of New
Physics [48].

Figure 4.1, realised by the CMS collaboration [6], shows the search for such modifications performed using LHC data.
The  formalism' is introduced to parametrise deviations from the SM predictions of the couplings. If the general
coupling is denoted by g, then the definition for the modifier is x = g"*'/ ¢°M _ In Sections 2.4.1 and 2.4.2, it was
shown that in the Standard Model the couplings to the Higgs boson of the fermions and the massive gauge bosons
are proportional to their mass and their mass squared, respectively. This, first of all, motivates why only the heavier
particles are present in Figure 4.1: the larger the particle’s mass, the bigger its coupling to the Higgs boson. Secondly,
the aforementioned sections motivate why, to have a linear dependence on the particle mass in the plot, the modifier
for the fermions « ¢ appears linearly while for the gauge bosons, the modifier <y is under a square root.

Not the entire massive particle content of the Standard Model is present in Figure 4.1; while only the first generation
charged lepton is missing (the electron”), both the first and the second generation quarks are absent. As mentioned in
the Introduction, there have been several experimental proposals for the constraining of the second generation quarks
(for example, the study of V'h production followed by the decay h — c¢ for the charm quark [13, 50] and the use
of strange tagging at lepton colliders for the strange quark [17]) and the modifier projections for the HL-LHC have
been found to be k. < 1.2 and ks < 13 [23]. Meanwhile the currently loose constraints on the couplings of the first
generation, with projections for the HL-LHC x,, < 260 and x4 < 156 from reference [25], allow it to be a playground
for the development of new models. In particular, it is of interest to see whether it is possible to test interesting model

parameter space when probing the light quark Yukawa couplings.

Before considering the New Physics models, the SMEFT operators which can lead to quark masses no longer being
proportional to the Yukawa couplings have to be identified. In this context, the term "Yukawa coupling" denotes the
coefficient that multiplies the interaction term between the Higgs field and two quarks. Identifying the relevant SMEFT
operators serves as a tool for the identification of the New Physics models: a model which introduces new particles
that do not generate, once they have been integrated out, the SMEFT operators of interest will not be considered as

candidates.

'The & factors, also known as scale factors, are used to parametrise the deviations from the Standard Model predictions of the couplings,
decay widths and cross-sections [49]. A list of the s parameters can be found in Table 2 of reference [49].
“The Future e "e™ Circular Collider (FCC-ee) might be able to investigate the electron Yukawa coupling [11].
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Figure 4.1: This plot taken from [6] shows the modifiers for the couplings of the Higgs boson with the heavier SM particles.
These heavy particles consist in the third generation quarks, the second and third generation charged leptons, and the massive
gauge bosons.

4.1 SMEFT Operators

Considering the Warsaw basis operators whose particle content consists in a Higgs boson doublet and quarks, the

following two’ are found to affect the quark Yukawa couplings:
Lomprr D ALy = CuyOug + CapOas + hic. = 616 ([Gwhj a1, duh + [Cag); qigbd{%) +he. (41

They give rise to the tree-level Feynman diagrams shown in Figures 4.2 and 4.3. In the following, how the quark
masses and couplings to the Higgs boson are affected is shown [25].

ferm

Mass terms: they are determined by substituting Equation (2.12) in £y, ,~ + AL, and end up to be

v 1 2 d v (g 1 2
MZ; = E (y?] - 5 [eu¢]i]’ v ) ’ Mij = E (yz’j - 5 [quﬁ]ij v ) : (4.2)
The rotation from the interaction into the mass basis takes place through a bi-unitary transformation V¢ (with
q=u, d
mg, = [(VIMVE] (4.3)
2

The CKM matrix is provided by Vo = (Vi) TVE.

3 Actually, there are two further operators (O¢p and O 4o studied in Section 5.1.1) that can affect the Higgs couplings. However, these affect
all the Higgs couplings, not only those to the light quarks, and are therefore constrained to have a small contribution. Furthermore, in the models
that will be considered here, they only appear at the one-loop level. Their contribution to the x modifier is, therefore, neglected.
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UR qr dr qr
¢ ¢ o* ¢ ¢" ¢
Figure 4.2: EFT tree level diagram for O, . Figure 4.3: EFT tree level diagram for O ;.

Given (4.2), one can find the transformed Wilson coefficients [éq(ﬁ} = [Vg] " [Cqé)rim [Vg] mj in the mass
?,

j nt

basis.

ari = (V7]
qri = [Vg)

g = dLj [G(I¢]ij qR,j = 4L, [VLq] jl [efﬂ)]ij [V}%]jk 4Rk - (4.4)
ij j N
[C‘?‘i’]lk

The tilde notation is dropped in the following to lighten the notation.

Quark interactions with the Higgs boson: These are obtained by matching terms in L{/Z,T + ALY with

LD =9nyi, Djpih — Inhpid; Pihih® — Ihhhapiib; Piih®. (4.5)
The modified couplings Inpidy» Inhid; and Inhhpid; read

2
mgy v

Ingiq; =~ 0ij — 7 [Cael;; ; (4.6)
3
9hhg;iq; = _ﬁv [eq¢]ij ; 4.7
1
WM@=—£5WMU- (4.8)

In Equation (4.6) the modified Yukawa coupling between two quarks and the Higgs can be recognized. It is convenient
to parameterise the deviation of the Yukawa coupling from the SM value via the x parameter:

3
Ko qi4i ]

v
——[Col. s q=u,d. 4.9
i mqi/v \/imqi [ CI¢>]u q ( )

Notice that this definition is appropriate only for the diagonal couplings. Additionally, the presence of the quark masses
in the denominator needs to be addressed: following [25] they are set to be m,, = 2.2MeV and my = 4.7 MeV for
the first generation; for the second generation mgs = 95 MeV and m, = 1.27 GeV are used. This thesis will study,
looking at concrete models, how large the x, factors can become.

4.2 NP Model Choice

At this point, one can consider NP particles contributing to the dimension-six SMEFT Lagrangian. A classification of
all the NP particles that, once they have been integrated out, can contribute at tree level to the dimension-six operators
in Lgpprr can be found in [51]; these particles can be scalars (.5), vector-like fermions (F’) or vector bosons (V).

The complete Lagrangian, including the possibility of mixed terms (those that involve interactions of NP particles with
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Name ‘ U D Q1 Qs Q7 Ty T

Irrep. ‘ (3,1)2 (3,1)

3

(3, 2)1 (3, 2)

6

1 s (32 331 (33):

win

Table 4.1: Vector-like quarks presented in [51] which generate dimension-six contributions to the SMEFT at tree level.

Singlet + Doublet Doublet + Triplet

Modell U+ @1 | Model5 T + Q1
Model2 D+ @y | Model6 T7 + Qs
Model3 U + Q7 | Model 7 15 + Q1
Model4 D+ @5 | Model 8 15 + Q7

Table 4.2: New Physics models to be examined.

different spins), is written in the following manner:

Lyp=Lsu+Ls+Lrp+Ly+Lsp+Lsy +Lyr . (4.10)

mixed

From Appendices C and D of [51], one can identify the NP particles that generate at tree level the operator O, and/or
O4¢: models can be constructed involving a scalar, a pair of scalars (both shown in Figure 4.4), a pair of vector-like
quarks and a mixed case with one scalar and one vector-like quark. Tree level Feynman diagrams for the last two cases
are found in Figure 4.5. Vector-like quarks will henceforth be referred to as VLQs.

In this thesis, models involving pairs of the VLQs in Table 4.1 will be considered: as an example, the operator of
interest O, can be obtained by integrating out the cyan propagators of the diagram on the left in Figure 4.5. The
number of models that can be constructed is finite and can be studied systematically: Table 4.2 shows the particle
content of the models that will be studied, as well as the name with which they will be identified throughout the rest
of the thesis. The presence of pairs implies that, besides the interactions of the heavy quarks with the SM ones, also
interactions between VLQs can be studied. As will be explicitly shown in Section 5.1, the presence of a Yukawa-like
coupling between VLQs is especially important as it appears in the unsuppressed term in the x modifier’s expression
(Equation (4.9)) once the matching has been performed.

The characteristic of VLQs is that their right-handed and left-handed components transform in the same manner under
the SM gauge group. This means that they can have a mass term without requiring the Higgs mechanism since it
would not break gauge symmetry and that they could be very massive without introducing unnaturally big Yukawa-

upR ¢* UR ¢
@ % o
77777777777 ¢----- ¢ R SO o
N . \\<:
qr o8 qL ¢*

Figure 4.4: Feynman diagrams for the contribution of models involving one new scalar (left) or two new scalars (right) to the
operator 0.
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UR L’

-

qr o*

Figure 4.5: Tree level diagrams involving a pair of VLQs (left) and one VLQ and one scalar (right).

like couplings. This is a welcome attribute since the possibility of a further fourth generation of quarks, with Yukawa
couplings bigger than those of the top quark, has already been excluded at LHC [52].

Another promising set of models, which should be the subject of future studies, involves one scalar and one vector-like
quark. For example, a model containing the VLQ singlet U ~ (3,1) 2 and the scalar S ~ (1,1)( can generate the
Ou¢ SMEFT operator by integrating out the cyan lines in the rightmost diagram of Figure 4.5. Such type of model,
using a Vector-like lepton instead of a quark, was shown to result in up to O(10) deviations of the electron Yukawa
coupling [11]; these deviations are expected to be detectable at the FCC-ee.

4.2.1 Motivation for the use of vector-like quarks

Vector-like Quarks often appear in models aiming to address the open questions within the Standard Model [53,54]. For
example, they appear in Composite Higgs models [55-57], Little Higgs models [58], the Left-Right Mirror Model [59],
Top Colour [60,61] and in solutions to the Strong CP problem without the use of axions [62,63].

The focus of the thesis, thought of as a continuation of the work started in [64], will be on the VLQs themselves,
without addressing the above models. In particular, the study of VLQs here is performed in the context of enhancing
the light quark Yukawa couplings.

4.2.2 Lagrangian description
The entire New Physics Lagrangian introduced by [51] involving all seven VLQs reads
Lyp = Lsu + L48+ Ll (4.11)

where the NP contributions have been split into two terms. The first, L%L;d contains the kinetic and massive term for
the VLQs. The interactions with the gauge bosons can be read here; since there are no triplets in the SM, the expression
of the covariant derivative and the interactions with the W+ and Z bosons of the triplets Ty and T5 are reported in
Appendix B. In general, this term is written as

LR =" (i Py — My ) (4.12)
"
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Charges

Field | —3 -1 2 2
U - - U -
D - D - -
Q: - B T -
Qs Y B - -
Q7 - - T X
T T1—4/3 Tl—l /3 le /3 )
Ty A P A oo

Table 4.3: Electric charge assignments for the components of the different VLQs being studied.

The last term in Equation (4.11) instead contains the Yukawa-like interactions of the VLQs with other terms.

—L0 =\y], Updlqr, + [Apl, Dr ¢ qr+

+ [,], Qubur, + [\, | Quuddr, +[Aai), Qsrddirr + Dar, Qrrdun +
=9 TOJ =7 Tt 0'j

+ [An ], Tigo o dLr + [M1], Topd EQLH‘

+ 2\, UL’ Qir + Apg, D16 Qir + A\vg,Uréd' Qrr + Apgs Do Qsr+

g g g g
_ o g O g~ O _ o
+ An0, T1JL¢T§ Qirs + Mo Ti), ¢T§ Qsr + +A150, T§L¢T5 Q1R + M0, T§L¢T§Q7R +hec..
4.13)

The first three lines describe the interactions of the SM quarks with the VLQ singlets, doublets and triplets respec-
tively; the last two lines contain the eight interactions that identify the models in Table 4.2.

We assume that only one generation of VLQs is present and that they couple to only one generation of SM quarks,
either the first or the second (r = 1, 2).

The Feynman rules associated with such Yukawa-like interactions are written in Appendix C.1.

For future reference, the components of the VLQs and their charges under U(1)y are reported in Table 4.3. Besides
the usual quark electric charges +2/3 and —1/3, both the triplets and the ()5 and 7 doublets introduce states with
two new charges, —4/3 and 5/3.

In the next two chapters, the eight models will be studied individually, performing first a matching onto the Warsaw
SMEFT basis and then using these results to extract bounds on the VLQ couplings. Prompted by the recent ATLAS
publication on the search for pair-produced VLQs at LHC [26], in Chapter 7 the branching ratios for the VLQ decay

modes will be studied.
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Chapter 5

Matching

At the beginning of the previous Chapter, it was shown how the introduction of the SMEFT operators O, and O g4

modifies the couplings of the quarks to the Higgs boson and a set of New Physics models that allow such operators to

arise was identified. However, these two operators are not the only ones that can arise: already at the tree level several

other SMEFT operators appear.

Recalling that the goal is to see how big the x4, modifier can be made, it is important to first of all find its expression in

terms of the NP parameters (masses of the VLQs and their couplings to the SM quarks and between themselves) and

to have a way to associate a numerical value to such parameters. This is achieved via the following steps:

1. Identifying the relevant SMEFT operators that are obtained by integrating out the VLQs for each model;

2. Expressing the corresponding Wilson coefficients in terms of the NP parameters through a matching procedure;

3. Using ElectroWeak Precision Observables and Higgs Physics data to obtain bounds on the Wilson coefficients,

that can then be translated in the NP parameters. The study of Flavour Changing Neutral Currents would allow

to extract bounds from Flavour Physics; however, given that the VLQs in our models only couple to either the

first or the second generation quarks but never both at the same time, only very weak bounds can be extracted

from Flavour Physics for the VLQ models. More details are in Appendix D.

Starting from the first point, a SMEFT operator is relevant for this discussion if its presence can affect the Higgs or
ElectroWeak observables used as bounds: the operators of interest are reported in Table 5.1. How SMEFT operators

Tree Level One-Loop
i V*¢*D X2g? $1D?
Oup  (¢10) ((?nguzz) Of;q) (¢TiB#¢)(€7L'7qu) Osc  (610) (GA,GA™) | 04n (616) O (670)
O (010) (@odr) | O (61D, @' v ar) | Oaw  (676) (WIL,W2m) | Opp  |¢t DrJ
_ ] Ops (D) (anrun) | Opn  (616) (BuwB™) | - i
) ) Osa  (6iDud)(dry"dr) | Opws (6767¢) (B, W) | - )
- - Opua (911D, ¢) (urY"dR) - i i ]

Table 5.1: Operators in the Warsaw basis of interest for the experimental tests. The operator in grey only arises in the models

involving the )1 doublet. By definition, QBTBMQS = ¢"(D,¢) — (Do) ¢ and qSTDHJM(b = ¢To? (D, o) — (Do) o’ .
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Operator Wilson Coefficient

Ouslry  zz N Pl luliy + 27z s e | b) — i Dol oo (48,)s
[Oagl,, ﬁ [val,x [/\dl}z [AdlL

9] i Doli Dol

9] iz Dol ],

Oal., ~ziig; [, o],

(Odl,., iz ] [

O, R ANEA

Table 5.2: Tree level matching results for Model 1.

can affect Higgs and Electroweak Observables will be seen in greater detail in Chapter 6, though some points will be

mentioned in this Chapter to motivate the interest in the operators of Table 5.1.

The focus of this chapter is on the matching. It is performed in the following manner:

* For the tree level generated operators, the results by [51] are checked against the output of the MATHEMATICA
[65] package Matchete' [66];

* For the one-loop operators, the Matchete results are cross-checked against the ones provided by SOLD? [67].
An exception is made for the operators Oyp and Ogn which are not included in the current release of SOLD.
These are computed explicitly for each of the eight models. Additionally, for Model 1 also the coefficients for

the four X 2¢? operators of interest will be computed.

Given the length of the coefficients’ expressions after the matching, they will not all be explicitly written out. The
results of the tree level matching are always reported, as well as the expressions and some details regarding their
calculation for Cyp and Cyn. For Model 1, also the coefficients for the operators of the class X 2¢? are presented. The

generation indices are dropped.

51 Modell: Q +U

In the first model, the interactions of the VLQs with the Higgs boson and the SM quarks are described by the following

Lagrangian density,
_LZ]'\%% M1= [)\U]r UR&T(]Lr + [Xél]r QlLé URy + [)\dQl] . Q1L¢ drr + Avg, UL&[ Qir +hec.. 5.1

The results of the tree-level matching are reported in Table 5.2. Notice the dependence on the Yukawa couplings of

the first two Wilson coefficients: given the interest in studying the light quark Yukawa couplings, they are set to zero.

"Matchete (Matching Effective Theories Efficiently) allows to perform tree-level and one-loop matching to dimension six operators in the
Warsaw basis. The user provides the gauge groups, the particle content, the masses and the couplings of the theory and the Lagrangian of the
UV model.

2SOLD (SMEFT One Loop Dictionary) is another MATHEMATICA which only requires as an input the name of the fields and their charges
under the SM gauge group and performs the one-loop matching to a specified Warsaw basis operator.
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This means that the expressions for the x, modifiers for Model 1 are:
L el e = ke =14 v
Mq, My i Pt " ﬂmU¢MQ1MU
[Gd¢]ii =0 = kg =1. (5.3)

(3

[Cugly; = Mol M6 Ave, s (52)

From the expression for &,,, it becomes clear why models involving pairs of VLQs are so interesting for the study of
the Yukawa couplings enhancement: they provide an unsuppressed contribution to the coupling modifiers.
As for the remaining operators in Table 5.2, they are associated with deviations of the quark couplings to the gauge

bosons and are therefore constrained by ElectroWeak Precision Observables (Section 6.1.1).

5.1.1 $*D? class operators

The first pair of one-loop-generated operators to be considered are Oyp and O4n. These operators are relevant for the
Higgs and the Electroweak fit. Indeed, they modify the Higgs kinetic term and a field redefinition is necessary in order

to reobtain the canonical normalisation for the Higgs kinetic term,

¢—i 0 er _v ey — 10 (5.4)
_\/§ (1_|_@h )h—|—1} y kin_AQ fo)m] 4 ¢D | - .

kin
The consequence of the field redefinition is that the couplings of the Higgs h to all the other SM particles are modified.
The result shown in Equation (4.9) gets corrected to

3

h v
kg =1+ Cpyp — \[qu [Caoly; -

(5.5)
In all the models considered in this thesis, sz gets generated at one-loop level only, hence this correction is expected
to be negligible compared to the tree-level contribution, which in turn is enhanced by the factor v/my, that is large for
the first and second family quarks. Additionally, one should notice that it introduces a modification to all the couplings,
including the heavy fermions and massive gauge bosons that are experimentally well-determined (Figure 4.1). The
tree-level definition of the x-modifier in Equation (4.9) is used in the rest of this thesis.

