PUC-Rio- CertificagaoDigital N° 1621964/CA

PONTIFfClA UNlVERSIDADE CATéLlCA
DO RIO DE JANEIRO

Fernando Abreu Rocha de Souza

The Clockwork Approach to Natural Fermion
Hierarchies

Dissertacao de Mestrado

Dissertation presented to the Programa de Pés—graduacao em
Fisica of PUC-Rio in partial fulfillment of the requirements for
the degree of Mestre em Ciéncias — Fisica.

Advisor: Prof. Gero Arthur Hubertus Thilo Freiherr Von Gersdorff

Rio de Janeiro
April 2019


DBD
PUC-Rio - Certificação Digital Nº 1621964/CA


PUC-Rio- CertificagaoDigital N° 1621964/CA

PONTIFI/CIA UNIVERSIDADE CAT()UCA
DO RIO DE JANEIRO

Fernando Abreu Rocha de Souza

The Clockwork Approach to Natural Fermion
Hierarchies

Dissertation presented to the Programa de Pés—graduacdao em
Fisica of PUC-Rio in partial fulfillment of the requirements for
the degree of Mestre em Ciéncias — Fisica. Approved by the
Examination Committee.

Prof. Gero Arthur Hubertus Thilo Freiherr Von Gersdorff
Advisor
Departamento de Fisica — PUC-Rio

Prof. Rogerio Rosenfeld
Universidade Estadual Paulista Jilio de Mesquita Filho

Prof. Hiroshi Nunokawa
Departamento de Fisica — PUC-Rio

Rio de Janeiro, April 5th, 2019


DBD
PUC-Rio - Certificação Digital Nº 1621964/CA


PUC-Rio- CertificagaoDigital N° 1621964/CA

All rights reserved.

Fernando Abreu Rocha de Souza

The author graduated in Civil Engineering from Universidade
Federal do Rio de Janeiro in 2016.

Bibliographic data

Abreu Rocha de Souza, Fernando

The Clockwork Approach to Natural Fermion Hierarchies
/ Fernando Abreu Rocha de Souza; advisor: Gero Arthur
Hubertus Thilo Freiherr Von Gersdorff. — Rio de janeiro: PUC-
Rio , Departamento de Fisica, 2019.

v., 113 f: il. color. : 30 cm

Dissertacdo (mestrado) - Pontificia Universidade Catélica
do Rio de Janeiro, Departamento de Fisica.

Inclui bibliografia

1. Fisica — Teses. 2. Modelo Padrao — Teses. 3. Modelo
Padrao;. 4. Fisica Além do Modelo Padrao;. 5. Hierarquia de
Férmions;. 6. Fisica de Sabores;. 7. Mecanismo Clockwork..
|. Freiherr Von Gersdorff, Gero Arthur Hubertus Thilo. |l. Pon-
tificia Universidade Catdlica do Rio de Janeiro. Departamento
de Fisica. Ill. Titulo.

CDD: 620.11


DBD
PUC-Rio - Certificação Digital Nº 1621964/CA


VOI796TZ9T oN [enbiqoedesnniad -o14-oNd

To my family and friends.


DBD
PUC-Rio - Certificação Digital Nº 1621964/CA


PUC-Rio- CertificagaoDigital N° 1621964/CA

Acknowledgments

I would like to thank my advisor for always being available for important
weekly discussions and for patiently guiding me through the development of

this work.

I would like to thank my parents and my grandparents for all the love and
support.

I would like to thank my graduate professors for all the crucial teachings that
have opened my eyes to the fascinating world of particle physics.

I would like to thank the funding agencies CNPq and CAPES. 1T am very
grateful for the provided financial support.

This study was financed in part by the Coordenacdo de Aperfeicoamento de
Pessoal de Nivel Superior - Brasil (CAPES) - Finance Code 001.

Finally, I would like to give a special thank to Lorenna for all the encourage-
ment and for always believing in my potential. I would not be able to pursuit a
career in Physics without your constant incentive and for that, I am eternally

grateful.


DBD
PUC-Rio - Certificação Digital Nº 1621964/CA


PUC-Rio- CertificagaoDigital N° 1621964/CA

Abstract

Abreu Rocha de Souza, Fernando; Freiherr Von Gersdorff, Gero
Arthur Hubertus Thilo (Advisor). The Clockwork Approach
to Natural Fermion Hierarchies. Rio de Janeiro, 2019. 113p.
Dissertagao de mestrado — Departamento de Fisica, Pontificia Uni-
versidade Catolica do Rio de Janeiro.