As for the ElectroWeak sector, an exemplary observable which is affected by the presence of the operator Oyp, is the

T parameter [68]. The formal expression and the experimental result [69] at the m 7 scale are expressed below read

T=- Cop,  TP(myz) = 0.06 + 0.06. (5.6)

The matching for Oyp and Oy is performed by computing the four-point Higgs scattering amplitudes in the New
Physics (UV) models and in the SMEFT, and then requiring the two to provide the same description [70]:

My = Mgy + Mgpr- (5.7)

In the NP model, such scattering process is loop-induced, whereas in the EFT both tree level and one-loop diagrams

can contribute. In particular, the Wilson coefficients of interest both appear in MEL;.

There are four operators in the Green’s basis [46] that can contribute to the tree-level SMEFT process, which is
described by the Feynman diagram in Figure 5.1; these operators are listed in Table 5.3. Their Wilson coefficients in
the Green’s basis are, respectively, G40, G4p, 921) p»> and ng, where the choice of using G highlights the fact that the
matching is performed in the Green’s basis. To obtain the explicit expressions for these four coefficients, Equation (5.7)

will be set up for four independent external momentum configurations for the Higgs bosons. Once the expressions are
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b, 1 ¢*, 4
\\\ ,," Warsaw basis only Green’s Basis
PN ¥ Da
ps g M X P2 Qo (910)0(670) | %y (916)(Dug) (DH)
R 'R A xd
Wp o' Duol? tp  (970)Dyu(¢"D1g)
¢, 3 ¢, 2

Table 5.3: Green’s basis ¢* D? class SMEFT operators contributing at tree
level to the four-point Higgs amplitude. In the first column, the two opera-
tors that also appear in the Warsaw basis are reported.

¢*737777 77777 ¢72 ¢*73 7777777777 ¢72 ¢*73 77777 d N ¢72

N

Figure 5.2: The three types of UV diagrams that will be considered, by convention the external momenta are all pointing inwards.
Left: "Box diagram", if the momentum flow is clockwise, the singlets s are of up-type (so either u  or U), if instead the momentum
flow is counter-clockwise then the singlet can only be dr. Center: "Non-planar diagram type 1", if the upper line is oriented left
to right, then the singlet is either up or U, otherwise it is dg. Right: "Non-planar diagram type 2", if the rightmost vertical line is
oriented upwards, the singlet is dg, otherwise it can be either ug or U.

found by solving the linear system with four unknowns, the transition into the Warsaw basis can be done by applying
the results in Appendix B? of [46]:

1
Cpo = Ggo + 59;5]3 : (5.8)

Cop = Gop (5.9)

The labelling shown in Figure 5.1 is employed. The Higgs is charged under SU(2), so the corresponding indices

have to be accounted for. Two delta combinations can arise: 613624 and 54623

split into M = M; 613624 + Mo8'46%3. To simplify the study, only the first combination is considered.

, meaning that the amplitudes can be

Step 1: Identifying and computing relevant UV diagrams.

The interest lies in diagrams that involve at least one vector-like quark since the ones involving only Standard Model
particles would appear on both sides of (5.7) and hence cancel out.

The UV diagrams involve four fermionic propagators and are shown in Figure 5.2, going from left to right they are
labelled as "box", "non-planar type 1" and "non-planar type 2" diagrams. The empty dot is used to indicate that the
lines do not intersect. The doublets d available are ()1 and g, whereas the singlets s are U, v and d. Since they have the
same charges (3, 1) 2, U and u will be called up-type particles. One should notice that in the box diagram the singlets
must either both be up-type or be the d quark, whereas the structure of the non-planar diagrams requires one singlet to
be d and the other to be up-type. This also means that a diagram involving four VLQs can only be of box-type.

Given the interaction Lagrangian in Equation (5.1) and the SM Yukawa Lagrangian in Equation (2.10), the following

particle combinations, extensively reported in Table 5.4, can be built:
1. four VLQs (two @1 and two U quarks is the only combination);

2. three VLQs and one SM quark. The SM quark can be the doublet ¢ or one of the two singlets;

3 Actually, the results in this thesis were found by further assuming that the other terms appearing in the expression for C4p and Cyq in [46]
give a subleading contribution due to the presence of the gauge couplings g1, and gy .
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3. two VLQs and two SM quarks. Depending on whether the two VLQs are placed consecutively or not, the

coupling combination associated with the diagram includes or does not include a SM Yukawa coupling;

4. one VLQ and three SM quarks. In this case there will always be a Standard Model Yukawa coupling dependence.

identifier h. p. L. p. diagram  multiplicity UV coefficient
4 heavy 2U, 20, 0 box 1 Ao, !
2U, 1Q, 1q box 2 Aol? Avg, 2
lu box 2 X 12 Avo, |
3 heavy A5, I [Ava |
1U, 2@ ¥ n.p. type 1 2 ]/\dQl|2 Ao, |?
n.p. type 2 2 NG, PP v |
2U 2q box 1 IAu|*
2u box 1 ])\“1]4
2d box 1 XS, [*
2 21\d |2
n.p. type 1 2 A2
2 heavy lu, 1d p- P A 1A,
21\d |2
n.p. type 2 2 NG, [FING, |
lu, 1q box 4 )\UQI)\Qé*l)\"l}yu and AEQlAélAUyZ
*\yd * x\d *
1U, 1Q1 14, 1q n.p. type 1 4 YA, AU, Au and yg Ao Ao, Au
n.p. type 2 4 yz)\dQl U, AU and yjl)\él U, AU
2u, 1q box 2 ’)\ullz‘yg’
2d, 1 box 2 A 12 |y2
o ’ e
lu, 1d, 1q n.p. type 1 4 Yur, NG, Yd and yu AG AG Yg
1 heavy n.p. type 2 4 yZAZQl)\dQ*l Ya and yu A, A Vi
2q, 1u box 2 IAv 2|2
U n.p. type 1 2 o2 |y3
2. 1d p- typ Au gl
n.p. type 2 2 Ao llyd

Table 5.4: Summary of the different contributions to the UV four-point amplitude. The heavy particle (h.p) and light particle (1.p.)
content are specified, as well as the type of diagram they appear in and the total number of contributing diagrams. The various
contributions to the same diagram type arise from the possibility to arrange the particles in the loops and to change the orientation

of the loop momentum.
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u/d . . u/d
77777 Q< . ; q
q \\ // u/d

u/d

Figure 5.3: The three one-loop Feynman diagrams contributing to M., where one of the vertices involves a SMEFT operator
from Table 5.5.

Number of particles Type of particles EFT operator involved multiplicity

lu, 1q 4
2

1d, 1q 4
2u, 1q 2
2d, 1q 2
ol 2

lu, 2q Q‘q
ol 2

1d, 2q ?i

3
OM 4
1d, 1u, 1q 4

Table 5.5: Summary of the one loop EFT contributions which must be accounted for, classified based on the number of particles
in the loop.

Step 2: Identifying and computing relevant EFT operators.

In the Effective Field Theory calculation, the tree-level diagram in Figure 5.1 and the three different types of one-loop
diagrams in Figure 5.3 are involved.
The tree level diagram receives contributions from the four operators in Table 5.3, whose Feynman rules for the 513624
SU(2)r, index contraction are summarised in Table 5.6.
As for the one-loop contributions, they can be seen as the counterparts of the UV diagrams with two and one heavy
VLQs. Table 5.5 summarises the contributions to the calculation. Besides the particle content, also the type of Effective
vertex and the number of independent contributions provided are listed. The Effective operators’ Wilson coefficients

in these cases are already known from the tree-level matching.

Step 3: Matching.

At this point four independent external momentum configurations P = (p1, p2, p3, p4) have to be chosen:

iPl == (q7 —q,4q, _q> ) ?2 - (q7 q, —q, _q> ) :P3 - (07 07 q, _q) ) {‘]34 == (q7 —q, —q, q) . (5]0)

The linear system that has to be solved can be cast in the form A,, 395 = ba, where the Greek indices label the different
momentum configurations. A,g is a 4 x 4 matrix, while G, and b, are column vectors. The latter is defined as the

difference between the UV and EFT one-loop amplitudes for the four momentum configurations, whereas the first two
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Operator Feynman Rule Operator Feynman Rule
Qyo —iG40 ((P1 + p3)? + (p2 +p4)2) Qp  —i9¢D <p1 - p3 + P2 ‘p4)
Qup —i%D(pl - pa+po -p3> D 9£;D<p?+p§ - p3 —pi)

Table 5.6: Feynman Rules for the Green’s basis operators contributing to the tree level EFT diagram.

are:
~8i 2 -2 0 S
0 2% 2 0 g
[Al,5 = ¢ o Gla =007 (5.11)
2 0 0 -2 S
0 -2 2 0 S

The final results, using Equations (5.8) and (5.9) to move from the Green’s to the Warsaw basis and setting y,, = yq = 0
and My = Mg, = A, are written below.
167°A%Cy = — 2 g ' — 2wl (N, 12+ 203,12+ Aof?) — 2 (1N, 1+ 38, 1
¢D_5UQ1 4UQ1 1+ 1+U 4 1+ 1+
=20 PN, 12 = ol (5.12)
12 5
1672A%€,0 = — —ua,l* + 3 hvan P (10, = [N, 2 = 2100 ?) =2 (13, ' + 136, *) +
3
+ AP, PG, [P = 5wl (5.13)

The results were cross-checked with Matchete and found to be in agreement.

Before moving on to the second class of one-loop generated SMEFT operators, let us point out that the computation
could have been simplified if from the start the SM Yukawa couplings had been set to zero. Indeed, only the tree-
level Effective Field Theory diagram and a reduced number of UV diagrams do not carry a dependence on the SM
Yukawa couplings. For the remaining seven models, this simplification will be performed right from the beginning.
The masses, instead, will be kept separate, with the same mass limit taken only at the end of the matching.

Finally, it is interesting to point out that keeping the Yukawa couplings different from zero and the heavy masses
to be possibly different, a consistency check can be made by requiring momentum independence to hold. Indeed,
when the UV diagrams with one heavy particle and the EFT diagrams are evaluated, terms such as log(M?2/¢?) and
log(u?/q?) respectively appear (where o € {M¢,, My }). From the EFT side, the logarithm is multiplied by Wilson
coefficients and SM couplings, whereas from the UV part a combination of UV and SM parameters appears. In the final
expressions for the Wilson coefficients, one must be able to substitute the Wilson coefficients’ expression in terms of
the UV parameters and cancel out the dependence on ¢2. Indeed, ¢? serves the role of Infrared (IR) regulator and, given
that the UV and Effective Theory have the same IR behaviour, it should cancel during the matching. The parameter
w1 which appears in the logarithm is called the renormalisation scale; it appears when loop calculations are performed
within the dimensional regularisation scheme*. Consider for example the contributions to S¢p involving two down
quarks d and one doublet ¢: from Table 5.4 there are two box diagram contributions from the UV side containing the

heavy 1, whereas from Table 5.5 there are two contributing EFT diagrams, both containing the operator O44. The

*The integration over the internal virtual momentum in loop diagrams can lead to UV divergences. A renormalisation program allows to
identify and remove the divergences. In dimensional regularisation, the dimension of the space being integrated over is reduced by a factor e,
which at the end of the calculations is sent to zero. If the dimension of the space is modified, then also the dimension of the Lagrangian density,
and everything it contains, is affected (recall that, if the dimension of the space considered is d, then the Lagrangian density satisfies [£] = d).
©*€ terms, with o a number, are introduced in the Lagrangian to guarantee that observables, like the electric charge e, maintain their mass
dimension.
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¢a 1 X.U
A\ A/m
B
?*, 2 Xy
Figure 5.4: Tree-level Feynman diagram generated by the operator O x.
o ) o Z ) N I\ ]:::: )
¢*72 77777 XY ¢*72 77777 XY ¢*72 77777 XV
Figure 5.5: The three colour-coded UV diagrams involved in the matching for the O4x operators. The convention for the external
momenta is that of Figure 5.4. Left: "Box diagram"; Center: "Non-planar diagram type 1"; Right: "Non-planar diagram type 2".

system’s solution results in

Ne 1 2yd |2 M3, W Ne 2 1\d |2 w
“oaz Yl Aol Coalog | =5 | | = 7 Ival " 1AG, 171 ( ) 5.14
S¢p D An2 ( zMélfyd |\, " log P + Cyq log 7 S0 lyal [, |“ log e (5.14)

2
Q1 Q1

The logarithmic dependence on the scale p is typical of leading-log solution of the Renormalisation Group Equations,
Equations (3.9) and (3.10). Indeed, what was just recovered is the Cyy contribution to the Renormalisation Group
running of Cyp, in agreement with the model-independent results found in reference [41]. The agreement between
reference [41] and the one-loop matching serves as a further cross-check.

5.1.2 X?2¢? class operators

Let X, be the generic gauge boson. The operator of interest can be written in the general form:

Opx = (¢T¢) (X" X%) (5.15)

where X}, is the field strength tensor associated with X j. The tree-level Feynman diagram generated by O x is shown
in Figure 5.4. These operators are all relevant for Higgs physics: O4¢ introduces a tree-level contribution to the gluon-
gluon fusion production mechanism of the Higgs boson, the other three operators will appear in the modifications to
the Higgs to photon-pair decay channel [71].

To perform the matching, Equation (5.7) requires the study of processes with two gauge bosons and two Higgs doublets
as external states. Also, in this case, both the UV and EFT provide one-loop contributions, but only the EFT can
contribute at the tree level.

From the UV point of view, the allowed diagrams involving at least one vector-like quark all contain four fermionic
propagators; depending on the arrangement of the propagators, the diagrams of Figure 5.5 will be labelled as "box",
"non-planar type 1" and "non-planar type 2" (from left to right). While in the previous study of O4p and Oy there was
a great number of possible particle arrangements in the loops, here the presence of the gauge bosons in two vertices
sets a constraint: in such vertices the incoming and the outgoing quarks must be the same. This was colour-coded in
Figure 5.5.

To see this, one should recall that the interaction between gauge bosons and quarks is picked up from the quark kinetic
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Identifier h.p. Lp. Diagram type Multiplicity
1U, 3Q1 0  box + non-planar 2 1+1
4heavy 33U, 1Q: 0  box + non-planar 2 1+1
2U, 2Q1 0 non-planar 1 2
3U 1g;,  box + non-planar 2 1+1
3 heavy 30 lur box + non-planar 2 1+1
! 1dr box + non-planar 2 1+1
2U 2qr, non-planar 1 2
2 heavy 2uR non-planar 1 2
2@
2dp non-planar 1 2
1U 3qr,  box + non-planar 2 1+1
1 heavy 10 3dr box+ non-planar 2 1+1
! 3ur box + non-planar 2 1+1

Table 5.7: UV diagram contributions. All of these contributions are relevant in the matching for the Cy and Cyp coefficients, the
diagrams in which a singlet would have to interact with a weak gauge boson X Z must be removed when dealing with the SMEFT
operators Oy and Ogw B.

term. If ¢/ denotes the generic quark, its kinetic term is:

Ly = biy® (O + ig TAGE +igLm Wi +igy YyuBy) .
The resulting Feynman rules are reported in Appendix C.2. The allowed combinations are then summarised in Table
5.7: considering that all the quarks couple to 5,, and Gﬁ while the singlets do not interact with the weak bosons W7,
for €4 and Cyp all the contributions in Table 5.7 contribute, while six less need to be computed for €4y and ten

less for Cyyy. This will be addressed in more detail in the relevant sections.

As for the EFT contributions, the tree-level operators will be dealt with individually in the appropriate subsections; the
one-loop contributions are shown explicitly for the first operator. For the other three cases, it is sufficient to replace
the Gluon with the gauge boson of interest.

Considering that the gauge bosons are massless and the presence of the polarisation vectors, some simplifications can

be made. Using the momentum labelling in Figure 5.4, these simplifications are defined as:
* kinematic simplification: pg = 0and p?l =0
* transversality simplification: p3 - €3 = €4 - pg = 0.
Finally, the transformation from the Green’s to the Warsaw basis is trivial for the coefficients in the X2¢? class [46]:
Cox = Gpx - (5.16)

Even though there might be more than one operator contributing to the tree-level process, the solution of the linear
system constructed by picking different external momentum configurations already supplies the Wilson coefficient in

the Warsaw basis.
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1----- <« GA
¢7 qL C3 'LL
Urc, ¥ AdLco
qL Cc1
¢*,2---- ey GB

Figure 5.6: UV box diagram involving one VLQ where the colour indices have been explicitly written out.

A A

o, 1 G, o, 1 e G

%, 2 G5 %, 2 e GB
(a) EFT tree level diagram. (b) EFT trinagle one-loop diagram. (c) EFT oval one-loop diagram.

Figure 5.7: Feynman diagrams with EFT vertices which could contribute to the matching of C4g. A fourth diagram can be
obtained from the third by exchanging the two gluons. In the one-loop diagrams, the internal momenta can oriented clockwise or
counter-clockwise.

5.1.2.1 Operator Oy¢

The first case to be studied is the operator Oy, which appears in the Lagrangian density as:
LSMEFT D) €¢GO¢G = @¢G(¢T¢) (GﬁVGA“V) . (5.17)

UV diagrams.

The UV diagrams in Table 5.7 are all involved since every quark can interact with the Gluons.

Gellmann matrices are present in the Gluon vertices, so it is of interest to study the colour index contractions’. In all
three types of UV diagrams, the contraction results in a factor %5‘43 . For example, the Feynman diagram in Figure 5.6

was obtained by specifying the colour indices of the quarks in the loop; the index contraction is performed as follows:

MNEoAB M NB 1
5c1 6460463 ; ? # =Tr {22] = iéAB' (5.18)

EFT diagrams
The EFT diagrams that can contribute to the matching of €y are shown in Figure 5.7, they are:

* The tree level diagram in Figure 5.7a, which is associated with the UV diagrams with four heavy VLQs whose
propagators have been shrunk to a point. There is only one SMEFT operator in the Green’s basis that can

generate such diagram, which is the operator of interest Oy

* The one-loop diagram in Figure 5.7b, that involves three SM quark propagators and an EFT vertex containing

two quarks and two Higgs doublets. Its UV counterpart are the diagrams with one heavy VLQ;

* Finally, the UV diagrams involving two heavy particles have as EFT counterpart the diagram in Figure 5.7c. In

this case the Effective vertex involves two Higgs doublets, a gluon and two SM quarks.

Considering both one-loop diagrams, all the operators in Table 5.8 can contribute. The colour cyan is used to highlight
the operators that, once the SM equations of motion are used to go to the Warsaw basis, are no longer present. It

turns out that the knowledge of the expressions for the Wilson coefficients associated to the operators in Table 5.8 is
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Operator Definition Operator Definition

Of;q) <¢*i5u¢> (qy"qr) Osu <¢T¢BM¢> (@py uR)
04y (¢19) <WqL> 0L (o%) <amzz>uR>
Oéﬁ? <¢TiDj“¢> (@o™"q)  Oga <¢TiBu¢> (dry"dr)

Table 5.8: Dimension six operators involved in the EFT computation for the €, matching in the Green’s basis. The cyan ones
appear only in the Greens’ basis.