The Standard Model of particle physics is one of the most well
established theories in the field of physics and is able to make predictions
correctly measured and verified up to twelve significant figures. However,
the theory leaves some unanswered questions that have been bothering
physicist for many years. One of those questions is the hierarchical structure
of the fermion sector, where Yukawa matrices have eigenvalues that differ
from each other by several orders of magnitude. Another aspect concerns
the CKM matrix, which dictates the mixing between fermions of distinct
flavours: why is this matrix almost diagonal, and why are the mixing
angles so small? Why is the electron so much lighter than its cousins from
different generations? The same question could be made for the quarks
and the Standard Model would not be able to answer neither of these.
In this work, an explanation is proposed by employing a novel model,
called Clockwork Mechanism, which assumes the existence of new heavy
fermion particles, named Clockwork Gears, which are able to naturally
generate exponentially suppressed couplings out of order-one Yukawas, after
spontaneously symmetry breaking occurs. In addition, simulations were run
in order to optimize the free parameters of the model, as well as to confirm its
efficiency at fitting with experimental data. Lastly, a few processes involving
Flavour Changing Neutral Currents were considered in the effective field
theory regime as a means to stipulate a typical mass scale for these new

particles.

Keywords

Standard Model; Physics Beyond the Standard Model; ; Fermion

Hierarchies; Flavour Physics; Clockwork Mechanism.
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Resumo

Abreu Rocha de Souza, Fernando; Freiherr Von Gersdorff, Gero
Arthur Hubertus Thilo. O formalismo Clockwork para Hie-
rarquias Naturais de Férmions. Rio de Janeiro, 2019. 113p.
Dissertacao de Mestrado — Departamento de Fisica, Pontificia Uni-
versidade Catolica do Rio de Janeiro.

O Modelo Padrao de fisica de particulas é uma das teorias mais bem
estabelecidas no campo da fisica, sendo capaz de fazer previsoes verificadas
experimentalmente até doze algoritmos significativos. No entanto, o Modelo
deixa algumas perguntas sem resposta, o que vem perturbando os fisicos
por muitos anos. Uma dessas questoes é a estrutura hierdrquica presente
no setor dos férmions, onde matrizes Yukawas possuem autovalores que
diferem um do outro por varias ordens de magnitude. Outro aspecto cabivel
de investigacao ¢é relacionado com a matriz CKM, responséavel pela mistura
entre férmions de sabores distintos. Por que tal matriz é aproximadamente
diagonal e por que os angulos de mistura sao tao pequenos? Por que o elétron
¢ muito mais leve que seus primos de outras geragoes? A mesma pergunta
pode ser feita para os quarks e o Modelo Padrao nao seria capaz de responder
nenhuma delas. Nesse trabalho, uma explicacao proposta vem da utilizacao
de um novo modelo, chamado de Mecanismo Clockwork, que pressupoe a
existéncia de novos férmions pesados, nomeados Clockwork Gears, que sao
capazes de naturalmente gerar acoplamentos exponencialmente suprimidos
a partir de Yukawas de ordem um, apds a ocorréncia de quebra espontanea
de simetria. Além disso, simulagoes foram feitas com o objetivo de otimizar
os parametros livres do modelo, assim como confirmar sua eficiéncia em
acomodar os dados experimentais. Por fim, foi feita uma anélise de alguns
processos, envolvendo correntes neutras que trocam sabor, no regime de
teoria efetiva de campo, para poder-se estipular um limite para a escala

tipica de massa para essas novas particulas.

Palavras-chave

Modelo Padrao; Fisica Além do Modelo Padrao; Hierarquia de

Férmions;  Fisica de Sabores; Mecanismo Clockwork.
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At heart, science is the quest for awesome - the
literal awe that you feel when you understand
something profound for the first time. It’s a
feeling we are all born with, although it often
gets lost as we grow up and more mundane
concerns take over our lives.

Sean Carroll, The Particle at the End of the Universe: How the Hunt for
the Higgs Boson Leads Us to the Edge of a New World.
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1
Introduction

The Standard Model (SM) has been repeatedly proving, in the last
couple of decades, to be an astounding theory that can be considered the
most successful theoretical ground available for particle physicists. its triumph
lies in a series of predictions that have been confirmed by precise experiments
(1), which ultimately led to the detection of the Higgs boson (2). This vast
aggregation of evidence confirming its validity allows one to reliably assure
that, up to an energy scale, all the effective underlying physical structure
which guides the behaviour of the particles around us, is well accounted for by
the SM.

However, in spite of all the predictive power of the model and its overall
success in describing the particles and forces in our universe, there are still
several uncharted territories to explore in the field of particle physics that
remain unexplained by the SM. Among those, one can mention the existence
of dark matter (3), a proper theory of quantum gravity (4), the Higgs hierarchy
problem (5) and, the one that will be the main focus of the present work, the
fermion hierarchy problem (6).

As it will be shown in greater depth later, the symmetries the SM is based
upon allow the existence of a total of 17 free parameters (among those are the
fermion masses and mixing angles, excluding neutrino masses and Majorana
phases). These free parameters are not predicted in any way by the theory, but
rather only determined by experimental measurements. This way, even before
the collection of experimental data, one should naturally expect that these
parameter assume values that are not extremely high nor extremely low, but
instead within a reasonable range of the axis origin.

The problem arises from the fact that the fermions in the SM constitute
a family (often called generation or flavour) and one interesting aspect that
was not predicted by the mathematical structure that underlies the SM, but
rather incorporated in the model after its experimental discovery, is that there
are two additional families with particles that are identical as the ones from
the first generation in every possible way (same quantum numbers), except for

the fact that their masses are heavier by several orders of magnitude, that is

My K Mgy K My, (1'1>
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where my, is the mass of the i-th generation fermion ;. The expression in
Eq. (1-1) can be interpreted as a manifestation of a hierarchical structure
between masses of fermions across different flavours and is the reason why
the problem got its denomination. The explicit hierarchy can be seen in the

following relations (7) :

Me 6 x 102, T8 % 107,

my, My,

s 2%10, M 9% 102,

mq mg

M 9 % 102, M7 3% 10%, (1-2)
me Me

As one can see from Eq. (1-2), the ratio between the masses across different
flavours seems to be surprisingly large and our initial expectation of reasonable
natural values for the free parameters in the theory is proven wrong by a large
margin.

Another important feature that comes from experimental data, and is
also considered part of the fermion hierarchy problem, is that the CKM
(Cabibbo-Kobayashi-Maskawa) matrix, which encapsulates the flavour chang-
ing processes in the quark sector, is measured to be almost diagonal, with
very small mixing angles between different flavours, whereas the PMNS
(Pontecorvo-Maki-Nakagawa-Sakata) mixing matrix in the neutrino sector

contains reasonably large mixing angles, that is

1 1 1 1
Verm ~ 1 ., Veuns~1]1 1 1 1 |- (1-3)
1 1 1 1

However, here one might feel inclined to make the question as to why
does this hierarchy between families and between mixing angles in different
sectors is regarded as a problem? Can’t we just accept that the universe is
like that and be done with it? In order to be able to answer those questions,
one must first uncover the meaning of naturalness in the context of theoretical
physics.

The quest for naturalness, in the sense of mathematical elegance, which
encapsulates criteria of simplicity and beauty, has always been a powerful
guiding tool for physicists trying to build new theories and, being so, has
exerted a strong influence in the field of particle physics. Under this scope,
namely structural naturalness (8), the concept acquires a more subjective
meaning and, even though can be viewed as a powerful compass pointing in

right direction, it can not be solely used to validate a theory and, in fact, can
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sometimes be misleading due to the limited knowledge of the time. It is easy
to see now why the heliocentric model is more natural than the geocentric one,
as in the first one the motion of planets is described by simple elliptic orbits,
while the latter requires a more complicated motion with epicyclic orbits within
orbits. However, at the time the heliocentric model was postulated, it was most
probably considered much less natural than the usual geocentric universe, due
to philosophical and religious reasons.

A different facet of the natural criterion, deemed more precise and coined
as numerical naturalness (8), was developed in the field of particle physics and
has been playing a fundamental role in the formulation of theoretical predic-
tions for new phenomena to be observed in the Large Hadron Collider (LHC)
as well as in future particle accelerators. This criterion can be formulated in
the following way: a free parameter in a theory is allowed to be much smaller
than unity only if setting it to zero increases the symmetry of the theory (9).
When this happens, one says that such small parameter is technically natural
(10). This is precisely the case for the fermion hierarchy problem, as if one sets

the Yukawas to zero in

L =iqPqr, + idrldg + iugPug + il Dl + iegDer
+qrYaHdg + @Y Hdg + Y. Heg + hec. , (1-4)

which gives
Ly 0 =1iq.Pqr + iJRlDdR + iugDup + il Dl + ierler, (1-5)

and the SM Lagrangian acquires a flavour symmetry [U(3)]°, as every matter
field is now allowed to rotate freely between different flavours, while keeping

the Lagrangian in Eq. (1-5) invariant, via the transformations
qr. = Uyqr, dg = Ugdr, ur — Uyur, 1, = Uly, ep— Uepr, (1-6)

where U is a 3 x 3 unitary matrix in flavour space. And, since even small
Yukawas are still able to forbid the existence of a large [SU(3)]° flavour
symmetry, these parameters are considered technically natural.

Another feature of the fermion masses is that their quantum corrections
are proportional to themselves, this way if a fermion mass has a small value
then the quantum corrections for such mass will be even smaller, and so such
parameter will stably remain within very close range of its initial tiny value.
This effect can be explained by taking the case of Quantum Electrodynamics

(QED), where the electron mass term can be writen as

cQED

mass MeELER. (1—7)
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If one wishes to calculate the quantum corrections for the electron mass here,
one should compute a loop diagram as in Fig. 1.1. Since we want a propagator
to connect left-handed electrons to right-handed electrons, as in Eq. (1-7), and
the photon propagator is chirality diagonal, the only possible solution is using
a fermion propagator, which depends on the fermion mass, in this case the
electron mass m,, and so the diagram must be proportional to m,, and, since

the electron mass is known to be small, so are the related quantum corrections.

v

Y
®
=y

Y

1 _ g+me
d—me — ¢*>—m2

Figure 1.1: Feynman diagram for the 1-loop correction for the electron mass in
QED. The external momenta are set to zero to exclude the kinetic term. The
fermion propagator contains the electron mass m,. causing the whole diagram
to be proportional to m, after one integrates over gq.