. A

o1 g %
R az,

// qk B

6,2 U Gt

with explicit weak structure.

Figure 5.8: EFT triangle diagram involving the operator (‘)f;;)

not required: the combination of the kinematic and transversality simplifications, of the weak index contraction and
of the fact that the diagrams appear in pairs with different internal momenta leads to having an overall null one-loop

contribution from the Effective theory side.

The Wilson coefficient, setting the Yukawa matrices to be zero and the masses of the VLQs to be the same A, is

2
1672A%C ¢ = %s (W’f AL 2 4 gl - 2\AUQ1\2> . (5.19)

Before moving on to the next operator, an example of how also index contractions can reduce the number of involved
diagrams is shown. Weak index contraction shows that Ofijz) gives a null contribution: using as reference the diagram

in Figure 5.8 and the Feynman Rules reported in Appendix C.3, weak index contraction leads to

Uglo'g]gfsijajk = (2(52]4511' — 5125%) 5ij5jk = 2523'51]' — 6125]']' = 2512 — 2512 =0. (520)
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Operator Category Definition Feynman Rule after Transversality and Kinematics
O4B X2 ¢? (¢'¢) B B 4iCyc (phpl — p3 - Pagh”)
<~
OBD¢ $*X D? 0, B*¥ <i¢TDM¢> 0

Opg ¢*D*  (D,DF¢) (D,D"¢) Y263 Sps (9" (P} + p3) — 4(P5PY + PhY))

Table 5.9: Green’s basis operators contributing to the tree level EFT diagram for the matching of O4p. The first one is also present
in the Warsaw basis.

5.1.2.2 Operator Oyp

From the UV point of view, all the contributions in Table 5.7 appear. The only difference with respect to the previous
case is that instead of a Gell-Mann matrix, the hypercharge of the quarks entering and exiting is picked up at the
interaction vertex (for the Feynman rule of quark interactions with the B, boson, see Appendix C.2).

Moving to the EFT side, the tree level diagram in Figure 5.4 with X,, = B, can be generated by the three operators in
Table 5.9. The first one belongs to the Warsaw basis, the other two appear in the Green’s basis®. Besides the name and
definition of the operators, also the Feynman rules are listed.

Transversality and kinematic simplifications allow us to recognize that the contribution of the O pp operator is null.
Let us show this: first of all, pick up the two B, contributions,

<~
QWWZQHWGJDWJDﬁﬂﬁ%”—WB%i@wU%@.

At this point, notice that the two derivatives act on the same gauge boson field, therefore only the following combina-

tions are generated when moving to momentum space:

nw, v w, v 2 v 2 v
P3P3, PyPi : pig"” & p3g” ~ (5.21)
—_——
contribution vanishes due to transversality contribution vanishes due to kinematics

So a two-equation system has to be set up and solved.

The EFT one-loop diagrams can be recovered by Figure 5.7 by substituting the gluons with B, bosons, the involved
operators are still those listed in Table 5.8.

The final expression for the Wilson coefficient associated with Oyp is

1 ) ) 143
167°A%Csp = g3 | =M, P+ =&, P + ==\l — — | venl? ) - 5.22

The masses of the VLQ were set to be the same and the Yukawa matrices were set to zero from the beginning.

SThe first B,, boson is picked up from the field strength term, the second comes from the Higgs doublet’s covariant derivative
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b 1o Bud g1 Bud ¢ 1---- e By, 4

¢* 2 W3 PR, 2 W), 3 ¢ 2---- Wy, 3

Figure 5.9: Allowed singlet (green) and doublet (grey) arrangements in the UV one-loop diagrams involving two Higgs doublets,
one B and one W gauge bosons.

Identifier h.p. Lp. Diagram type Multiplicity
1U, 3Q1 0  box + non planar 1 1+1
4 heavy
2U, 201 0 non planar 2 1
3 heavy 30, lur box + non planar 1 1+1
1dr box + non planar 1 1+1
2U 2qr, non planar 2 1
2 heavy 20 2up non planar 2 1
! 2dp non planar 2 1
1 heavy 1U 3qr,  box + non planar 1 1+1

Table 5.10: UV diagram contributions to the matching of the O 4w p operator.

5.1.2.3 Operator Oy g.

The matching of the NP model to the operator O 4y p is the only case in which two different gauge bosons are involved.
As shown in Figure 5.9, in the UV one-loop diagrams the presence of one vertex involving W3, which only couples to
the doublets, constrains the particles’ placement in the loops. The final counting of the UV contributions is summarised
in Table 5.10.

As for the EFT side, there are a total number of four Green’s operators which can provide the fields of interest. The
different contributions are listed in Table 5.11, along with their Feynman rules after accounting for kinematic and

transversality constraints.

The final expression for the Wilson coefficient in the same mass limit is:

1 1 1 19
16m2A%Cywp = — B i N D Y S LR ¥ iy D Yo7 ol I 5.23
A Cyw ngy<12| S+ ST+ Aol = plval (5.23)
Operator | Category Definition Feynman Rule after kinematics and transversality
Opwp | X2¢*  (¢Td’9) (W), B") 2iCyw B(PsDY — 3 - Pagh” )0’
<~
Owpe | #*XD? DWW (¢1iD?,¢) 0
s

Oppy | #*XD?  0,B*(¢1iD,9) 0
Ops | ¢*D*  (D.D'¢){(D,D"$) igrgyYsSpe ((PT+p3)g" — 2(phps + piph)) o

Table 5.11: EFT operators contributing to the tree-level diagram of interest for the matching of O4w . All four can be found in
the Green’s basis, but only the first remains in the Warsaw basis after the equations of motion have been applied.
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Identifier h.p. Lp. Diagram type Multiplicity
4heavy 1U, 3Q1 0  box + non planar 1 1+1
lur box + non planar 1 1+1
3 heavy 3G 1dr box + non planar 1 1+1
1 heavy 1U 3qr,  box + non planar 1 1+1

Table 5.12: UV diagram contributions to the matching to the Cy4y coefficient.

5.1.2.4 Operator Oy

Out of the four matching computations performed in this section, this one involves the least number of diagrams.
Indeed, compared to the previous case the number of vertices containing Wg has been increased to two. The counting
is summarised in Table 5.12, from which one can appreciate how the non-planar type 2 diagrams no longer provide
any contribution. Indeed, while in the other two types of UV diagrams the vertices involving the gauge bosons are
connected by only one propagator, in type 2 two propagators are used to go from one gauge boson vertex to the other,
passing through a Yukawa interaction vertex. Yukawa interactions in this model involve a Higgs doublet, a quark
doublet and a singlet: a non-planar type 2 diagram would lead to having a singlet entering in the TV vertex.

At the interaction vertices with the W bosons, the Pauli matrices are picked up. The study of the weak index construc-

tion is more subtle in this case as two contributions, one proportional to 6%, the other to €% ¢* | arise.

< ”fﬂ
d)17p17777 i u7p4 j 3 99 JIK

13 g, g €

i ar, , €la—312 020 o — ey [ — G i o X ) €0 =
L‘“‘/gv ) A(]ZIQ '3 2 2 i '3 4 s 4 B “

71 <

qr 1 i
N Wi, ps = —1593512 + Zemagﬁ . (5.24)

However, the Feynman rule obtained for the operator Oy, Table 5.13, only contains a term proportional to 6%, This

motivates the further simplification’ of keeping only terms proportional to 7.

From the EFT side, three operators in the Green’s basis can contribute to the tree-level diagram.
Once the presence of the transversality and kinematic constraints are accounted for, the expression for the Wilson
coefficient is found to be.

167202y = g <1|AU|2 - 7|AUQ1|2> . (5.25)
8 40
Operator | Category Definition Feynman Rules after transversality and kinematics
Ogw X2¢? (¢t o) (W, W) 4iCyw (ph Py — p3 - Pagh”) 6%
Owpe | ¢*XD? DWW’ W(wgf’uqs) 0
Opy | ¢*D*  (DuD"$)'(D,D"¢)  igiSpe (¢ (p] +p3) — Alpsph + phpY)) &%

Table 5.13: SMEFT operators contributing to the tree level EFT diagram containing two Higgs doublets and two W’ gauge
bosons. All three belong to the Green’s basis, but only the first remains also in the Warsaw basis. The Feynman rules being shown
have already taken into account the transversality and kinematic constraints.

"The goal of this part of the thesis was to reproduce the results provided by the MATHEMATICA packages SOLD and Matchete, however
another verification of the calculations performed here is to identify all the other contributions proportional to €’9%
out in the final result.

and verify that they cancel
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Operator Wilson Coefficient

[Oucb]rp ﬁ [Yul e [)‘321}: { %1]1,

), st ol ],

Oael,, i Wiy W0l oL} + ayta e 24,

[

[O((;q)}w —nrz Molp Aol
[ogj’;)}rp —arz Aol ol
[Ogul,,, _ﬁ {)‘51} » {Xél}:
[Ogdl,, ﬁ [/\dl}p [/\dl}:
Opual,, wg, [, [,

Table 5.14: Tree level matching for Model 2.

5.2 Model 2: ), + D

The NP interaction Lagrangian for Model 2 is given by

—LNp a2 = [Apl, @LrdDr + P\él]r Qirdur, + [)‘dQlL Q129 dr, + Apo, Q1.6 D + hec. (5.26)

The results of the tree-level matching are given in Table 5.14. Setting the light quark Yukawa couplings to zero, the
up-type quark modifier is x,,, = 1, while for the down-sector the modifier reads

v3

V2mg, MpMq,

kg, = 1+ ]! {)\dQl]i ADO, - (5.27)

For the Cyp and Cyp coefficients, accounting for the contributions in Table 5.15 where the Yukawa couplings are set

to zero, one finds in the same mass limit:
16720250 = — £ PApaul* = T PApay [ (186, + 210,12 + o l?) = 3 (1N, 11 + 138, 14)
= 2|06, P12, 17 = 1Apl*, (5.28)
167°A%Csp = — T Apa | + 5y (1N, = 1N, P — 210 P) — 2 (136,11 + 136, 1)

. 3
+ 4G, NG, [* = 51l (5.29)

Identifier h. p. L p.  diagram  multiplicity Identifier h.p. L p. diagram  multiplicity

4heavy 2D,2¢; O box 1 2D 2 box 1
2D, 107 1q box 2 2u box 1
1d box 2 2 heavy 2d box 1
3 heavy 201
1D, 2¢4 n.p. type 1 2 n.p. type 1 2
lu lu, 1d
n.p. type 2 2 n.p. type 2 2

Table 5.15: Summary of the different contributions accounted for in the UV diagrams for the matching of Oy p and O4n of Model
2, organised based on the number and type of heavy particles (h.p.) present and the type of light particles (L.p.). As for Model 1,
the UV diagrams can be a box or the two types of non-planar (n.p.) diagrams.
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Operator Wilson Coefficient

[OU¢]rp @ [yu]rs [)\Q7]: P‘Q?]p + ﬁ [yu]sp [/\U]s [)‘U]: - m [)‘U]:' [AQ7]p AUQ?

1 *
(065 o Mol, Aol

3 *
(065 ~az Aol Aol
[O¢U]’r’p @ P‘Q7]: [ Q7]p

Table 5.16: Tree level matching for Model 3.

5.3 Model 3: Q; +U

The Yukawa-like interactions of the Model 3’s VLQ content, where Q7 ~ (3, 2) 7 is described by

—L%% vrs = [\l Urd' anr + [Aqs), Qrrd ury + Aug,Urd QL + hec. (5.30)

From this expression, the absence of d quarks in the tree-level generated operators (Table 5.16) and in the UV one-loop
diagrams contributing to the €4p and €y matching (Table 5.17) is expected. This means that for this model, kg, = 1
exactly, while in the previous two models one of the modifiers was equal to 1 up to corrections proportional to the
Yukawa couplings.

The up-type quark modifier in this case is

v3

K = 1+
" ﬂmUiMUMCh

[)‘U];k P‘Q7]i )‘UQ7 . (5.3

Finally, the Wilson coefficients for the two ¢*D? operators are found by following the same steps used in Model 1.

Their final expression, having set My = Mg, = A, is

6 5 3
167%A%Cyn = — S|AUQ7|4 + 1|AUQ7|2 (Ao l? = 2[hg.1?) — Aol = Z|AQ7\4, (5.32)
12 5 3
16W2A2G¢D - €|>‘UQ7‘4 + §|)‘UQ7|2 (2|)‘U|2 - |/\Q7|2) - §|)‘U|4 - 2|)‘Q7|4' (5.33)
Identifier h.p. Lp. Diagram Multeplicity
4 heavy 2Q7,2U 0 Box 1
2 Q7, 1U 1 UR Box
3 heavy
1Q7,2U 1q; Non-planar type 1 2
2 2 B
2 heavy @r U ox
2U 2qr, Box

Table 5.17: One-loop diagrams contributing to the UV four point Higgs function for Model 3. In this model there are no down-
type particle contributions.
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Operator Wilson Coefficient

Od¢]rp ﬁ [yd]sp [)‘D]s [AD]: 2M2 [)\Qo] [AQS]: [yd]rs W [/\D] [)‘Qs} ADQS

[

[Oé’lq)]rp 4M2 [)‘D] [/\D]j
|:O<(t>3q)]rp 4M2 P‘D] [)‘D]:
[O¢dl,, — 35 [AQQ] [Aqsl,

Table 5.18: Operators generated at the tree level in Model 4 along with their Wilson coefficients in terms of the VLQ masses and
couplings.

5.4 Model 4: Q5 + D

Model 4 introduces, besides D which has the same quantum numbers of the SM down singlet, the doublet Q)5 ~
(3,2)_s, with interactions described by
6

—L¥b ara = Ap), @ Dr + [Mgs), @scddrr + Aps Q506 Dk + hec. (5.34)

This model is complementary to the previous one as it does not involve the u singlets. From Table 5.18 we can read
Ky, = 1, while the down-type coupling modifier is
V3

=1 A A A 5.35
Kd; =1+ NI MDMQJ[ pli [A@sl; Ap@s - (5.35)

The Wilson coefficients for the Oyn and O4p operators, evaluating the diagrams presented in Table 5.19 in the same

mass limit, are

6 5 3
16W2A2€¢‘:‘ = 5|)‘DQ5|4 + Z|>‘DQ5|2 (|>‘D|2 - 2’)‘Q5|2) - ’)‘D|4 - 1|>‘Q5’4’ (5.36)

12 5 3
1672A%Cyp = — €|ADQ5|4 + 5yADQSF (2[Ap]* = |Agsl?) — 5|AQ5|4 —2|Ap|*. (5.37)

These are tied to the results for Model 3 by performing the replacements

>\U — )\D R )\Q7 —> )‘Qs s )\UQ7 —> )\DQ5 . (5.38)
Identifier h.p. Lp. Diagram type Multeplicity
4 heavy 2Qs5,2D 0 Box 1
2 Q5, 1D 1 dR Box
3 heavy
1Q5,2D 1qr Non Planar type 1 2
2 2d Bo 1
2 heavy @s n *
2D 2qr, Box 1

Table 5.19: One-loop diagrams involving Model 4’s VLQ content contributing to the UV four point Higgs function.
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Operator Wilson Coefficient

Ouslry | 3otz bl [N,] [¥6.], + b iy P D = i Pl 2]
[Oul, @[ym [Aél}p[%l}ﬁﬁw@ e s = i dnn Pl 3]
%], 5 Dl D,

9] i Dl D,

[O4ul,, 2M2 [)\“ ]r [Xél}p

[Odl,., T [Ad } [Adl]p

[Ogudl,, th {A“ } P‘Z?J,,

Table 5.20: Tree-level matching results for Model 5.

5.5 Model 5: Q; + T

Model 5 is the first model which introduces an SU(2) triplet, 71 ~ (3,3)_1. Its Yukawa-like interactions with the SM
3
and with the ()1 doublet read

. . _ A A —
—L%p s = [Ny, Qurour, + {)\dQlL Qi dr, + [T21]T Tipoto’ qrr + T;Ql 1!, ¢'0” Qs +hec.. (5.39)

The tree level matching results are reported in Table 5.20; in this model, both coupling modifiers deviate from 1. Their

CXpI’CSSiOHS are:

3 1}3

+
4\/§mdz‘MTl Mg,

v
Ky, =1+ Al A , Kg =1
Uuj 2\[mu MT1MQ1 [ } [ T1] T1Q1 d;

[Agh} M li Mg, - (5.40)

Finally, the matching for €45 and Cy4p receives the contributions in Table 5.21; the coefficients in the same mass limit

are:
1672020 = — Smaul + o i (413, — 30 ) — 2 (16,14 + 13, )
—2|X%, PN |2 — ZMTJ“, (5.41)
16720200 =~ S Pmault — 1ol (21, = 2030, 1y 2) = 2 (1,14 + 13, )
AN, PING, P~ 2D (542
Identifier h.p. Lp.  Diagram  Mult.  [dentifier h.p. Lp. Diagram  Mult.
4heavy 27,201 O Box 2 2T 2q, Box 2
271,101 1gqg Box 4 2 heavy 2up Box 1
3heavy 177,2Q1 1lug np-type | 2 2@ 2dn Box :
n.p. type 2 2 Vdg, lup n.p. type 1 2
171,2Q1 1dg Box 4 n.p. type 2 2

Table 5.21: Summary of the different contributions accounted for in the UV diagrams with Model 5°s particle content.
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Operator Wilson Coefficient

Ou¢]rp @ [yu]sp [)\Tl]s [)\TI]:

Odgl,., @ [alok [Aasl, Aol + ﬁ Walyp A1l Ay + mAEQs (A1 ]; [Aasl,

[

[Ofﬁlfl)}rp 16M2 [)‘T1] [)\Tl]
[Oflil)}rp 16M2 [/\T1] [/\T1]
[0¢dl,, —a [AQJ [Aqsl,,

Table 5.22: Tree-level matching for Model 6.

5.6 Model 6: Qs + T}

The interaction NP Lagrangian density for Model 6 reads

— Lot s = s, Qsrddrr + My, Tik . qu + Ao, Ti1 ¢T* Qsr + h.c. (5.43)

The tree-level generated Warsaw operators are set in Table 5.22, together with the expressions for the Wilson coeffi-
cients after the matching. The expression for the down-type modifier is
03

=1- A A A . 5.44
Kd; 4\/§mdiMT1MQ5 [ T1] [ Qs] T1Qs ( )

The up-type quark coupling modifier is instead x,,; = 1 once the SM Yukawa couplings have been set to zero.