From this perspective, the fermion hierarchy problem is usually consid-
ered to be not as huge of a issue as the Higgs hierarchy (10), since the quantum
corrections for the Higgs mass are proportional to the maximum energy scale
available by virtual particles, yielding huge corrections to the former and a
very high level of fine-tuning is necessary to make sense of the measured value
for the mass of the Higgs boson (my = 125 GeV (2), while the corrections
must be proportional to the energy scale A ~ 10 GeV).

Nonetheless, the hierarchy in the fermion sector is still a serious issue,
since it seems rather suspicious that 17 arbitrary free parameters would be so
fine-tuned in a way to produce such particular hierarchical spectra. Being so,
is widely accepted in the literature (11) that this apparent fantastic numerical
coincidence must have a hidden reason. Moreover, there is a reductionist belief
among members of the theoretical physics community in the existence of an
underlying theory of everything, under which all dimensionless parameters are
determined and computable. By this view, seeking theories with fewer degrees
of freedom seems to be a good guiding point for elaborating new models. In
that sense, the model proposed in this thesis can be considered more natural
and an improvement over the SM, as, it will be shown later, it requires the
use of 8 free parameters, that are optimized via simulation, in addition to 15

parameters that can be regarded as random O1 complex numbers.
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Many models were developed as valid attempts to tackle this problem
by giving possible natural explanations for such hierarchical phenomena. Here
we investigate two interesting models, one is the well known Froggatt-Nielsen
mechanism (6) while the other, which is the main subject of this thesis, is the
novel clockwork mechanism (12), (13) and (14). The latter, as it will be shown
in great detail later, revolves around a spontaneous symmetry breaking (SSB)
of all but one symmetry in a lattice system with a symmetry G for each site.
After SSB, one ends up with a single massless particle, called zero mode, which
can be written as a linear combination of the former particles in the lattice,
called clockwork gears. The strength of the model comes from the fact that
the zero mode happens to be localised towards one of the boundaries, this way
one could couple the SM particles to the opposite boundary and automatically
yield strongly suppressed interactions.

When applied to the flavour hierarchy problem, the clockwork model
allows to naturally obtain, out of order-one random complex matrices (15),
fermion masses that follow a hierarchical structure. That is the main success
of the mechanism, as it is able to naturally replicate, without any bold
assumptions, a very specific flavour hierarchy found in nature.

This work is divided in the following fashion: In Chapter 2, a review of
the Standard Model is presented, focusing on the fermion sector and the free
parameters that it contains, while also providing a bridge to usual techniques
used in Beyond the Standard Model (BSM) physics. Then, we proceed to the
introduction of the Froggatt-Nielsen mechanism, in Chapter 3, presenting the
simulated distribution for the fermion sector parameters in this mechanism.
Chapter 4 uncovers the clockwork mechanism and its application to flavour
hierarchy, while Chapter 5 exhibits the results of the computational simulations
for the distributions of the free parameters in the fermion sector in the scope
of the clockwork model. In Chapter 6, an analysis of the processes containing
Flavour Changing Neutral Currents (FCNC), in the clockwork theory, is
presented and a simulation is ran in order to estimate a typical mass scale
for the clockwork gears. Finally, Chapter 7 gives a conclusion of the subject,

judging the results obtained via simulation, and propose future related works.
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2
The Standard Model

The Standard Model (SM) is the result of decades of scientific efforts,
via the accumulation of experimental evidences, in order to build a successful
description of all the current known fundamental particles and forces (16).
As it is well known across the scientific community, the mathematical tools
that make such description possible comes from the development of Quantum
Field Theory (QFT), which brings together the physics of Special Relativity
and Quantum Mechanics. Under QFT, particles are considered to be fields in
spacetime and among the different kind of fields possible in the theory, one
can highlight the following: scalar fields (¢, spin 0), vector fields (A
and spinor fields (¢, spin %)

4, spin 1)

An important observation that is encompassed by the SM, is that the
fermion sector, which is composed by spinor fields, vector fields that mediate
their interactions and a scalar field (Higgs) which gives rise to their masses,
is divided into three generations (often called families or flavours) where
the corresponding particles across the generations have identical charges and
quantum numbers. Although not predicted by the SM, experimental evidence
show that fermions across different families possess different masses that obey
the following relation:

My K My K My,

where my,, is the mass of the i-th generation fermion ;.
In this chapter, we present a brief review of the Standard Model with

focus on the fermion sector (17), (18).

2.1
Spontaneous symmetry breaking

In order to understand how the matter particles acquire its mass, under
the mathematical structure of QFT, one has to first comprehend how the
Higgs mechanism works, in particular the concept of Spontaneous Symmetry
Breaking (SSB).

SSB occurs when, even though a Lagrangian is invariant under a particu-
lar symmetry, the ground state of the theory happens to not be invariant under

such symmetry. Let us see a simple example to better illustrate the point. The


DBD
PUC-Rio - Certificação Digital Nº 1621964/CA


PUC-Rio- CertificagaoDigital N° 1621964/CA

Chapter 2. The Standard Model 21

Lagrangian for a real scalar field ¢ is given by:

1 1 1
Lo=5(0,0)(0"0) = V(9), where V(¢) = —1¢ + 52s", (21)

where a discrete transformation

¢— —0¢ (2-2)

is a global symmetry (Zs group) under this toy model. One can compute the
expectation value of the vacuum by minimizing the potential V', which can be
achieved by taking o
ZV(¢) =0, 2-3
55V (@) (2:3)

where the solution to Eq. (2-3) are the following:

(d)a = (QlelQ) =0, if u* <0, (2-4)

(o =2 2> 0, (25

where |Q2) is the vacuum state and both situations are illustrated in Fig. 2.1.
Here one can see in Eq. (2-5) that, in the case where p? > 0, the vacuum state

is degenerate, as it has two possible expectation values.

V(¢) V(¢)

() 12 <0, (B)a=0 (b) 42 >0, (Bo==\/%

Figure 2.1: Plots for the potential V' (¢) from Eq. (2-1) for the two possible
situations: (a) u? < 0, there is only one minimum value for the potential and
(b) p? > 0, there are two minimum values for the potential and the vacuum
state is degenerated.

An interesting result can be obtained when one performs an expansion
of the scalar field around one of the minima (supposedly the positive one):
642

o(x) =v+o(x), where v = ~ (2-6)

is the vacuum expectation value of ¢. Taking the expansion in Eq. (2-6) and
plugging it in the Lagrangian in Eq. (2-1) allow us to rewrite the Lagrangian

in terms of o(x) as
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1 1 A 1
_ 2 oy iy (A5 Ly ]
L 2((9#0)(8 o) 2(2,u Yo LA (2-7)

where the new Lagrangian, describing a scalar field with mass
me = \/§:u? (2_8>

has picked up a cubic interaction @MJS that was not present in the original
Lagrangian, explicitly breaking the symmetry from Eq. (2-2). Therefore, due to
the manifestation of two degenerate vacuum states, the expanded Lagrangian
is no longer invariant under Z,. This is the most simple case of Spontaneous

Symmetry Breaking, where the broken symmetry is a discrete one.

2.1.1
The linear sigma model

From here, one can investigate the case of a system with multiple scalar
fields, as such Lagrangian will have continuous symmetry, rather than discrete
ones, and a more interesting result is obtained. Here we take N scalar fields
and write the Lagrangian as:

1 i i i i Lo 1 i\2]?
£=5(0,8)(0u0") ~V(¢),  where V(¢) = —p*(¢')° + 71 [(6)°]
(2-9)
and there is an implicit sum over i. This is called the linear sigma model.

It is easy to see that the Lagrangian from Eq. (2-9) is invariant under the
transformation ' .

o' — Rij¢’, (2-10)
where R;; can be any N x N orthogonal matrix (that is, R"R = 1) and
the set of all the orthogonal matrices forms the symmetry group O(N), which
describes a rotation in N dimensions. Now, if one would minimize the potential
V, while taking p2 > 0, one would find that the vacuum state would also be
degenerated, as any set of scalar fields ¢’ that satisfies the relation

2

iv2 _ M
(60)" =~ (2-11)

would constitute a minimum energy state for the system. One can interpret
Eq. (2-11) as a vector length in the scalar fields space and see that the vacua
solutions form a sphere in a N-dimensional space, while the direction for such
vector remains arbitrary. The simple case for N = 2 can be seen in Fig. (2.2).