Table 5.23 summarises the UV contributions to the matching for €45 and €4 p, whose expressions in the same mass

limit are, respectively,

3 15 1 3
167T2A2€¢‘3 = §|)‘T1Q5|4 - @|>‘Tle|2|)‘T1|2 - 1|>‘T1‘4 - Z|)‘Q5|4a (5.45)
3 15 19
16W2A2€¢D == Z|>‘T1Q5|4 - T6|AT1Q5‘2 (2|>\Q5|2 - |)‘T1|2) - §|)‘T1|4 - 2|)‘Q5|4' (5.46)
Identifier h.p. Lp. Diagram  Multiplicity
4 heavy 277, 2Qs5 0 Box 2
n.p. type 1 2
271,1Q5 1qg
3 heavy n.p. type 2 2
1 Tl, 2 Q5 1 dR Box 4
2T 2 Box 2
2 heavy ! o
2 Q5 2 dR Box 2

Table 5.23: Summary of the different contributions accounted for in the UV diagrams with Model 6’s particle content.
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Coefficient Matching result

Oul” | s3tz- [ zgluxgl}ﬁ@[yu}kp el )y = gt A Pl | gyl}
[Oul, @[yd]rk [Aéjp[AéJﬁﬁwd]k e s = g A Pl 3]
%], o Dl Dol

[Oé?;)}m 16M2 (A1, A1)y

Oal, -ag, o] [,

[Odl,., i [/\d ] [/\dl}p

Ooul, s Do) 4,

Table 5.24: Tree-level matching for Model 7.

5.7 Model 7: Q, + 15

The last VLQ introduced in [51] is another triplet, T5 ~ (3, 2)
as described by the following Lagrangian density

. It interacts with the SM doublets and the ()1 doublet

2
3

[)\TQ]

4 L _ o Y L
—LpMT = [N, Quudur, + [/\dQ1L Qrddrr + =5 Tspoloqr, + %Ql T51.0'0" Qi +he.. (547)

In Tables 5.24 and 5.25 the tree-level matching results and the UV diagrams required for the calculation of Cyn and
Cyp are respectively shown. The coupling modifiers for Model 7 are:

3 v3

v
Ky =14 AL NS T Ano. kg =1+ A [A }/\ (548
1 4ﬂmuiMQ11MT2 | TZ} [ QJ o @ QﬁmdiMQlMTz | TQ] o @ ( )

The Cyp and Cyn coefficients read

3 15 3
1672A%€0 = — S Pnau ' + o Pna (400, 7 = 3n ) — S (16,1 + 136, 1)

1
=22, PG, [* = 7 At (5.49)
3 15
16m2A%Cyp = — e 1t + 6 (2%1 1 —2|A8, > - \ABP) —2 (|xgh|4 + |)\él\4)
19
+ 4G, PG, F = 5 Pl (5.50)
Identifier h.p. Lp Diagram  Mult. Identifier h.p. Ip Diagram  Mult.
4 heavy 2 TQ, 2 Ql 0 Box 2 2 T2 2 qr Box 2
171,201 1gqg Box 4 2up Box 1
3 heavy lug Box 4 2 heavy 20, 2dg Box 1
2T5,1h Ly, [P-type 1 2 Ldp. Lup np. typel 2
f n.p. type 2 2 n.p. type 2 2

Table 5.25: Contributing UV diagrams for Model 7 to the matching for C4n and €4 p coefficients.
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Coefficient Wilson Coefficient
[Ougl,, @ Wal s Aarl, Porly + @ Wulkp Do)k D]} + da5 3, M Py D,
[Odg],,, @ Yalyp (A1) A,
ou], i Dl Dol
o], e P, Dy
[Ogul,,, @ [Aa-lr Aorl,

Table 5.26: Tree-level matching for Model 8.

5.8 Model 8: Q; + Tp

The interaction NP Lagrangian density for this model reads

‘ _ Moo o - A .
— L s = (A0 )sQrrd ups + (22) Tshdtotqrs + <T;Q7) Tsr ¢To*Qrr + hec.. (5.51)

The non-trivial coupling modifier in this case regards the up-sector. Using the tree-level matching results in Table 5.26,

the k-parameter reads

v3

l 4\/§mu¢MT2MQ7 [ Q7]'L[ TQ]Z T2Q7 ( )

To conclude, the final expressions for the coefficients €45 and Cyp after the matching in the same mass limit are:

3 15 1 3
167T2A2(‘3¢|3 = §|/\T2Q7|4 - @‘AT2Q7‘2’/\Q7|2 - Z’)\T2’4 - 1|)‘Q7‘47 (5.53)

3 15 19
16W2A26¢D = *’/\T2Q7|4 - 7‘)\T2Q7‘2 (2’/\627‘2 - |>‘T2|2) - 7‘)\T2‘4 - 2|/\Q7‘4- (5.54)
4 16 32

The UV contributions in this case are found in Table 5.27.

At this point, having concluded the matching, it is possible to move on to the next Chapter, in which the bounds on the

parameters arising from Higgs Physics and ElectroWeak Precision Observables will be discussed.

Identifier h.p. Lp. Diagram  Multeplicity

4 heavy 275, 2Q7 0 Box 2

1T2, 2@7 1 UR Box

3 heavy n.p. type 1
2T27 1Q7 IQL
n.p. type 2 2
2 2 Bo
2 heavy Qr Hr *
2T2 2qL Box

Table 5.27: UV diagrams involved in the calculation of C4n and C4p for Model 8.
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Chapter 6

Experimental Tests

With the matching results from the previous chapter, the parameter space of the VLQ Yukawa-like couplings can be
constrained for each of the models. Once the bounds on the couplings have been found, the deviations of the SM
quarks’ Yukawa couplings can be quantified within the x-parametrisation and compared with the results available in
the literature (Table 1.1). The mass of the VLQs is set to be A = 2 TeV for the rest of this chapter.

Given the assumption that the VLQs only couple to one generation of SM quarks and the consequent exclusion of
strong bounds from flavour physics, the effects of introducing SMEFT operators on ElectroWeak Precision Observ-
ables (EWPO) and on Higgs Physics (HP) were considered. Let {O, },, be the set of observables pertaining to either
HP or EWPO; for each observable, there is an associated theoretical value denoted by O* and an experimental value
045", Regarding the theoretical values, if OgM denotes the SM prediction for a given observable, the presence of
SMEFT operators introduces a deviation 605MFFT which can be expressed in terms of the Wilson coefficients and
therefore scales as A 2. Considering, for example, the calculation of cross-sections, one finds
1

A2

1 * * —
Ma=g|® ~ [Msnr|® + —5 (MEaMazs + MsyMj_g) + O(A™). (6.1)

o | Mg + e

The squared dimension-six contribution is dropped since it is more suppressed than the other terms. The theoretical
SMEFT predictions read
Ol = OM + sOMEET (6.2)

The experimental and theoretical values for the observables are used to construct the x? function as

X?EWPO/HP = Z(ngp - Ogh)(U_Q)aﬁ(OZ’Ip - Ofg’h) ) (6.3)
af

where (072),4 is the inverse of the covariance matrix, which describes the correlation between the different observ-

ables. The x? has a known statistical distribution and is used to test statistical hypotheses [72]: provided a number

of degrees of freedom N and a fixed Confidence Level (CL), a threshold value x> = x?(N,CL) is associated. Let
2 min

XEW PO/ HP be the minimum of the function just built: two sets of bounds are found by imposing CL= 68% and
CL= 95% and graphically studying

XZEWPO/HP < X2Erlr/lli/nPO/HP +X*(N,0.68), XQEWPO/HP = XJQEHI/]Ii/nPO/HP +X*(N,0.95) . (6.4)

At this point, the model independence guaranteed by the use of SMEFT becomes clear: the y? function is entirely

constructed within the SMEFT, with no knowledge concerning the original NP model. Model dependence is intro-
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duced by substituting the matching results found in the previous chapter. The number of degrees of freedom is given
by the number of couplings in the NP model. The regions of the parameter space that do not satisfy Equation (6.4) are
excluded with a CL equal to 68% and 95%.

The HP and EWPO cases are studied independently only for Model 1 coupled to the first generation of quarks; for
the remaining models and for the second generation a combined fit is performed, obtained by considering the total

x2-function defined as X% = X%{ pt X2EW PO-

6.1 ElectroWeak Physics

The presence of the 1?¢? D-class operators, of O¢p and of Oy p modifies the couplings of the massive gauge bosons
to the quarks, thus affecting the EWPOs. In this section the form of the modifications is first of all investigated, then
the ElectroWeak X2 function is constructed following [70, 73].

6.1.1 WW* and Z boson coupling to quarks

First of all, the effects of the operators in the 9?¢2D-class of Table 5.1 are presented. Such operators are always
generated at the tree level by the models considered in this thesis. All these operators involve a product of two terms:
one is a quark current while the other contains a pair of Higgs doublets and the covariant derivative, from which the
gauge bosons are picked up. Based on how the latter term is constructed, the study of these operators can be divided
into three cases:

e —_
* Ogu, Opq and O((;q) can be generalised to (¢1iD,,¢) ()y*1)), where ¥ = ug, dg, qr, respectively. Considering

only the contents of the first parenthesis, picking up the Wg and B, from the covariant derivatives, substituting

Yy = % and performing SSB, the quark currents will be multiplied by

Egs.(2.12) (2.14) 2
5 gL

2cosfy 6.5)

D t(ar OW?
6'iDu6 > =o' (910" W) + gy By )
All three operators cause a modification to the Z boson couplings to the SM quarks;

g
. Ogil) = (¢1iD?,¢) (qro’+*qy): this will generate deviations in the couplings of both the Z and the W bosons.

Again considering only the Higgs structure, the quark current will be multiplied by

A
$tiD? > —o! %Wf (0’o* + 0%6") +gyBuo” | 6,
—_——

{07,0%}=25%91

Eq.2.12) 2
> T (gLW,i 0+ gLWi 6% + (gL W) — gYBu)fsgj) )
Egs.2.13)2.14) 22 [ g, ) JL «vr ) gr
_U Iy (5” 529) IL (5”— 523) Itz . (6.6
2[\/5 : )R ) costw ©0

* Opud = (éTiDN(ﬁ) (@ry"dg): this gives rise to the interaction of the charged gauge bosons W* with right-
handed SM quarks,

Egs.(2.12) (2.13) 02
> IV wit . 6.7)

2v/2 H

The operator O 4,4 is non-hermitian, so it appears in the SMEFT Lagrangian along with its hermitian conjugate

(@'iD,g) > &t (%03W3+ng¢BM> ¢

that introduces an interaction term of the W~ to the right-handed quarks. The coupling of the W bosons
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Figure 6.1: Feynman diagrams for the Z boson two-point function at the SM tree level (left) and the correction due to the SMEFT
operators Q4w p and Ogp once the Higgs boson has assumed its vacuum expectation value (right).

to right-handed quarks induced by the Og,q+ h.c. is absent in the SM; Equation (6.1) then states that these
deviations only enter the W -pole observables quadratically since there is no interference term between SM and
dimension-six contributions. The contributions due to O4,q+h.c. are neglected given that they are suppressed
by A%, while for all the other operators an interference term with the SM prediction is present and leads to

contribution suppressed only by A2

While the previous effects are quark-family dependent (there are family indices in the quark currents), the effects of
the loop generate operators Ogy g and Oy p turn out to be family-universal.

In the broken phase the Oyp and Oy p operators cause a deviation in the Z-boson mass (as a correction to the Z
two-point function, as shown in Figure 6.1) and the Weinberg angle 6y associated to the rotation from the interaction

T
to the mass basis. Substituting ¢ = <0 v/ \/§> into the expressions for the two operators, one finds:

2

v /U v
eww(wﬂg(wﬁBﬂ) — S CowsWi,B", 6.8)
U4 2
Copld' Dugl®  — E%D (—gLW3 +9vBu)" . (6.9)

The ElectroWeak Lagrangian, accounting for some of the SM terms and these two SMEFT operators reads

1 , 1 , v , v v? 2
LsMEFT D —ZleVWj'u — ZBMVB'u — ?€'¢WBW3VB“ + § (1 + 2G¢D> (—gLW5 —i—gYBM) . (6.10)

It is therefore possible to identify the modifications to the rotation into the mass basis, the tangent of the Weinberg
angle and the Z boson mass scale, in agreement with the results of [42]. In particular, the last two are written as their

SM definitions multiplied by a correction term between parentheses, so that

v2 :
Wg’ _ i 1 —5Cewn co'sé? sin 0 Zy, ’ 6.11)
B, -5 Cown 1 —sinf cos6 A,

2
tan Oy = gy <1 + v—Gd,WB (gL — 9Y>> , (6.12)
gL 2 g9y 9L
2 2 2
gr + g v gy gL
M% = UQ% (1 + Eequ + 21}2g2+92€¢WB> . (6.13)
L Y

The modification to the electric charge e and the sine and cosine of the Weinberg angle can also be found. However,
this is not the end of the calculation. In order to employ the construction of the x? performed by the authors of [70,73],
the (e, Gp, mz) input scheme has to be adopted.

The SM is an overconstrained system: it depends on 27 parameters, in terms of which a large number of experimental
observables can be constructed [29]. It is therefore possible to express one observable in terms of others' to test the
SM predictions. Given that a., Gr and myz are among the best-known experimental observables, the input scheme
in which these fiducial quantities are fixed to their experimental values is the most used in the ElectroWeak precision
studies [74]. To move to the (ae, GF, mz) input scheme, the deviations caused by the SMEFT coefficients have to be
translated onto other ElectroWeak Observables. This is achieved by following the steps detailed in reference [29]: the
fiducial quantities are written in terms of the SM and SMEFT parameters, and then these expressions are inverted. The

'A simple example is provided by the gauge boson masses. Indeed, one can write my = grv/2 and mz = +/ 92 + g2 v/2, or, recalling
that in the SM cos Ow = gr/+/g% + g%, one has the W boson mass expressed as mw = cos fymz.
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newfound SM and SMEFT parameters written in terms of the fiducial quantities are then substituted in the definitions
of other observables. These steps were explicitly performed and led to the following 7 boson mass modification:
2 2

v g1, 2 9Lgy
5mW:——7€ D — v C WBhB - (6.14)
193 -gt * a-g "’

As for the modifications to the W and Z boson couplings to the quarks, the results found by [70] are reported in the
following. Defining the universal factor 6 (T3, Q) to be

U (73 v? 3 912/ 2~ 9LIY
5 (T,Q):—Z T°+ Q——— | Cop — v Q=" Cown, (6.15)
91, — 9y 9gr — 9y
the modified Z sector in the (ae, G, my) input scheme can be written as
L2 == st 2 2. (<gf7’” b + |997" > B, + <9;ZJ” b + |99 ) w?ﬂ“%)
COS 9W N— 1] 1]
1 2 2
+ I g (6.16)

The modified expressions of the couplings, including the CKM matrix, are:

2
zu] _ U (o] _ [e® tsu (L 2)s.
(997 ]ij TR ([e‘f’q]lm {ed’q}zm) Ving +9 (2’ 3> %
Zu _ ’112 U 2
[09%"];; = =5 [Couly; + 07 (0,3 ) 05,

oat?] = ([e], + (69, ) + o (-3 5) o

2

v 1
[595{1} 5= g [Codliy + v <07 —3) 5ij - 6.17)

As for the quark interactions with the W+ bosons, the Lagrangian density and the coupling modifier read

2,2

_i ] v _
Lo = —%W; (Vig + bgwly; ) @ir"ad, + he. + TE (1 + Sy 2RI (6.18)
3
[dgwly; = v*Vix [€5)] o V(L) (6.19)

Alternatively, the WW-coupling modifier can be written as [0gw|;; = [97"] i Vij — Vik [977] ;> Showing that the

coupling modifiers are not all independent [73].

6.1.2 Application to Model 1

Following [70], the Z-pole and W -pole observables listed in Tables 1 and 2 respectively in [73] are used to construct
the x? function in terms of the Wilson coefficients for the 1)?¢2 D operators (except for O puq) with first family indices,
Cep and Cywp .

The goal of the procedure that is about to be described, and that will also be followed in the rest of the Chapter, is
twofold: graphically solving the inequalities in Equation (6.4) and finding the largest allowed value for the coupling
modifier at a 95% CL. The model parameter space and the curves associated to the s, modifiers will be shown in the
same plot. To perform two-dimensional plots, the x? has to be reduced to depend on only two couplings. Depending
on the model, the starting x? function can depend on either three or four couplings. In Model 1’s case, there is a

dependence on the four VLQ couplings Ay, Ag,, )‘quh and A\yg,. The couplings are assumed to be real and the
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Figure 6.2: Results for the fit involving only EWPO for Model 1. The darker region corresponds to a 68% Confidence Level (CL),
the lighter one to 95% CL. The associated values for the VLQ-VLQ coupling are reported in the plots, the 95% CL value is used
to draw the &, curve.

expression of the modifier is
3

v u
Ky = 1+ m [)\U]l [)\Ql] 1 )\UQ1 s (620)

with no dependence on the fourth coupling [/\%1] X To have both the y? function and ., depend on two couplings,

[/\dQl} ) and one of the other three couplings are fixed. Two different procedures are identified:

1. In the first scenario the ()1 couplings to the SM quarks are set to be the same [Aél}l = [ 221] . The x? is
now a function of the remaining three couplings and is minimised to find X%‘W%O required by Equation (6.4).
The other fixed coupling is A7, . For the 68% CL case, Ayq, is set to the value that maximises the coupling
product in Equation (6.20), remaining below X%%%O + x?(3,0.68); similarly is done for the 95% CL region.
The latter value is also used in the x,, modifier. This scenario results in Figure 6.2a;

2. In the second scenario the minimum value, X%%%O’ of the x? function is found as a function of all four VLQ
couplings. The x? is then evaluated at the minimising [)\‘él] . value (that will be called henceforth best-fit, or
b.f., value), obtaining once again a function of three couplings. A/, is instead treated in the same manner as the
previous scenario. The allowed values for the remaining two couplings, satisfying the inequalities in Equation
(6.4) are shown in Figure 6.2b.

In both plots of Figure 6.2, two k., lines are shown: the value in green, x,, = 260, is the projected sensitivity limit for
the HL-LHC found in [25] while the teal curve is required to be tangent to the 95%CL region and is associated to the
largest value of the coupling modifier. In the first scenario, the up quark Yukawa coupling can be up to 2200 times the
SM prediction; in the second case the enhancement is more constrained, with x,, < 1530. While the allowed interval
for [Ay7]; does not differ significantly between the two treatments, a reduction of [A%J l’s space when the best-fit
value is used can be noticed.