Without loss of generality, one can choose the solution to Eq. (2-11) to

be the vector , "
Cbé = (070""707U)7 where v = —= (2—12)

VA

and, in order to access the behaviour of the system around the minima, perform

an oscillation around the vacua by means of a shift in the vector coordinates
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in Eq. (2-12) by

¢'(z) = (Wl(x), (x),..., 7" (z), v+ 0(x)> , (2-13)

where 7%(z) (k = {1,...,N}) and o(z) are scalar fields that represent the
aforementioned shift in the k'™ coordinate (The notation comes from the
context of pions, as it was originally used). Now, take Eq. (2-13) and plug
it into the Lagrangian in Eq. (2-9), rewriting it as

L= S0, + 5 (0,0) — 5(2%)0” — Vpo®

—Vau(r*)o — 204 — ;\(Wk)ZO‘Q _ 2 [(7?’“)2}2 . (2-14)
Just like in Eq. (2-7), here we obtained a massive scalar field o, while also
acquiring a set of N — 1 massless fields w. Moreover, it is easy to see that
the original O(N) symmetry is broken, while only a subgroup O(N — 1)
survived the breaking. The appearance of these massless particles in the
linear sigma model is a particular case of a more general result known as
the Goldstone’s theorem (19). The theorem states that for each continuous
symmetry spontaneously broken, there must be a massless particle associated

and these massless particles are called Goldstone bosons.
Let us count the number of symmetries broken by the linear sigma model
to confirm that the theorem holds in this theory. We started with Eq. (2-9)
which is invariant under O(N), a rotation in N dimensions. When performing
a rotation in N dimensional space, one has N(N — 1)/2 directions to choose
from, which implies that the symmetry group O(N) contains N(N — 1)/2
continuous symmetries. Whereas, in Eq. (2-14) the related symmetry group is
O(N — 1) and so it contains (N — 1)(N — 2)/2 continuous symmetries. The
number of symmetries broken is simply the difference N — 1, which is precisely

the number of Goldstone bosons in the theory.
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Figure 2.2: Potential for two scalar fields, ¢; and ¢o (often called mezican
hat potential). The minima of the potential are contained in a circumference
(dashed line), where oscillations around the tangential directions are described
by the massless fields 7 (Goldstone bosons).

2.1.2
The Higgs mechanism

Having seen how SSB works in practice, we are now ready to dive into the
Higgs mechanism and see how vector fields and spinor fields acquire mass from
SSB. Let us first introduce a masless vector field coupled to a complex scalar
field in an Abelian theory and see how it affects the model. The corresponding
Lagrangian is given by:

1 v
L=~ F"Fu+ Dyl = V(9), (2-15)
where F,, = 0,4, — 0,A, and D, = 0, +igA,. The Lagrangian in Eq. (2-15)
is locally invariant under the U(1) group, which corresponds to the following

transformations:
. 1
6@) > Do), Ayla) > Ayfe) = SBal).  (210)
Taking the potential to be

A
V(o) = —lof + Il (2-17)

where p? > 0, the U(1) symmetry will be spontaneously broken by a vacuum

expectation value of

112
) =a=1/% (2-18)

or any other value related by the rotation e’*®)¢,. Once again, we proceed by
making an expansion around the vacuum as
1

¢(x) = ¢o + 7 (01(x) +iga(x)) (2-19)

and plugging Eq. (2-19) in Eq. (2-17) gives
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V(9) =~ + 52006 + O, (2-20)

where, once again, the ¢, acquired a 2u? mass while ¢y remained massless and
is the Goldstone boson of the theory. However, when looking at the kinetic
term

Do) = ;(éwl) + ;(am) + ;(2g2¢3)AMA“ + ... (2-21)

one can see that the gauge boson A, also acquired a mass term

2
my = \ﬂgu- (2-22)

This mechanism, under which spontaneous symmetry breaking generates a
mass for a gauge boson, was discovered almost simultaneously by different
groups (20), (21), (22), (23), (24) and generalized for non-Abelian theories.
This mechanism is mostly known as the Higgs mechanism.

One can make an extension of the mechanism to the non-Abelian case
in a straightforward fashion. Here we will work out the most general case, and
apply it to the weak interactions in the following section. Suppose a system
with a set of scalar fields ¢; which is invariant under a symmetry G, represented

by the following transformation:
(bi — e(iaata)ij(bj ~ (1 + ia“ta)ij@, (2—23)

where t* are the representation matrices of G. The covariant derivative of the

theory will be given by

D, =0, —igAjt* (2-24)
and the kinetic term can be written as
1 2 1 : a a 1 2 Aa Apb(ia b
5| Dutil” = 5(0u01) +1ig AL (0uditiydy) — 59" ALAT(°0)i(E7);. (2-25)
Now, letting ¢; acquire vacuum expectation values
(i) = (d0)i, (2-26)

and expanding ¢; around those values, by plugging Eq. (2-26) into Eq. (2-25)
gives a mass matrix ) - ,

Moy = g~ (t"¢0)i(t¢0)i (2-27)
and, with the exception of the gauge bosons related to a generator that
coincidentally satisfies (t%¢); = 0, all the gauge bosons acquire masses under

this mechanism.
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2.2
Weak interactions