6.2 Higgs Fit

The presence of SMEFT operators affects Higgs Physics by modifying both the Higgs production modes and the decay
observables. Both these effects are encoded in the signal strength p: chosen a Higgs decay channel labelled by «, the
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Figure 6.3: Gluon-gluon fusion production of the Higgs boson. The left and middle diagrams are the SM contributions, while the
diagram on the right is generated by the SMEFT operator O ¢.

theoretical prediction for the signal strengths accounting for SMEFT modification reads

uth — osMEFT BRSMEFT, o
¢ osm BRsw, o

6.21)

where o is the Higgs boson production cross-section and the BR,, is the branching ratio for the chosen decay mode.
The associated experimental values are found by replacing the SMEFT predictions with the experimental results at
the numerator. CMS reported in [6] the signal strength measurements for the Higgs boson decays into pairs of gauge
bosons (yy, WY W™ and ZZ) and fermion-antifermion pairs (bb, 77 and fis).

The final piece for the construction of qu p is the covariance matrix, supplied in the auxiliary files of [6].

6.2.1 Modified Higgs production cross-section

The following two Higgs boson production channels are considered: gluon-gluon fusion and quark anti-quark annihi-

lation.

Gluon-gluon fusion is the leading production channel for the Higgs boson at the Large Hadron Collider [75]. Given
the absence of a coupling in the SM between gluons and the Higgs boson, the production is mediated by a fermionic
loop as shown in the one-loop diagrams of Figure 6.3. The Standard Model amplitude, considering only the top quark
contribution, reads

. Qg v v
Msar = ig ey €, 0ap (kK5 — ki - kag") 7 (1+ (1= 7) f (7)) (6.22)

where 7, = 4m?/m7 and the function f(7) is defined as

aresin® —— 7 > 1

2
V1T iw] <l

flm)=9
—1 [log TP —

(6.23)

Moving to the SMEFT Lagrangian, one can recognise that the operator O4¢ introduces a tree level contribution to

gluon-gluon to Higgs boson fusion, with Feynman diagram also shown in Figure 6.3, as

2 2
Opc = (GAALV Gﬁu) <¢T¢> ﬁ (GA#V Gﬁy) % (1 + 2% + S2> . (6.24)

The amplitude, accounting for the presence of this new operator, becomes

. Qs v v 8w
Mgy err = 1%63655,43 (kY kb — (K1 - ka)g™) (n (1+ (1 —7)f(m)) + a”2€¢G> : (6.25)

According to the SM prediction, the production channel associated with the annihilation of first generation quark-
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antiquark pairs is negligible, given the small predicted value for the Yukawa couplings. The quark-antiquark annihila-
tion channels (corresponding to u@ — h and dd — h) become increasingly relevant as the Yukawa couplings of the
two quarks are enhanced, as considered in references [18,25], becoming comparable to the gluon fusion cross-section
for O(1000) enhancements.

Overall, the production cross-section has the general form
OSMEFT :USM+U¢GUQG¢G+Uuuh Iii—l—addh /i?l. (6.26)

For the numerical values for the cross-sections, the results found by references [18,25] were used.

6.2.2 Modified Higgs total width and branching ratios

The leading order effects of the SMEFT operators on the Higgs decay width and branching ratios were studied in [71].
Taking also into account that the decay widths for A — v and h — GG are affected by the Higgs field redefinition’
and that an enhancement of the first family quark couplings leads to a modification of the decay widths for h — ua
and h — dd, the total decay width reads

Dy MEFT — pIM (1 — 1.5002Cyw + 1.210°Chw + 50.602Chi + 1.83v%Cyn — 0.4302Cyp+
+0.0020%€) + 0.060%€) + 0.0010°C4,, — 0.000702C g+
+20% (BR(h — v7) + BR(h — GG)) €l ) +

kin

+T ((1 = ka)*m2 + (1 — ky)*m?2) . (6.27)

I is obtained by rescaling the decay width for h — bb; once multiplied by (1—kq)? mg it provides the SMEFT decay
width for h — qg, with ¢ = u, d.
The SMEFT branching ratios for the decays considered by [6] are taken from [71], corrected by the Higgs field redef-

inition effects.

It is important to point out that the Higgs Physics construction carries a direct dependence on the coupling modifier: &,
is directly probed. This was not the case in the ElectroWeak case, therefore it is reasonable to expect that the parameter
spaces for the two cases will differ.

Finally, the modifiers enter the x? construction quadratically, introducing a dependence on O(1/A%) terms.

6.2.3 Application to Model 1

Considering the specific case of Model 1, the x? function depends on four couplings while the coupling modifier
depends on three, as was shown in Equation (6.20). Both the x? and &, are brought to depend on only two couplings

in the following manner:

e the treatment of [)\él} is divided in two cases, in the first it is set to be the same as [)‘7521} while in the second
1 1

the HP y? function is minimised as a function of the four couplings and then evaluated at the best-fit value for

[A%l] . Both treatments provide a x? function that only depends on three couplings;

* the coupling {)\51} | Was set to the value that maximises the contribution to the modifier «,. For the 68% CL

region, the maximisation is performed requiring that the x? function stays below X%{]’?" + x2(3,0.68); for the

2min

95% CL case the constraint is to stay below x3/5" + x2(3,0.95). The latter coupling value is substituted in ,,;

*Described in Section 5.1, a field redefinition is required to guarantee the canonical normalisation of the Higgs kinetic term. The field
redefinition was presented in Equation (5.4)
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(a) Same coupling limit [\, ] L= [ (b) [A4,] , set to the best-fit value.

Figure 6.4: 68% and 95% CL regions as a function of the [Ay], and Ay, couplings. The value of [AY | | is set to the value that
maximises the contribution to x,,. The two different choices for the fourth coupling [)\d J e

* the couplings A\;/g, and [Ay], were left free to vary.

The graphical results are shown in Figure 6.4. Some things should be kept in mind to avoid being misled; first of all,
the fact that the origin is excluded in the 68% CL parameter space but included in the 95% CL case does not have
implications on the validity of the SM. Indeed, the plots were realised by making assumptions on two of the four
couplings, if they were all simultaneously set to zero then the SM would be recovered. Secondly, the two variables
left free to vary in the HP study differ from those employed in the ElectroWeak case, as trying to perform graphical
studies in terms of A¢, and Ay does not result in a parameter space. This is likely due to the fact that the minimum
value of the HP x2 in both treatments of the [Aél} . coupling is ~ 1.3, while the SM value is ~ 5.9. Having a small
minimum value for the y? has an impact on the solution of the inequalities of Equation (6.4).

An alternative treatment that should be investigated in future studies is the removal of degrees of freedom via marginal-
isation instead of substituting the best-fit value, or the value that maximises the contribution to the coupling modifier.

The solution adopted in this thesis is to study the total x7 accounting for both EWPO and HP at the same time.

6.3 Combined Fit

Having determined X%y po, and x% p, they are summed to obtain the total x7. For all models, the 68% and 95% CL
regions are shown along with the k-modifiers: two k-curves are shown in each plot, one corresponding to the projected
sensitivity limits of [25] for comparison purposes and the other that is tangent to the region found with the 95% CL
constraints. The following convention for the colours and line style is adopted:

* the curves associated with x4 are shown in solid lines, the literature’s value x4 = 156 is plotted in cyan, the

tangent is in blue;

* for the up-sector, dashed lines are employed, in green for the value from the literature (x, = 260) and in teal the

value found in this thesis.

The models involving ()1 are separated from those that do not: given that () is the only VLQ that can couple to
two different SM quarks, the models that contain it introduce four VLQ couplings, those that do not introduce three
couplings.

The k4, modifiers depend on the product of three couplings, of which one is always associated to the Yukawa-like
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(b) Combined fit for Model 4, probe for ~4.
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(c) Combined fit for Model 6, probe for 4. (d) Combined fit for Model 8, probe for r.,.

Figure 6.5: 68% and 95% CL regions for Models 3, 4, 6 and 8.

interaction between two VLQs. Therefore, this is the VLQ coupling that will be fixed to the value that maximises
the contribution to the coupling modifier s, within the 68% and 95% CL constraints; the corresponding values are
written in the plot legends. The value associated to the 95% CL maximisation is also used to draw the x4 curves. An

alternative choice would be to set such coupling to 1 and is mentioned in Appendix E.

6.3.1 Models without (),

Four models do not contain (J1; they involve either the ()5, which can lead to large x4, or the Q7 doublet, which
results in a non trivial x,,. Given the presence of only three couplings, the two scenarios considered for Model 1 are
not necessary: it is sufficient to fix the VLQ-VLQ coupling to the value that maximises the contribution to the modifier
and to graphically solve the inequalities in Equation (6.4) in terms of the VLQ singlet/triplet and the VLQ doublet
couplings to the SM quarks.

The results for the various models are shown in Figure 6.5. The x-curves associated to the literature values always
intersect the allowed parameter space. For these models, x,, can reach O(1000) values, while x4 can only go up to

O(500), which is expected given that mg/m, ~ 2 and that the coupling modifiers are mass-dependent. The largest
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allowed enhancements are:
Ky <940, kg < 520. (6.28)

The singlet and doublet couplings lie in the approximate interval [—1, 1], instead the two triplet couplings are bound
in [—3, 3]. This results in the more elongated forms of plots 6.5¢ and 6.5d. The plots also exhibit cuts that mimic the
kq curves, hinting at the importance of the Higgs physics contribution (recall that it is in the HP construction that one
explicitly introduces the x-modifiers in the x2-function, see Equations (6.26) and (6.27)).

6.3.2 Models involving )¢

Moving on to the models containing the )1 doublet, the two different scenarios that involve either fixing its two cou-

plings to the SM quarks to be the same or setting one of them to its best-fit value are considered.

The first choice is to set Q1’s two couplings to be the same before x? is minimised. The third coupling (for the VLQ-
VLAQ interaction with the Higgs boson) is set to the value that maximises the contribution to the coupling modifier.
The resulting plots are shown in Figure 6.6. Notice that while Model 1 (Figure 6.6a) can only generate deviations from
1 of x,, and Model 2 (Figure 6.6b) deviations of x4, Models 5 (Figure 6.6c) and 7 (Figure 6.6d) allow modifications of
both. In Model 7 the sets of lines for x,, and k4 are very close together: the m,/m,, ~ 2 factor is compensated by the
different numerical factors in C,4 and Cyy from Table 5.24.

Overall, x,, can achieve up to O(1000) enhancements except for Model 7 in which «,, < 480; as for k4 O(500) values
can be reached, except for Model 5 where x4’s maximal allowed value is just slightly above the sensitivity limit found

by [25]. These enhanced are smaller than the ones obtained in by the models without the )1 doublet.

In the second scenario, one of the two ()1 couplings is set to the best-fit value. For the first two models, the coupling
that is fixed is the one that does not appear in the non-trivial modifier, so )‘dQl for Model 1 (Figure 6.7a) and )\%1 for
Model 2 (Figure 6.7b). For Models 5 (Figure 6.7c) and 7 (Figure 6.7d), noticing that the electric charge content is
skewed towards negative values for Model 5 and positive values for Model 7 justified fixing the values of A¢) and )\dQl
respectively. In this case Models 5 and 7 no longer allow to study both «,, and x4 as functions of two couplings, as

can be seen by considering their explicit expressions

3 3
M5 v u M5 [ d
KM5 1 4 21 Dl Moy, KMP =14 [A ] Al ATor, (629
‘ 2\/57””11]\4T1]\4621 [ Ql]l[ nhiAna d 4\/§mdMT1MQ1 @ 1[ nliAnon, ( )
3 3
M7 v " M7 v d
WMT 1 4 Al AL ] Amor, kM7 =14 A [A } ATLO, -
' 4v/2my, Mo, Mr, Dl ]y e, I 2v2mg, Mg, Mr, Anli A0, e

(6.30)

For each model the two modifier expressions differ only for the )1 coupling: fixing it and the VLQ-VLQ coupling

M5

leaves one of the two modifiers to depend on only one coupling. For Model 5, &,

is left to depend only on [Ap,];;
reading the left-most allowed value for this coupling from Figure 6.7c, one finds x> < 880. For Model 7, ﬁé\/‘[ 7 only
depends on [Ar,],, from Figure 6.7d the modifier 57 < 300 is found. Overall, there are no significant differences

with respect to the previous scenario.

Summing up, Models involving pairs of VLQs coupled only to the first generation quarks can generate enhancements
of the up quark coupling to the Higgs boson, making the coupling up to O(1000) times its Standard Model value;
the down quark can have a Yukawa coupling O(500) times the Standard Model prediction, while maintaining a good
agreement with experimental constraints. The largest enhancements are provided by Model 3 for the up quark coupling

and by Model 4 for the down coupling; the corresponding values were reported in Equation (6.28).
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(c) Combined fit for Model 5, which introduces deviations both in x., (d) Combined fit for Model 7 along with the different curves for x.,
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Figure 6.6: 68% and 95% CL regions for models 1, 2, 5 and 7 with [)\él] L= [)\51] 1+ Models 5 and 7 allow to probe both x,,
(dashed lines) and ~4 (continuous lines).

As far as the coupling parameter space is concerned, all the couplings of VLQs to SM quarks are found to live in an
interval centred on the origin that is at most bounded by [—3, 3].

Considering that for Model 1 both the Higgs and the ElectroWeak fit were performed individually, Figure 6.6a can be
compared to the ElectroWeak result in Figure 6.2a, and Figure 6.7a compared to Figure 6.2b, to observe the effects
on the ElectroWeak result of including the Higgs Physics contribution. Starting from the original oval shape of the
ElectroWeak study, the removal of four portions, approximately following the k-curves, allows to obtain the combined
study’s result. The same form is exhibited by the other three models involving the (); doublet: they can all be traced
back to ovals from which four portions along the diagonals of the plot frame have been cut out. An exception occurs
when considering Model 5 and Model 7 in which the best-fit value for one of the ()1 couplings has been chosen
(Figures 6.7c and 6.7d). However, the same models in the same coupling limit (Figures 6.6c and 6.6d) exhibit the
behaviour detailed above; this is another reminder that the choices adopted in this thesis for the removal of coupling-

dependences, though reasonable and motivated, are not the unique available solution.
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Figure 6.7: 68% and 95% CL regions for models 1, 2, 5 and 7 with one of the two Q1 couplings [X§ ] or [A%, ], set to their

best-fit value after the minimisation of the x?. In the case of Model 2, the maximal value of the VLQ-VLQ coupling is the same
in for both the 68% and 95% CL cases.

6.4 Application to the Second Generation

For the application to the second generation quarks, the ElectroWeak y? function is constructed considering the pres-
ence of the Wilson coefficients C4p, Cy11 g and the second-family coefficients associated with the 2% D-class oper-
ators, except for the operator O 4,q.

For the study of the effects on Higgs Physics, the x? is built accounting for the modifications to Higgs boson decay
branching ratios for the final states considered by CMS [6] and for the modification to the Higgs production cross-
section due to the presence of the Oy operator and of enhanced charm and strange Yukawa couplings in the quark and
anti-quark annihilation channel. Even though there have been dedicated searches for charm quark Yukawa couplings,

such as [12, 13,50], they will not be used in the construction of X%{ p-

The study is divided into two cases, depending on the presence or not of (J; in the model. As was done for the first
generation quarks, two-dimensional plots are performed, in which both the x4 curves and the total x? function depend

on two couplings. The VLQ-VLQ couplings always appear in the expressions for the x modifiers and are fixed in order
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Figure 6.8: 68% and 95% CL regions plots for the models 3, 4, 6 and 8 in which the VLQs are coupled to the second generation
SM quarks.

to realise the plots, as was done for the first generation. The conventions for colour and line styles are the following:
the curves for the strange quark coupling modifier are solid, in blue for the largest value found in the thesis and cyan
the reference ks = 13; the curves for the charm modifier are dashed, green for the reference x. = 1.2 and teal for the

largest allowed value.

The simpler case is provided by the models without ()1, with results presented in Figure 6.8. The largest enhancements
are provided by Model 3 for the charm (Figure 6.8a) and by Model 4 for the strange (Figure 6.8b), they are:

Ke < 5.5, Ky <A48. 6.31)

The approximate factor 10 difference between the two upper bounds is related to the fact that the charm quark is about
10 times more massive than the strange.

Before moving on to the other models, one should notice that in the case of Model 3 and, especially, Model 4 the 68%
CL region is not entirely contained in the 95% CL one, in contrast with the other two models in Figure 6.8 and also

those that will be shown in Figures 6.9 and 6.10. This is due to the fact that, while for most models the two different
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(c) Plot for Model 2 with [A%, ], set to the best-fit value. (d) Plot for Model 2 where [/\dQl]2 = [A6, ],
Figure 6.9: Plots for the models involving the doublet (); and one of the singlets (either U or D) coupled to the second generation

of the SM quarks. On the left there are the plots in which one of )1’s coupling has been set to the best-fit value, on the right the
two couplings are set to be the same.

values found for the VLQ-VLQ coupling are very close, having therefore limited impact on the x? function once they

are substituted, for Models 3 and 4 there is an approximate 10% difference between the two.

Considering now the models that contain the ()1 doublet, the same two scenarios considered for the first generation
are constructed. While in the previous section the two cases were treated separately, here they are set side-by-side for
each model.

In Figure 6.9, the plots for the models involving (01 and one of the VLQ singlets are shown: having the two scenarios
close clearly shows that once again there is only a slight difference between the two. The literature projections for
ke and kg intersect the allowed parameter space, though the allowed values for the modifiers found here are more
constrained than those obtained by Models 3 and 4.

In Figure 6.10 the plots for the models containing the ()1 doublet and one of the triplets are presented. In this case,
the two scenarios are very different: if the two couplings of ()1 are set to be the same, both x. and k4 can be probed
(Figures 6.10b and Figures 6.10d). If instead one of the two couplings is fixed to its best-fit value, then only one of the
two coupling modifiers remains a function of two couplings, the other instead will only depend on one coupling, as

can be concluded by replacing the first family indices with those of the second family in Equations (6.29) and (6.30).
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Figure 6.10: Plots for the models involving the doublet ()1 and one of the triplets (either 77 or T5) coupled to the second generation
of the SM quarks. On the left the either [\ ], or [AQ ] is set to the best-fit value, on the right [Xg ], = [A§ ],

In this scenario Model 5 allows for large deviations with respect to the SM in ¢ (Figure 6.10a) while Model 7 for
large deviation in .. (Figure 6.10c). The graphically omitted enhancements are x5 = 1.4 and M7 = 20.

Also in this case, larger enhancements were found by considering Models 3 and 4.

For the second generation quarks, VLQs with order one couplings to the SM second-generation quarks can be admitted.
The largest enhancement for the Yukawa couplings was provided by Model 4 for the strange and by Model 3 for the
charm, Equation (6.31). Interestingly, the upper bound found for the charm couplings modifier x. is comparable with
the 95% CL interval found by [12], which is

1.1 < [k§MS| < 5.5. (6.32)

This result was derived considering the associated production of the Higgs boson with a vector boson, under the

assumption that only one quark Yukawa coupling is modified (which is exactly the case of Model 3) and the production
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cross-section is unaffected. This allows to rewrite the signal strength defined in Equation (6.21) as

/€2

¢ : 6.33
1+ (k2 —1)BR¥™M(h — ec) (635)

Hh—éc =

from which the value of |k.| is derived once the signal strength is experimentally determined. This result motivates

the interest in the continued improvements in the charm coupling measurements.
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Chapter 7

Direct Searches

The experimental searches for VLQs are performed in various final states, involving a SM quark and either a massive
gauge boson or the Higgs boson'. The VLQs are considered to be produced either individually or in pairs.

The production of a single VLQ is a model-dependent electroweak process that requires the knowledge of the VLQ
coupling to the W= and Z bosons and on the VLQ mass [76—78]. This type of production is expected to dominate for
larger VLQ masses compared to the pair production; however, the searches that have so far been performed consider
the VLQs to be coupled only to the third generation SM quarks. The final states for these searches therefore involve
only the top or the bottom quark. Given that in the models considered in this thesis the VLQs are coupled only to the
lighter quark generations, the results for the single production cannot be used.

Having excluded the single production searches, VLQ pair production is considered (Figure 7.1). This is a QCD pro-
cess whose cross-section depends solely on the mass of the VLQs and is therefore model independent. However, for
large VLQ masses the energy required to produce two on-shell VLQs is quite large, leading to a phase space suppres-
sion. Pair production has been studied both considering the VLQs coupled to the third generation SM quarks [79-83]
and in the case the VLQs are coupled to the lighter quarks [26], which is exactly what is being studied here. The latter
search is based on the data collected during Run 2 at LHC, its results will be used in this chapter to find the appropriate
value to which the VLQ mass A should be set for the study in the previous chapter.

Figure 7.1 also shows the available decay channels for the VLQs, as mentioned involving a boson (the Higgs boson or
the massive gauge bosons) and a light quark.

To perform the analysis, the ATLAS collaboration had to select a decay channel and make an assumption on the

W/Z

W/Z

Figure 7.1: Example Feynman diagrams for VLQ pair production via gluon fusion and subsequent possible decays.

'In the context of experimental searches, the name "Higgs boson" h refers to the degree of freedom of the Higgs doublet ¢ that appears as a
physical particle in the broken phase.
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corresponding branching ratio (BR): the two different choices and the consequent bounds on the VLQ masses are
reported in Section 7.1. After that, theoretical predictions of the branching ratios for the VLQs in the models considered
in this thesis are derived and then compared to those assumed by ATLAS. When the BRs for the models are different
from the ones assumed by ATLAS, the bounds from the ATLAS search can be rescaled. Model 1 is studied explicitly,
whereas for the study of the decays in the remaining models a generalised description is developed and employed.

Several formulae and intermediate steps are required for this study; to guarantee readability many intermediate steps

and results are only presented in Appendix G.

7.1 ATLAS Search

The decay channel chosen by ATLAS sees both the VLQs of the pair decaying into a SM quark and a W boson. Of the
two resulting W bosons, one is selected to decay leptonically (e.g. W~ — [, v, , [, = e, ) and the other hadronically.
The final state is, therefore, characterised by the presence of at least three jets, a charged lepton (electron’ or muon?)
and missing transverse momentum which is associated with neutrino production.

To perform the analysis an assumption had to be made on the branching ratio for the decay channel of the VLQs into
a quark+W final state; ATLAS considers two scenarios and reports the corresponding lower bounds. In the following
let ¢ be the VLQ and ¢ the SM quark.

1. In the first scenario, BR (¢ — ¢W) = 1 was assumed and led to A > 1.530 TeV at 95% Confidence Level
(CL);

2. In the second case, a 95% CL lower bound of A > 1.150 TeV was found in the limit BR(¢) — ¢W : ¢Z : gh) =
0.5:0.25:0.25.

7.2 Decays in Model 1

The calculation of branching ratios requires knowledge of the partial and the total decay widths of the VLQs, which in
turn need the appropriate interaction vertices to be identified. In the original Lagrangian £ p before SSB there is no
interaction of the VLQs with gauge bosons and SM quarks: in the following, it is shown how these interactions arise
after SSB and moving to a basis in which the quark mass matrix is diagonal.

The relevant Lagrangian terms are labelled as follows: Ly contains quark interaction with the massive W boson, £z
involves the quarks and the neutral Z boson, L7V L2 contains the Yukawa interactions of the Higgs with the quarks
(both SM and vector-like) and the VLQ mass term, finally the Lagrangian component £;, contains the interactions of
the quarks with the Higgs A in the broken phase.

The starting point is L7 TVEQ after SSB, this Lagrangian contribution can be split into two parts: mass term and
interaction with the Higgs h term. From the mass term, non-diagonal mass matrices can be identified and can be
put into diagonal form through bi-unitary rotations of the quark fields. The determination of the transformations will
be performed by a perturbative diagonalisation procedure and is valid up to higher-order corrections. The required
rotation has to be performed also in Ly and £z, thus affecting the interactions of the VLQs not only with the Higgs
h but also with the massive gauge bosons. The different interaction vertices and the associated couplings can then be

determined and the decay amplitudes be computed.

7.2.1 Gauge and Higgs sector before and after Spontaneous Symmetry Breaking

Starting from the gauge sector, the interactions of the VLQs with Wg and B, are picked up from the VLQ covariant

derivative term. This is the same as what was seen in Subsection 2.4.3 for the SM particles (except for the absence of

Detected in the electromagnetic calorimeter.
3Detected in the muon chamber, the outermost layer in detectors. The schematics for the ATLAS detector are reported in Appendix F.
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projectors to left or right-handed fields)
_ g _
—Lyp = (%UJW + ngQlB) Q1 +U (owYuB)U. (7.1)

Including the SM quarks and using Equations (2.13) and (2.14) to rewrite Wg and B, in terms Wj and Z,:

= % (o Whar+ Qo W Qe a o W L+ QoW Q1) (7.2)
P/ e S P g A~ (1 5 i
Lz  cos Oy i <20 Qg sin QW) Zar + COSQWQI <2<7 Qq, sin 9W) VAOIES
— I (U Qusin 6w 2U + tir Qusin® Oy Zup + dr Qasin® by Zdr) - (1.3)
w

As for the term involving the Yukawa interactions and the VLQ mass terms, setting My = Mg, = A,

—LHHVEC =y qrdur + ya quodr + Mo, Qir dur + Ny, Q1L ¢dr + A\uqrdUr + Aug, Q1.0Ur + h.e.t
+AULUR+AQ1LQ1R+1’1.C.. (7.4)

T T
Accounting for SSB, recalling q;, = (u L d L) and Q1 = (T B) , the above Lagrangian term can be recast as

o - s 00 Mg uR L o vu 0 v UR
(T ) [N, A Mgy | | T |+ 5 (0 T 1) X 0 dva | (T
0 o0 A U 0 0 0 U
M,
L vi= 0\ [dg h /- _ Yis 0\ (dr
+(d;, By <d¢§ )( >+ d, By (d 2 +he.. (7.5)
( ) )‘Q1ﬁ A Bgr \/§< ) )‘Qlﬁ 0 Bgr
N——_————
Mgy

The mass matrices for the up (M,,) and down (M) sectors are identified.
As for the gauge sector after SSB, the expressions for Ly and £ 7 are reported in Appendix G.1.

7.2.2 Perturbative diagonalisation of the Mass matrices

Having identified the non-diagonal matrices M, and M, and setting the two Yukawa couplings y4 and y,, to zero,
they are diagonalised perturbatively. The difference between perturbative and exact diagonalisation is that the latter
is written in terms of an expansion parameter, in this case v/A, and is required to hold up to a given order in this
parameter (the second).

Similarly to what was shown in Subsection 2.4.4 for the change of basis for the Yukawa matrices, the quark rotation has
to be performed in all sectors of the Lagrangian density. Each rotation involves only one VLQ Yukawa-like coupling
at a time; this is included in the notation by giving the rotation matrices an upper index identifying the row and column
where the coupling appears in the mass matrix. So, for example, U}J?;p acts on the left-handed up-type quarks and

contains the couplings Ay;. The explicit expressions of the transformation matrices are reported in Appendix G.1.
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Using a prime to denote the quarks in the rotated basis, the rotations that diagonalise the mass matrices are:

Mdmg ULupULupM UIQ%IJPUIQ%?)JIJ & M;liag: 12><2MdU12%1c}Lown; (7.6)
/ /
uL uy, uR URr / !
d dr, d dr
i LupULup TL ) T],% RupURup TR & (Bl,/> = (B ) ) (BI,%> U R down <B ) .
of U of U L L R i
L L R R
(7.7)

The diagonalised matrices turn out to be:

0 0
i A v § ia, 0 0 2
Mg — A [0 1-— ;i% X 0 + O(%) & Mél I=A ( ) + O(%) (7.8)
0 0 14+ o

7.2.3 Effects of the rotation on the interactions

To lighten the notation, the primes on the rotated quarks are dropped. The explicit expressions for Ly, £z and Ly,
after the rotation turn out to be quite cumbersome; they are reported in Appendix G.1. The Feynman rules can be
read off the appropriate Lagrangian terms. In the following, only those relevant for the computation of the decays are

reported.

7.2.4 Decay widths and branching ratios

The decay widths for two-body decays are a known result [84], the branching ratios for a particular decay channel is

defined as the ratio between the decay width for that particular channel and the total decay width of the particle.

Considering the VLQ 7', simply by looking at charge conservation one can identify the following decay modes:
T —u+h((19,T —=u+2Z(7.10)and T — d + W (7.11). For each of these models, the interaction vertex and
the final decay width are reported, assuming that the VLQs are much heavier than the SM quarks and the Higgs boson,

whose can therefore be neglected. The generation index of the couplings is dropped.

u

T—»—/ —i2L

u 1
P = Iroun = To8m (AL + (X6,)?) A (7.9)

1
My (AuPr + X, Pr) = Troaw = o (N +(6,)?) A; (7.11)

1
H—{ i5E )\UPL + AQlPR) = [y = To%e (AL + (M5,)?) A; (7.10)

Having these results, the total decay width for the T" Vector-like Quark is

1

d 2
Pr = (8,7 + ()7 + 2% . (7.12)

66



CHAPTER 7. DIRECT SEARCHES 7.3. GENERALISATION TO ALL MODELS

from which three branching functions can be derived:

1 G+ (0g)

220 + (V)2 + (2,)?
AL+ (X,

(AE,)2+ (XE)? +2X08

BR (T — Zu) = BR (T — hu) = (7.13)

BR (T —» Wtd) = (7.14)
The graphs shown in Figures 7.2a and 7.2b were made by leaving )\dQl and A¢), free to vary while the third coupling is
set to its best-fit value (from the combined fit in the previous Chapter): A\y = —0.210.

In the limit of same squared couplings of the (); doublet to the ur and dr quarks, the branching ratios are found to
be:

d u

(g2 —=(Ng))? (AS,)?—=(Ng))? AL \u2
) — 0 —

BR (T — W*d 5, BR(T — Zu) 025 BR(T — hu) “25%10.25. (7.15)
This reproduces exactly ATLAS’ second scenario, which excludes masses A < 1.15 TeV with a 95% CL. However,
it comes at the cost of assuming that the two couplings have the same modulus, which is not something expected a

priori.

Turning to the other two VLQ components, U turns out to have the same decay widths as 7T'; for B, instead, the

branching ratios, shown in Figures 7.2c and 7.2d, are:

1 )\d 2 (/\d )2_>(>\u )2
BR (B — hd) = BR (B — Zd) = - — (2Q1) % 0.25, (7.16)
2(2,)* + (A%,
PV 2 (/\d )24)( u )2
BR (B — W u) = A,) SN 05, (7.17)

(A5,)?+(X9,)?

Again, ATLAS’ second scenario is found in the same squared-coupling limit. Assumption 1, instead, is not recovered.

In conclusion, this affects the fits performed in the previous chapter for Model 1 in the following manner:
1. For the first scenario in which /\dQ1 = Xjél was used, one had to set A > 1.150 TeV;

2. For the second scenario the coupling )‘dQl was set to its best-fit value. In this case the bound could be avoided.

7.3 Generalisation to all models

Table 4.3 of Chapter 4 contained the electromagnetic charges associated to the different VLQ components. Keeping in
mind the particular case of Model 1, the goal is to organise the particle content in multiplets based on their electromag-
netic charge. Then the Ly, £z and £ Lagrangian contributions can be written as a series of matrices and particle
multiplets. From the mass matrices, recognised in the Higgs sector, it is possible to identify and perform the rotations

that put them in diagonal form, thus affecting all the other interactions.

The generalisation is achieved by consistently introducing all the possible charged particles, with the addition of aux-
iliary couplings and variables. The specific models are uniquely extracted using replacement rules for such auxiliary
couplings and variables.

The available particle content can be organised in categories as follows:
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Figure 7.2: Contour plots for the BRs for the decays of U, T" and B as described by Model 1. For all three cases, the BRs for
the final state involving a SM quark and either the Z or the Higgs boson are the same, so only one plot is shown (plots on the
left). Additionally, the 7" and U decays have the same final states and associated BRs, hence the plots are shown only once (upper
plots).
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charge 2/3 : five different particles have this charge. They are the SM up quark w, the 7" component of the doublets
21 and Q7, the U singlet and the Ti/;’ component from the triplets. Noticing that U, T12 /3 and T22 /3 never
appear in the same model, they are denoted by a common symbol Swu;

charge -1/3 : again there are five particles satisfying the requirement. They are the SM down quark d, the B com-
ponent of Q1 and @, the D singlet and 77 . 21 /3. Also in this case, since the singlet and the triplets are never
simultaneously present, they are grouped into Sd;

4/3.

>

charge -4/3 : charge carried by the Y, associated with @5, and 7'
charge 5/3 : corresponds to X from ()7 and T25 /3,

This means that the following multiplets can be built:

U= |7 | whereSue {U, T 123}, (7.18)

D=|B| whereSde{D, T, 1,"/%, (7.19)
Sd

X Y
X = T25/3 ) 9= Tf4/3 (7.20)

The "Higgs+VLQ mass" term in the Lagrangian can be written as

—LHAVLQ 1 MyUg + DpMpDg + X MxXr + Y MyYr+
—l—h(ﬂLCuuR—i—@LC@uR—i-iLCxxR—i-gLnyR) . (7.21)

The first line contains the mass matrices, defined below, and the second the interactions of the quarks with the Higgs

boson h, where the coupling matrices are defined as C, = %Ma. The mass matrices are:

My = %ﬁ M )‘S“Qﬁ ) My = 0 M ’ (7.22)
0 0 M
y y;lf/;i 0 ASd\/Lg M vo
p= | Mo M Asaep | My=| V) (7.23)
0 0 M

The replacement rules for the auxiliary coupling constants introduced before are given for each model in Table 7.1.
The auxiliary variables mentioned above needed for the construction of the generalised rotations to the mass basis
and of the generalised Ly and £z Lagrangian terms are given in Appendix G.2 together with the model specific
replacement rules.

7.3.1 Generalised decay widths

Having the generalised description, the decays as described by other models can now be studied.
Starting from the components bearing the same charges as the SM quarks, there is no further insight: ATLAS’s second

scenario can be recovered by taking the appropriate limit in the VLQ doublet couplings to the SM singlets. Consider
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Model | sy A% Asuwg AxQ  Asa My Asao AvQ
1 Ao A, Mg 0 0 Xéh 0 0
2 0 )‘221 0 0 AD )‘Q1 ADQ, 0
3 AU AQs AUQ, 0 0 0 0 0
4 X 0 0 X 0 0 i\D )\35 i\DQ5 0
5 ?)‘ﬂ %1 ﬁ)‘TlQl 0 _?)\Tl A 1 _liATlQl L 0
6 ﬁ)‘Tl 0 0 0 75)‘7“1 AQs 5)‘T1Q5 72)‘T1Q5
7 %)\Tz )\51 %IATQQI . 0 %ATQ )‘dQl %AT2Q1 0
8 §>‘T2 >‘Q7 '5)‘T2Q7 ﬁ)‘BQ? ﬁAB 0 0 0

Table 7.1: Coupling substitutions to obtain the particular model starting form the generalisation.

1.0} ' ' ' B 1.0f°

0.5 ] 0.5

S 00 S 00
-0.5¢ -0.5+
—1.0. , , -1.0t. . . ( ]
-1.0 -0.5 0.0 -1.0 -0.5 0.0 0.5 1.0
AQs AQs
(a) D decay into uZ and uh. (b) D decay into ulWW .

Figure 7.3: Plots showing the different values the branching ratios for the decays of D as described by Model 4. The decay
channels involving the neutral Z and h have the same branching ratio.

for example the decays of the D VLQ in Model 4 (whose New Physics particle content consists in D and @)5), the

resulting branching ratios are shown in Figure 7.3 and are expressed as:

1 A%) + A2 5 )\Q5—>0
2205 + A,
)\2D )\QSHO

BR(D = W™ u) = -2 = 0.5. (7.25)
207, + 2%,

BR (D — hd) = BR(D — Zd) = 0.25, (7.24)

While in the presence of the (; doublet there are two couplings )\‘él and Xél and the scenario is recovered in the limit
they become the same, ()5 can only couple to dr and the coupling A, has to be set to zero.

The overall conclusion is that, as long as the VLQs being studied have SM charges, an appropriate choice of the
couplings can provide Assumption 2, while scenario 1 in the ATLAS analysis does not appear. In the presence of a

SM-charged particle, all three decay channels are available.

The situation is different once the particles with new charges are introduced, which happens in all models except for

70



CHAPTER 7. DIRECT SEARCHES 7.3. GENERALISATION TO ALL MODELS

the first two. In this case, the only possible decays are:
X 5 uWt and T° - uwt, (7.26)

Y = dW~ and T, - dw. (7.27)

Without requiring calculations, the scenario BR(¢) — ¢WW') = 1 is automatically recovered.

Considering the assumption that the VLQs have the same mass A, the take-away message from this study is that the
lower mass bounds can only be avoided for the first two models with the requirement )\él #* Ao, IE )\‘él = AO,»
or if a VLQ with charge —4/3 or 5/3 is present, then the bounds from scenarios 1 and 2 respectively have to be applied.

To treat all the models equally but still be consistent with the ATLAS result, in the previous Chapter A = 2 TeV was
picked.
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Chapter 8

Conclusions and Future Studies

Knowing that the Standard Model is not the final theory for our understanding of Particle Physics, many new models
have been developed, each trying to address at least one of the questions left unanswered by the Standard Model. Some
of these models introduce new hypothetical particles known as vector-like quarks, which can couple to the Higgs boson
via Yukawa-like couplings but that do not require the Higgs mechanism to gain a mass term. Simplified models were
considered in this thesis: vector-like quarks were studied in the context of producing enhancements to the couplings
of the two lighter quark generations to the Higgs boson, without referring to any of the specific models that address
open problems in the Standard Model by introducing vector-like quarks.