After studying the effects of Spontaneous Symmetry Breaking, we are
now ready to apply it to the Standard Model in order to understand how the
weak interactions work (25), (26), (27). In the Standard Model, the electroweak
interactions, which mediates the radioactive decays in nature and is the high-
energy unification between the weak force and electromagnetism, is based on

the symmetry group
SU(2) x U(1)y, (2-28)

where the charge associated with the U(1)y symmetry is called the Hypercharge

(Qy) and is related to the electric charge by the following expression
Q="T"+Qy, (2-29)

where T% is the third representation matrix of SU(2) and @ is the operator
that, when acting on a field, gives the electric charge related to this field.
At low energies, SU(2) x U(1)y is spontaneously broken down to the

electric force when a complex doublet H, with hypercharge
1

QY(H) = 57
called the Higgs doublet, acquires a vacuum expectation value, that is

SU2) x U(1)y — U(1)em, (2-30)

where U(1)ey, is the symmetry group of Quantum Electrodynamics (QED) and
the related conserved charge is the electric charge (e).

The Lagrangian before SSB can be written as
1 1
=—7 Z(B,W)2 + (D, H)' (D, H)+m*H'H — \(H'H)?, (2-31)

where W are the SU(2) gauge bosons, Wﬁfj are the related field strengths, B,
is the hypercharge gauge boson and B,, = 0,B, — 0,B, is the hypercharge

L (W) =

field strength. The covariant derivative is given by
D, =0, +ig:1Qy B, +igT*W, (2-32)

where g; and gy are the couplings for U(1)y and SU(2), respectively, Qy is
the hypercharge, which is the conserved charge of the symmetry group U(1)y
and 7 are the representation matrices of SU(2). Usually the representation of
SU(2) chosen under the context of the SM is the fundamental representation,

under which 1
T = -0, (2-33)
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where 0% are the Pauli matrices
ol = . , o= . (2-34)

So one can write, in the fundamental representation of SU(2)
9@y B+ §Wy (W, —iWy)

D, =0, +i . (2-35)
EW,+iWD)  gQvB,— W)

2.2.1
The gauge sector

For the time being, the gauge bosons in the theory are still massless, as
can be seen from Eq. (2-31), there are no mass terms for B, and W. It has
been shown, in the previous section, that a convenient way of giving mass to
gauge bosons is via the Higgs mechanism and it is precisely what we aim to

do here. So, we wish to minimize the potential in Eq. (2-31)
V(H) = -m?H*+ \NH*, (2-36)

which is called the Higgs potential. One can obtain the vacuum expectation
value of the Higgs by minimizing Eq. (2-36), which can be taken real without
the loss of generality, since the Lagrangian in Eq. (2-31) is invariant under a

unitary transformation of the H field. Being so, one can take the VEV for the

O) (2-37)

and, similarly as done previously in Eq. (2-13), perform an expansion around

such VEV as
H(@:l( 6" () )
v+ pla) + i€(x)

Higgs doublet as (

% (2-38)

which can be taken in the unitary gauge as

1 0
Huﬁ:v@(v+h@))’ (2-39)

where h is the only physical particle, while ¢, p and & are scalar fields that can
be gauged away.

Now, one can investigate what happens with the kinetic terms in Eq.
(2-31) after we take the expansion in Eq. (2-39), while also using Eq. (2-35).
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The result is given by

1 OB+ W32 go(W, —iW2)
|D,H|* = (8uH)2+§ <0 v+h) 8 g g
QQ(W/} + ZWi) ngN — g2W3
(v+ h)?

= (a/—LH>2 + 8

[(@2W1)? + (2W2)* + (1B — 2W2)?| (2-40)
One can note that Eq. (2-40) contains three massive gauge bosons which are
coupled to the scalar field A (which is the physical Higgs boson). However, the
last term in Eq. (2-40) seems to contain a mass mixing between B and W and,

in order to diagonalize the masses one can take the following rotations

B, B cosf@ —sinf A, (2:41)
WE | sinf® cos® Z, 7

tanf= = g1cost = gysiné, (2-42)

92
A,, is the photon vector field and Z,, is one of the the gauge bosons responsible

where

for mediating the weak interactions. By taking the transformations in Eq.(2-
41) and plugging it into Eq. (2-40), one can obtain the masses of the gauge

bosons

(2-43)

=9 M2 = S cos0"
And it becomes clear that the masses of the gauge bosons were generated by
the VEV of the Higgs doublet.

An important result of the mechanism, which has been successfully
confirmed experimentally, is that it predicts that the coupling of the Higgs
boson to the other Standard Model fields is proportional to the mass of the
field that the Higgs is coupled to. The success of this prediction is illustrated
by Fig. 2.3. This behaviour can be seen explicitly by looking at the mass term
for the Z boson taken from Eq. (2-40), after the change of basis in Eq. (2-41):
(v + h)?