With the assumption that the vector-like quarks can couple only to one generation of Standard Model quarks at a time,
that they appear in only one generation and can have a coupling amongst themselves, eight different models involving
pairs of vector-like quarks can be built.

The New Physics models were matched onto the dimension-six SMEFT Lagrangian in the Warsaw basis. The SMEFT
provides a model-independent framework to study the departure of observables from the Standard Model predictions;
in particular, the correspondence between SMEFT operator and its effect on an observable has been extensively doc-
umented in the literature. This allows the construction of x? functions written entirely out of the SMEFT coefficients
that, after the matching results have been substituted, allow the translation of experimental bounds on the New Physics
parameters. For the models considered in this thesis, the parameters are the Yukawa-like couplings of vector-like
quarks to the Higgs bosons and their masses; the experimental bounds are taken from ElectroWeak Precision Tests and
Higgs Physics.

Accounting for the recent experimental searches for pair-produced vector-like quarks with couplings to the lighter
generation quarks performed by the ATLAS collaboration, the values of the masses were all set to be A = 2TeV. In
this case, the models considered in this thesis could produce values for the ratio between the New Physics prediction

for the Yukawa coupling and its Standard Model value for the first generation quarks up to

Ky < 940, (8.1)
kq < 520, (8.2)

while still being compatible with ElectroWeak Precision Tests and Higgs Physics measurements.

As for the second generation quarks, the models can have values up to

ke < 5.5, (8.3)
K < 48. (8.4)
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The result for the charm quark coupling enhancement is consistent with the one found by the CMS collaboration at

95% CL interval, which is 1.1 < |x¢M9| < 5.5; such result motivates to improve on these searches since they are

starting to probe realistic parameter space.

Models involving vector-like quarks have therefore been shown to generate considerable enhancements of the light

quark Yukawa couplings. Dedicated searches for the charm quark coupling are already being performed and promis-

ing proposals have been put forward for the other three quarks: the measurements of their enhancements could be

within the reach of future experimental searches.

Throughout the work, several future directions have been identified:

In Chapter 4 a different type of New Physics model which can generate quark-Yukawa enhancements was
identified: it consists in adding one vector-like quark and one heavy scalar to the Standard Model description.
Also in this case the number of possible pairs that can be made is finite and can be studied in complete analogy

with what was done in this thesis;

In light of the community effort to identify future collider experiments, these eight models can be a case study.
Since in particular ElectroWeak precision measurements were found to lead to important constraints, the study

of how a future FCC-ee run at the Z pole would impact the parameter space of these models is motivated;

Still regarding the study of the parameter space, other ways to reduce the number of variables in the x? functions
to two should be investigated. For example, marginalisation with respect to a variable, instead of associating to

it a numerical value, could provide interesting results;

The assumption that the vector-like quarks can only couple to one generation of Standard Model quarks at a

time can be relaxed. This would allow to exploit Flavour Physics as a source of bounds for the couplings;

The effects of higher dimension operators can also be considered. In this thesis only deviations due to the
dimension-six Warsaw basis operators were accounted for, which cause deviations in the observables propor-
tional to A—2. However, in the construction of the Higgs Physics y2-function, terms proportional to ng and
(1 — kq)? were introduced: this implies that A% suppressed terms are expected to have a non-negligible ef-
fect. Given that A~% is associated, in the tower expansion of the Effective Field Theory, to the dimension-eight

operators, such operators could also meaningfully contribute.

For the Higgs Physics study, the only observables considered were total rates. However, differential measure-

ments are also available, which could potentially provide better constraints on the parameter space.
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Appendix A

Group Theory

In this appendix, relevant group theory results are presented. Several works describing the use of group theory for

particle physics can be found in the literature. For this section [85, 86] were used as references.

Groups which often appear in Physics are the Lie groups SU(N), N > 2, and U(1). Such groups are identified by
their generators 7% (where a € {1, ..., N2 — 1}) and the commutation relations of such generators. The generators
are normalised so that

Tr[Te T = %5“". (A1)

A group is said to be Abelian if its generators commute, if not the group is said to be non-Abelian. The commutation

relations between the generators of a given group are written as
[T“, Tb} — j fabere. (A2)

The f¢ factors are known as structure constants, they are by definition antisymmetric under permutations of the
indices. The previous definition of Abelian group implies that such groups have vanishing structure constants. The
structure constants are also used to characterise the group in the adjoint representation.

The only groups that appear in this thesis are the SM ones: the Abelian U(1) and the non-Abelian SU(V), with
N =23

Starting from U(1), its generator is the identity matrix 1. The generators for SU(3) and SU(2) are presented below.

A.1 Gell-Mann Matrices

The SU(3) gauge group is associacted to the Gell-Mann matrices defined below. To guarantee the normalisation

. . . A _ 1A
requirement in Equation (A.1), the group generators are defined to the T = 5A*.

01 0 0 —i 0 1 0 0 00 1

M=]10 0], X=|i 0 0], M=]0 -1 0], M=]00 0f,
000 0 0 0 0 0 0 100
00 —i (000 00 0 110

M=foo0o o, x=[(0o0 1|, M=|0o 0 =i, A8:%o1 0|. (A3)
i 0 010 0 i 0 00 —2
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The non-zero structure constants are listed below. The others are either null or obtained by permuting the indices.

£128 g
) ) . ap 1
147 _ 156 _ 246 _ 345 _ _ 0257 _ _ 367 _ 1
o= f f f f 5
A58 _ 678 _ \f ' (A4)

A.2 Pauli Matrices

The SU(2) group generators consists in the rescaled Pauli matrices 77 = %aj . The Pauli matrices are:

0—1_<O 1), 02_<F’ _i>, 03_<1 0). (A.5)
10 i 0 0 -1

The structure constant in this case is the Levi-Civita tensor: 9% = /9%,
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Appendix B

Triplet Interactions with the W=~ and Z Bosons

Some more detail on the VLQs in triplet presentations of SU(2), namely 77 ~ (3,3)_1 and T ~ (3,3)2, are
3 3
provided. The interaction terms for the VLQs with the electroweak gauge bosons are picked up from the covariant
derivative in the fermionic kinetic term. In the presence of an SU(2) triplet, this has the form (explicating all the
indices):
)\A

D, T4 =0, T{ + igSTGbGﬁTabj +igL(Tog) ™ WITS  +igy B, TS, a=1,2. (B.1)

The W* and Z appear in the broken symmetry phase, as shown in Subsection 2.4.1. For T} ~ (3,3)_1 three charge
3

T T
states can be build out of 7] = <T11 T12 Tf’) ; the same can be done for 75 ~ (3,3)2, with Ty = <T21 T22 Tg’) .
3
The charge states are defined in Tables B.1 and B.2 respectively.

The Lagrangian terms describing 77 ’s interaction with the W and Z boson are, respectively,

1 __ - __ _
= <_T1 Ve T B T +h.c.) , (B.2)
L
0 2 _ 4 __ _
_COSW s, — (1 — 5 sin’ 9W> T2 1T} + <—1 + 5 sin® 9W> T g1
gL
1 . 5 —1/3 -1/3
+ (04 gsm Ow | T} ZT1 . (B.3)
Similarly, for T5 one can write
1 __ _ _ _
o hw = <—T2 VSwo P e 2w —|—h.c.> : (B.4)
L
cos Oy

5 _ 1 __ _
Ly = (1 - Ssin20W) T3 7T + <—1 + 3sin29w) T, BTy Py
gr

+ (0 - %sinQ 9W> T3 T (B.5)

Notice that 77 and 75 always introduce two particles with SM-singlet-like charges. For convenience, Table B.3

Notation ‘ Definition Charge Notation ‘ Definition Charge
2/3 Tl 372 2 5/3 T —iT? 5
T llﬁlz 1+ Yy, =2 T/ 11212 1+ Yy, =3
—-4/3 T 44T, 4 —-1/3 T3 +iT: 1
T DN 14V =-4 T, Sl 14V = -}
—-1/3 1 2/3 2
T, T3 0+ Yy =—14 75/ T3 0+ Yy, =2
Table B.1: Charge states from the Triplet 77 . Table B.2: Charge states from the Triplet 75.
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Charges
Field | -3  —3 2 2
Q1 - B T -
Qs Y B - -
Q7 - - T X
T T1—4/3 Tl—l /3 le/s
Ty A A o e

Table B.3: Charges introduced by the VLQs in models from 5 to 8.

contains all the possible charges introduced by the particles involved in Models 5 to 8.

Notice that, due to the presence of one of the triplets in each of these models, there will always be a new particle per
sector. In particular, Models 5 and 7, which, besides one of the triplets, also contain the ()1 doublet, introduce a total
of four particles with SM-like charges and a fifth with a new one. Models 6 and 8, instead, add three SM-like particles
and two new ones.

The interaction of the triplets with the other doublets (both SM and VLQ) contains a Pauli matrix, with the "adjoint"
index contracted with the triplet and the "fundamental" one contracted with the doublet’s SU(2) index. Eg, for Model
5,

AT AT j Eq.(B7) AT, = T
—LlnP DiTI quO-qu 1T1R¢1T j ] 21 [ 1R]Z] qbZTqi

SSB. AT 72/3 1 713
= 5@ +h)<1RuL ﬁ“‘? dr, | - (B.6)
Where we defined
9 g 7 T —iT2\ wopi [ T, V2Ti?
Tl = T10' = 1 .2 3 = —4/3 -1/3 ) (B7)
L +iT?  -T V2T, ~T
T 3 T8 T il e [ T V2T
Ty +iT? T V2T, —T5
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Appendix C

Feynman Rules

In this appendix, the Feynman rules for the VLQ interactions with the Higgs doublet ¢ and the gauge bosons G, Wg
and B, are reported. The different indices that the quark ¢ may have are specified as g, ., where a is the colour index,
r the flavour index and ¢ the isospin index.

Additionally, the Feynman rules associated to the operators of the ¢?1)2D-class in the Warsaw SMEFT basis are

summarised. These were employed in the course of Chapter 5.

C.1 VLQ Yukawa-like Interactions

The interactions of the VLQs with the Higgs doublet are generally shown in Figure C.1. While the the SU(2) index of
the Higgs doublet is explicated in the figures, the quarks are generically denoted by 1)1 and 1)s.

In Table C.1 the Feynman rules for the interaction of one VLQ with a SM quark and the Higgs ¢ are specified. These
are associated with the diagram on the left of Figure C.1. The rules associated with the Feynman diagram on the right
of the same figure are found by hermitian conjugation: the roles of v); and vy are exchanged (hence changing the

projector P involved), the complex conjugate of the couplings A is taken and the indices of € and § are exchanged.

Instead, Table C.2 summarises the Feynman rules associated with the interaction of a pair of VLQs with the Higgs
boson. Once again, the rules reported are associated with the Feynman diagram on the left of Figure C.1, while the

rules for the diagram on the right are found by considering the hermitian conjugate.

o Yn

Figure C.1: Two possible diagrams for Yukawa interactions of the Higgs doublet with quarks, be them the SM quarks or the
VLQs.
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SU(2) VLQ P o Feynman Rule
Sngter U Unes WPy U] iz Oaras Pr
QFa,r DRas —i [AD]} iz iy Oaras PR
o URarr Q. 0 [ 51} : €iy iy Oaras PL
Dotbiet B drarr =i X, Giai daran Pr
Qs drar QF,, i [AQs]y €iris Oaras Pr
Q1 Qe Urar  —i[AQs], diziy Oaras Pr
Triplet T q%agr leRal _%Uggil (A1) Oavaz Pr
13 q%azr TQJRaz _%aggjejil [)\TQ]: 0araz Pr

Table C.1: Feynman rules for the interactions of the VLQs with a SM quark and the Higgs doublet.

Model U P9 Feynman Rule
LU+Q1) Uy 2o IAUQ €ivis Oaras
2(D+Q1) 4P, Drar  —iNpg,0irir Saras
3(U+Q7) Q% Us  —iXig,0izi: aras
4(D+Qs5) Dg, ?al IADQs €ivip Oaras
S5(Ti+Q1) Tl QP 5 MiQi0hi00a

J 12 R
T(Ta + T2 az Tar 2 %1305, /\T2Q15a1a2

)
( )
6 (Ti+Qs) Tlo, QF, 5 s €1i0)i000
( )
8 (T + Qr)

3l i2 i J
T2 a1 Tas _i/\TQQ7Ui1i2 5a1a2

Table C.2: Feynman rules for the interactions between a pair of VLQs and the Higgs doublet. Each interaction is uniquely
associated with one of the models being studied.
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C.2 Quark Interaction with the Gauge Bosons

Here the Feynman rules for the interactions of the quark content of Model 1 with the gauge bosons in the unbroken

phase are presented.

Starting from the interaction with the Gluons, we have:

”L/Ji
ar

oA A Py =Pr ¢ =qr
" :_igs’YuPa:TGb(sw(srs, P, = Pp ’(ﬁ:uR, dr
P.=1

J
¢bs

Next, the interactions with the U(1)y associated gauge boson,

i
ar
P ¢y =qp
By, = —igy Yy yuPx 0ap 67 6rs, Px = § Pp ¢ = ug, dg
1 7/1 = U’ Ql
J
bs

Finally, the interactions with the three Wg gauge bosons,

lzi
ar

q P ¢ =qp
w7 _ %ij — _
r = —igr Oab 5 OrsTuPx, Px =140 ¢ =ug, dr, U
1y=0Q
J
bs
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C.3. ¥?¢?D-CLASS OPERATORS APPENDIX C. FEYNMAN RULES

. ! ,
o' qy, o} YR
¢* ] —k * ] o
qr ¢ YR
(a) EFT vertex with the SM quark doublet g. (b) EFT vertex with one of the two SM singlets, ¥ = u, d.

Figure C.2: EFT tree level diagrams generated by the operators belonging to the 1/2¢2 D-class operators, separated depending on
whether the SM quark is the doublet or one of the singlets.

C.3  %¢*D-class Operators

In Chapter 5, processes involving SMEFT operators were studied. The Feynman rules for the one-loop generated
operators Q. Qsp, U and Q) were presented in Table 5.6. In this section the Feynman rules for the tree level-
generated operators of the 1/2¢? D-class are presented.

For the operators O, and O 44, the Feynman Rules for the vertex in Figure C.2a read
i€ud" (p, ~1,) Pr- (C4)

Moving to the operators with the doublets, Og)lq) is associated with the Feynman Rule

(1) sij
i€0)07 (p—p,) PL- (C.5)

3)

o » keeping care of the weak index contractions, provides

Finally, the Feynman rule for o)

z(‘?((zjl) (25jl5ik — 5ij6kl) ( 1 pQ) Py . (C.6)

For the Feynman rules associated to other operators in the Warsaw basis, a reference is [87].
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Appendix D

Flavour Physics

In the SM there are no tree level Flavour Changing Neutral Current (FCNC) processes, which involve a change in
flavour without a charge transfer. These processes start to appear at the one-loop level: for example, one can consider
meson-antimeson oscillations like the one shown in Figure D.1. Besides the loop suppression, these processes are also
suppressed by the GIM mechanism [88].

From the SMEFT point of view, Warsaw basis operators that can contribute to FCNC are defined in Table D.1. None
of these operators is produced at the tree level in the models being considered here: one must therefore move to the
one-loop level.

In [64, 89], FCNC processes involving VLQs were considered. In particular, [64] used the results reported in [90]
to find lower bounds on the VLQ masses. Higher bounds were however found in this reference from the study of
ElectroWeak Precision Observables and Higgs Physics. In both references [64, 89], the VLQs were allowed to couple
to more than one generation of SM quarks at a time.

In this work, instead, the VLQs are allowed to couple to only either the first or the second generation SM quarks.
Therefore a VLQ cannot be used, for example, to connect a first generation SM quark to a second generation one
unsuppressed by the CKM matrix. From the effective field theory point of view, an effective vertex involving different
flavours cannot arise if the particle being integrated out can only couple to one flavour.

Given this assumption, the bounds to be obtained from the study of Flavour Physics are expected to be weak compared
to those from Electroweak Precision Observables and Higgs Physics, hence they will not be considered in this thesis.
However, in future works in which the assumption is relaxed it could be of interest to investigate the bounds from

Flavour Physics as well.

Category Name Definition Name Definition
(LL)(LL) [O(g}]):|prst (qLpYuarr) (QLsy*qre) [Oé?z})]pm (TLpyuo’ qrr) (Grsy"o’qre)
(1) (1) _ _
(EL) (RR) [oqd }prst QLp’YMQLT ( s'Y'LLth> {Oqu ]pmt (QLpﬁ)/p,QLr) (’UJRS’Y'uuRt)
[O,(ZZ)LW (qmu 5 qm) ( Rs’Y“*th) [Oéi)]m (finw§qu) (@Rw“¥mt)
(RR) (RR) || [Oddl,ys (drpyudrr) (drsy"dpe) (O] prst (@rpYuuRr) (URs Y URE)

Table D.1: Four-fermion operators in the Warsaw basis which contribute to FCNC processes.
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Viv  w- Vi
b—r»— —>————d
Uy AU
d—<— e e A
Vi W' Vi

*

U; id
d
W+
- b
Uk Vi

Figure D.1: Feynman diagrams described the loop induced BY <+ BY oscillation in the Standard Model.
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Appendix E

Additional Parameter Space Plots

In Sections 6.3 and 6.4, the allowed parameter space for the VLQ Yukawa-like couplings was studied by taking into
account constraints for ElectroWeak and Higgs Physics. Since each model introduces three or four couplings, to
perform two-dimensional plots assumptions had to be made in order to reduce the number of free parameters in the
x? function and £, to two. In particular, it was chosen to fix the VLQ-VLQ coupling to the value that maximises the
contribution to the coupling modifier at the two selected CLs. In this Appendix, an alternative choice of setting such
coupling to 1 in the solution of the inequalities in Equation (6.4) is investigated.

The resulting plots for both the first and second generations are shown in the following pages. The colour and line
style conventions used in Sections 6.3 and 6.4 are respected; unsurprisingly, since 1 is smaller than any of the values
used in the main text, the upper bounds turn out to be smaller. The maximal allowed enhancements are «,, = 830 from
Model 1 (Figure E.1b), kg = 470 from Model 4 (Figure E.9b), ks = 40 from Model 4 (Figure E.9b) and k., = 3.9
from Model 3 (Figure E.9a). While the possible values for the allowed coupling modifiers become smaller, their order
of magnitude stays the same and doesn’t change the conclusion that the searches for light quark Yukawa deviations at
the HL-LHC is motivated also from a UV perspective.

The 68% CL region is always contained in the 95% CL one; this confirms the idea that Models 3 and 4 in Section 6.4
deviated from such expectation due to the non-negligible difference between the 68% and 95% CL values used for the
VLQ-VLQ coupling. More details are provided in the captions of the plots.

29, 1i=0%, 1 : 4%, 11=b..
2 2
1 1
:503 0 . SL; 0
-1 -1
-2 -2
: Ky =750 f k=830
) -1 0 1 2 -2 -1 0 1 2
[Awh [Avh
(a) Same coupling limit for the 1 couplings. (b) [)\dQl] , set to the best-fit value from the x? minimisation.

Figure E.1: These two plots show the allowed parameter space for the VLQs in Model 1 coupled to first generation SM quarks.
The two different scenarios for the treatment of the fourth VLQ coupling are both considered.

85



APPENDIX E. ADDITIONAL PARAMETER SPACE PLOTS

(X, 11=12G, ] A, 11 =D.F.
2 2
1 1
= 0 <5 0
-1 »
) 5
Kd:405 Kd:450
-2 -1 0 1 2 -2 -1 0 1 2
[Aph [Aply
(a) Same coupling limit for the (1 couplings. (b) [)\%1] , set to the best-fit value from the x? minimisation.

Figure E.2: Allowed parameter space for the VLQs in Model 2 coupled to first generation SM quarks.

2 2;
1 17
-1 -1t
-2 ,2;
: K, =810 » B k=470
-2 -1 0 1 2 -2 -1 0 1 2
[Auh [Aph
(a) Model 3. (b) Model 4.

Figure E.3: Parameter space and coupling modifiers for Models 3 and 4.

g =%, 1 [4%,]1=b.f.

2 2

1 1
-1 -1
) -2

Kkg=162 K, =700 kg=275
-2 -1 0 1 2 2 -1 0 1 2
[Ar,]1 Ar
(a) Scenario in which [)\dQJ 1= [ 61] 1 (b) Scenario where [ 221] ) is set to the best-fit value.

Figure E.4: Model 5 parameter spaces for the first generation according to the two different treatments of the ()1 couplings.
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ADDITIONAL PARAMETER SPACE PLOTS

3 3
Kd=315
2 2|
1 1t
S0 S0
= S
-1 -1
-2 _2;
[ K, =260
-3 —3t [ KU=520
-3 -2 -1 0 1 2 3 -3 -2 -1 0 1 2 3
[/{Tl]l [/lT_a]l
(a) Model 6. (b) Model 8.

Figure E.5: Model 6 and Model 8 parameter space, with VLQs coupled to the first generation SM quarks.

g 1=, 1 (A%, 11=b.f.
2 2
1 1
50
=

-1

K, =260 -2 K, =260

) kg=370 ,=390 S K, =595

-2 -1 0 1 2 -2 -1 0 1 2

[Ar,]1

(a) Scenario in which [)\dQl] = [ Zh] .

Figure E.6: Allowed parameter space for Model 7 according to the two different treatments for the fourth VLQ coupling.

[A2]1

(b) [Aal] , set to the best-fit value.

%, 1=, 12 (A9, ,=b.f.
2 2
1 1
~ | A0 e « | R
P O T SRR i
-1 -1
-2 Ke=12 -2 k=12
' K.=2.5 Vol Kke=2.8
-2 -1 0 1 2 -2 -1 0 1 2

[Av]2

[Avl2

(a) Same coupling limit for the Q)1 couplings. (b) [/\dQ 1] , set to the best-fit value from the x? minimisation.

Figure E.7: Parameter space for the VLQs in Model 1 coupled to second generation SM quarks according to the two different
choices for the fourth coupling.

87



APPENDIX E. ADDITIONAL PARAMETER SPACE PLOTS

9,12
< —_— N

|
—

[\

X, 12=[A%, 12

k=13
k=24

-2 -1 0 1

[Apl2

(a) Same coupling limit for the 1 couplings.

(b) [ 51] , set to the best-fit value from the x? minimisation.

(A%, ]=b.f.

[Apl2

Figure E.8: Allowed parameter space for the VLQs in Model 2 coupled to second generation SM quarks.

]

-1 0 1

-2
[Au]2
(a) Model 3.

[Apl2

(b) Model 4.

Figure E.9: Parameter space and coupling modifiers for Models 3 and 4 coupled to second generation quarks.

3 =1 1
2
1
NS | S I R
=
-1
-2
k=13 k=12
_3 : k.=2.8
-3 -2 -1 0 1 2 3
[A7,]2
(a) Scenario in which [)\2’21]2 = [ 51]2.

Figure E.10: Parameter space for Model 5 with VLQs coupled to the strange and charm quarks. Notice that in the same coupling

w

N

J—

[2g,]2=b.f.
ks=13
k=16
-3 -2 -1 0 1 2 3

[Ar,]2

(b) Scenario where [ 51] ) is set to the best-fit value.

limit the largest allowed value coincides with the result found in the literature [23].
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Figure E.11: Model 6 and Model 8 parameter space, with VLQs coupled to the second generation SM quarks.
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(a) Scenario in which [/\dQl] 5 = [ 61] 9 (b) [ 51] , set to the best-fit value.

Figure E.12: Allowed parameter space for Model 7 according to the two different treatments for the fourth VLQ coupling.
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Appendix F

Detector Schematics

At many points throughout this thesis, the results of experiments performed at the Large Hadron Collider (LHC),
located at CERN (Conseil Européen pour la Recherche Nucléaire), were mentioned. In this appendix, a few details

concerning the LHC and two of the experiments around its accelerator ring, ATLAS and CMS, are reported.

The Large Hadron Collider, whose accelerator ring has a circumference of 27 km, was designed in the 1990s to study
the Standard Model (in particular, the search for the Higgs boson) and Beyond the Standard Model Physics [91]. The
two beams being collided both consist of protons' and intersect in four different locations. In each of these points, an
experiment is set up: ALICE, ATLAS, CMS and LHCb.

ATLAS (A Toroidal LHC Apparatus) and CMS (Compact Muon Solenoid) are two general-purpose experiments at
LHC, both are cylindrical detectors which almost cover the entire solid angle except for the beam’s track.

Both have a solenoid providing a magnetic field equal to 2 T for ATLAS and 3.8 T for CMS. Going from the innermost
to the outermost layer, the two experiments have silicon trackers for particle trajectory reconstruction, calorimeters for
energy measurements and muon chambers. There are two types of calorimeters: electromagnetic and hadronic. The
former allows the study of electrons and photons, the latter of hadrons. The muons are the last detected particles since
they present the least interactions with the rest of the detectors.

I I | I I I 1 1
om Im im am 4m 5m &m m

Key:
Muon
Electron
Charged Hadron (e.g. Pion}
w = = « Neutral Hadron (e.g. Neutron)
----- Photon N |
il
Hii
@
Electromagnetic il
m_ll] Calorimeter i |§
Superconducting i |i
Calorimeter Selenoid E
Iron return yoke inters persed I §
Transverse slice with Muon chambers §
though CMS I

Figure F.1: CMS transverse section showing the internal structure of the detector going from left to right. In particular, the silicon
trackers for the trajectory reconstruction, the electromagnetic followed by the hadronic calorimeter and finally the muon chambers
can be identified.

!'The Tevatron at the Fermi National Accelerator Laboratories, instead, was a proton-antiproton collider.
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Figure F.1 shows what has just been stated. The difference between the study of neutral and charged particles is clear
by observing the effect of the magnetic field on the trajectories: neutral particles are unaffected and move in a straight
line, whereas the charged ones are deviated. The development of the particle showers inside the calorimeters is also
shown.

The figures presented in this section were taken from the official webpages of ATLAS and CMS.
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Figure F.2: ATLAS detector schematics.
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Figure F.3: CMS detector schematics.
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Appendix G

Direct Searches

In this section, intermediate results for the Direct Searches (Chapter 7) are presented. For Model 1, these consist in the
explicit expressions for the rotations matrices and the description of the interactions of the quarks (both the SM and
the VLQs) with the final state bosons after the rotation into the mass basis has been performed.

Additionally, the details of the generalisation for the eight models are presented. In this case, the expressions for the
generalised Lagrangian before and after the rotation are provided. Again, the rotation matrices are reported. For the
generalisation to be made, some auxiliary functions have to be introduced. Their definitions and the set of replacement
rules which uniquely identify the individual models are listed.

G.1 Model 1

The Ly and £z Lagrangians before the rotation into the mass basis are given by:

10 0 0
L d o d
—LW:LL(@L T UL)W+ 01 <L>+9L(aR Tn UR)W+ 0 1 (BR>+h.c.. G.1)
00 00

S

1 0 0 5 Uur,
Ly = gL (QL Ty UL)Z o 1 o] —Zsin?Owlss| | Ty | +
cos Oy 2 3
0 00 U
] 0 0 O 5 UR
IL (aR Tr UR>Z o 1 o] =Zsin?0wlses| | Th | +
cos Oy 2 3
0 0 O Ur

gL - — 1 1. 2 dr,
—— 4+ —sin?Oy| 1
+cos€ <dL BL>Z[ 2+351n ] 952 (BL +

_ _ 1(0 O 1.
IL <dR BR) Z [ ( ) + = sin? Oy doxo

cos Oy 2\0 1 3

dr
(BR> . (G.2)

The diagonalised matrices Mg tag up to O(v?/M?) corrections are obtained from M, via the following rotations:

Mies = U UE, MU U (G.3)
M = 1gwo Mg URS . (G4)
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The transformation matrices for the up sector are:

1 0 0 1 0 0
U23 . 0 L . AUle _L o )\UQI’L} U23 . 0 L + AUle _L + )\UQI’L}
Lup — V2 8M 2 8M ) Rup NG 8M V2 8M )
0 1 + AuQqv 1 AuQqv 0 1 AuQqv 1 + AuQqv
V2 8M V2 8M V2 8M V2 8M
. )\U,U A”é v
1 0 T )\ul 2]&[ 0
Ugbp=1 0 1 0 : Uy = V@” ol . (G.5)
Ao ) 2M
NI 0 0o 1

For the down sector, the transformation matrix is:

21 1 o %v
UR down — )\61 v (G6)
V2v 1

Having moved into the mass basis, we can rewrite the rotated interactions of the SM quarks and VLQs with the bosons

T T
h, W and Z. For more compact expressions, define the multiplets U = <u T U > and D = <d B> containing
quarks with same U(1) gy charge. The results are all truncated at O (v?/M?) level.

Interaction with the Higgs the matrix entries present both an order zero and order one term in the expansion param-

eter are present. Only the order zero term is reported since it provides the dominant contribution.

0 _u Au
h [ xéh >‘U2Q1 )‘U2Q1 T 0 0
=L =hUL 2 Taovs avs Ur + hDy, My )% Dgr + hec.. (G.7)
Aoy dver g V2 M
2 2vV2  2V2
Interaction with the W boson the interaction turns out to be
A% v
Q
/3 10 0 —7m
— — 24
— L = WW' | =3 55 |De+WnW' | -5 & | Drthe. (G.8)
L Ayv 1 Ay
- Q 1
2M V2 2N V2
Interaction with the Z boson finally, the rotated Lagrangian contribution involving Z amd the quarks is
1 _Auv Agv
0 3 2M 2M 2
_ o8 WL;Z ZULZ — —% % % — = sin? Owlsxs | U+
gL 2\ s 1 1 3
2M 2 2
1 B /\“élv B Xélv
T B B o 2 2 Oy s | Uit
R 2 — 21[,\/[ 5 5 3 WL3x3 R
T | 1
2M 2 2
- 1 1. 5
+DrZ -5t 3 sin Ow | loxoDp+
_ 0 gy 1
+DrZ (=5 | sy VM| g5’ Owlae | Dr. (G.9)
_ 1
verr Y
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G.2 Generalisation to all models

For the convenience of the reader, the VLQ components along with their charges are repeated in Table G.1 and the
particle content of the various models are given in Table G.2. Noticing that in all models there is a doublet and either a
singlet or a triplet, the notation Su € {U, T12 / T 22 / 3} and Sd € {D, T} Y 5, T, Y 3} was introduced. The multiplets

containing quarks with the same charge are, therefore,

U d
X Y
U=|71, D=|B |, X= <T25/3> & Y= (T_4/3> . (G.10)

G.2.1 Generalised initial Lagrangian

The generalised Higgs sector was already reported in Chapter 7.

For the W¥ interactions two auxiliary parameters have to be introduced, let them be:

0 Model with U or D
f= {1 Model with T} , (G.11)
—1 Model with Ty

1 if the particle g is present
0(q) = . (G.12)
0 else

The first accounts for the fact that the singlets do not couple to the W bosons, while the triplets do interact but
with different signs (see Appendix B). The second auxiliary variable instead deals with the possibility offered by the
presence of the triplets to create the multiplets X and Y of quarks with non-SM charges. Indeed, in the model involving
singles and doublets, there can be at most one particle with non-SM charge, provided either by ()5 or by (J7. Once the

triplets are included, this is no longer the case (Models 6 and 8).

Charges

Field | —4 _1 2 5
feld 3 3 3 3 Singlet + Doublet ~ Doublet + Triplet
U - - U -
D _ D . _ Modell U+ @1 | Model5 T + Q1
Q1 - B T - Model2 D+ Q; | Model 6 T + Qs
Q | Y B -~ Model3 U+ Q; | Model7 Ty + O,
Q7 - - T X
T T1—4/3 T1—1/3 T12/3 ) Model4 D+ Q5 | Model 8 Th + Q7
T ) T2—1/3 T22/3 T25/3

Table G.1: Charge assignments for the VLQ components. Table G.2: Summary of the models’ particle content.
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The Lagrangian describing the interaction before the rotation is identified to be:

/3 10 0 00 0
—g—szﬁLWW 01 0 |D+UzW o1 o | Dpt
t 0 0 Vof 0 0 V2f
_ 0 1 0 {01 0
+x W Uy + X Ur+
W (o 0 —ﬂf@(Tg)) LW (o 0 —\/§f@(T2)> "
0 0 0 0
+D,w " |1 0 Y.+ DWW | 1 0 Yp + he.. (G.13)
0 V2fO(Ty) 0 V2fO(T)

Finally, for the Z part of the New Physics Lagrangian, a further auxiliary parameter is needed. Let it be defined as

1 if the VLQ doublet is )1
T = . (G.14)
—1 if the VLQ doublet is either Q5 or Q7

Its role is to account for the doublets’ isospin. Consider the action of o on the doublets:

o°Q1 = (_TB> , 0°Q5= (_BY> , Q1= (i) : (G.15)

From this, one can notice how 7" and B pick up different signs depending on which doublet introduces them.
With z and ©(g), one can therefore write:

1 0
0 _ 2
—COZ WLZ:uLZ 0 =z 0 —gsin29wl3><3 Ur+
t 0 0 20(T)
. 0 0 0 )
+UrZ 30 = 0 —gsin29W13X3 Up+
0 0 20(Ty)
. 1 0 0 .
+Dr? —3 0 x 0 +§Sin29W13><3 D+
0 0 20(T3)
. 0 0 0 .
+DpZ = 0 +§sin29W13X3 Dp. (G.16)
0 0 20(T)

G.2.2 Rotation to mass basis

The rotation matrices for My and My are of the same form of the ones in Equation (G.18), as long as the appropriate
subsitutions are performed.

However, special care must be placed in the rotations that affect only VLQs. Indeed, while the other two matrices
reduce to the identity once the NP coupling has been set to 0, a generalisation of Ugi and U%i would retain an extra

1/4/2 factor and some off-diagonal entries. Therefore, to achieve generalisation it is necessary to introduce two more
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Model ‘ aux, aurg aury auxy T x O(T1) ©O(Tr)
1 1 V2o V2 V2 0 1 0 0
2 V2 1 V2o V2 0 1 0 0
3 1 V2o V2 V2 00 -l 0 0
4 V2 1 V2o V2 0 -1 0 0
5 1 1 V2o V211 1 0
6 1 1 V2 1 1 -1 1 0
7 1 1 V2 oV2 11 0 1
8 1 1 1 NS | 0 1

Table G.3: Auxiliary function substitutions to recover the particular model of interest.

auxiliary functions:
1if A 0
AUT o3 = 5,6 # a=u,d and B=X,Y. (G.17)
V2 if Asa,5g =0

_ ASav
1 0 oI 1 0 20
Uk — 0 1 0 UL —1o0 auze _ ASaQV _ (2—auzi)  Asaqv
Lo ) Lo V2 8M V2 &M )
AoV 0 (2—aux?) + ASa QU auzs _ ASaQV
Va2M V2 8M V2 8M
—28% 0 1 0 0
A o | MSa 2—auz? ASa
Uka=| 220 1 0|, Uka=|0 % +55F — 3ol | 2eagr | (G.18)
0 (2—auz2) ASa QY auzTy ASa QU
0 0 1 2T Tsi V2 T sM

As for the diagonalisation of the 2 x 2 matrices for the non-SM charged quarks, the following matrices can be used:

aurg  AspQUu _(Qfauxg)z _ AspqU auxg + Asg QU _(Qfauxﬁ)z + Asg QU
U2, = V2 8M 72 8M U2l — 2 8M 72 8M
(2—auzxg) + Asg QU aurg  AspQu ) Rp (2—auxg) _ Aspqu aurg + Aspg QU
NG 8M 72 8M V2 8M 72 8M
(G.19)

The transformations required to diagonalise the matrices for the SM-like charged particles are:
Mias — B Ul MU TURT (G.20)
while the 2 x 2 matrices involving "new-charged" particles are diagonalised via:
Myyy = U jyMa jyUsyl 1y - (G.21)

Hence the multiplets transform in the following manner:

ulL = UIQ/?U,U%/;LL U, /R = U}223UU}2?11L Ug,

1 =UtaULy DL, % =UfkaURka DR

1 =Utk Xr, " =Ukx Xr,

! U23 ! U23 G.22
EL— ngL, ER— RggR- (G.22)
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G.2.3 After the rotation

After the rotation, the three Lagrangian contributions can be compactly written as

—Lh =hU, C UR + h DL ChH DR +he., (G.23)
—fﬁw = U W MY D+ Ug WM Dr 4+ Xp WIMY Uy + Xp W MY U+

+ DLW MY YL + DrW MY YR + hee. (G.24)

_ COZLQW L= Up ZMZUp + Up ZMZ5Up + Dy ZMZL Dy + D ZMZ D (G.25)

Given the great number of auxiliary couplings and variables introduced, the results are not easy to read and, therefore,
will not be explicitly written out. However, let us point out that, once the initial interaction matrices for the different
sectors and the rotation matrices have been identified, all the remaining calculations for the branching ratios can
be easily implemented in a MATHEMATICA notebook. The only operations that have to be performed are matrix

multiplications and substitutions, using the replacements in Tables 7.1 and G.3.
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