YL Y LAYy
02 Z“p - Z“ v 1 2 ® ’

(2-44)
which clearly shows that the interaction between h and Z, is proportional to

ID,H?=...+

2
mZ.
It is worth noting that W' and W? represent the same particle, since one
can define
1 1
o = —(o' £io?), Wf = — (W, FiW}), (2-45)

2

S

V2

this way, the following relation arises

01W; + JQWE =o"W,S +o W, . (2-46)
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Figure 2.3: Best fit values of the Higgs boson coupling to different particles as
a function of particle mass for the combination of ATLAS and CMS data (28)

One can obtain a relation between the electric charge e and the angle
0 by taking the transformation in Eq. (2-41) and plug it into the covariant
derivative in Eq. (2-32)

D, =0, + (ig1Qy cos 0 + igo T sin 0)A, + (igoT? cos  — ig1Qy sin 9)Z,
+igoT'W,, +igoT°W7. (2-47)

One can see in Eq. (2-47) that the A, term can be rewriten as

g1 cos0(Qy + T3)AH = g1 cos0QA,, (2-48)

where we have used Eq. (2-29). Now, since @) is the electric charge operator,
one should expect a term like e A, in the the covariant derivative, this way,

one can safely conclude that

e =gy cost = gosinb. (2-49)

2.2.2
The fermion sector

The theory of weak interactions is unique in the sense that it happens

to be a chiral symmetry, which means that only left-handed fermions couple
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to the SU(2) gauge bosons. Such property was only observed experimentally
and incorporated in the SM thereafter. This chiral characteristic of the theory
is the main source of parity violation in nature.

The left-handed fermions are paired up in doublets in the fundamental
representation of SU(2), while the right-handed ones are singlets under such

symmetry. Their representation can be writen as:

i ur, CL lr i Vel, Vg Urp
QL - ) ’ ’ L~ ) ) )
dL S, bL er, 1259 TL

where i = {1,2,3} is a flavour index. For the right-handed singlets:

U% = {uRa CRr, tR}a d;‘.{ - {dR7 SR, bR}7 (2_51)

63% = {er, R, TR}, Vﬁ% = {Ver, Vup, Vrr}- (2-52)

Here, even though it is not really part of the SM as it has not yet been detected,
we have introduced a right-handed neutrino field, as it will be needed later to
construct the see-saw mechanism in order to give small masses to the neutrinos.
Now, in possession of the fields from Eq. (2-51) and Eq. (2-52), one can
write the following Lagrangian for the fermion interactions with the gauge

bosons:

L= ily (I +igQy B +igW'T) I + iay, (9 + i9:Q4 B +igsW"T*)
+ ity (@ +ig1Qy B) uy + idy (3 +i91Qy B) diy
+ it (0 +ig1Q5 B) e + ity (3 + igi QY B) vip, (2:53)

where @y is the hypercharge and T are the SU(2) generators. The hyper-
charge adopted for the fermions fields and the corresponding multiplicity un-

der SU(2) are displayed in Table 2.1. This way, when acting with the operator

Q=T"+Qy (2-54)
on the fermion fields, one can consistently reproduce the correct electric charges
for such fermions.

Now, the only thing missing in the Lagrangian from Eq. (2-53) is the
fermion mass term. One might be tempted to simply write mass terms such
as meerer however, as one can see from the charge assignment in Table 2.1,
these terms are not invariant under SU(2). The solution to this problem is to

write Yukawa interactions mediated by the Higgs doublet (H), such as:

Ly = VY Hxh, (2-55)
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Table 2.1: Hypercharge and multiplicity of fields under SU(2). The notation
here can be clarified by the example 2_ 1 which means that the field transforms

as a doublet under SU(2) and has hypercharge —3.

Field SU(2) x U(1)y

qr 21
lr 2 1
2
UR 1%
dp 1.1
3
ER 1_1
VR Lo
H 2

where 1, is a left-handed doublet, x is right-handed singlet and Y is the
Yukawa interaction between them. For example, if one takes ¢, = ¢ and

Xr = dg in Eq. (2-55), the hypercharge of the result would be:

1 1 1
= —— ———:0
Qv=—c+5-3=0,

however, the same procedure does not yield a null hypercharge if one takes
(Yr =qr,xr =ur) or (Yr=Ir,xr =vgr) in Eq. (2-55), in that case, in
order to get proper invariant mass terms, one needs to couple the Yukawa

interactions with a transformation of the Higgs doublet:

H=io,H*, (H)= ( f ) : (2-56)
which also transforms as a doublet of SU(2) but with Qy = —3.

2.2.2.1
The quark sector

We are now ready to write the full Lagrangian for the quark sector:
Lguarks = 1q1Pqr +idpPdp + it Dup + G YaHdg + G Y, Hug +h.c. . (2-57)

Here, if it were not for the gauge interactions, one could diagonalize the Yukawa
matrices and the masses obtained would be the only physical parameters. In
any case, one can find physical masses in addition to other parameters, by

going to the mass base, in which the Yukawas are diagonal. To accomplish
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such task, one can use singular value decomposition to write:
Y, = UY.K), Y, =UY, K], (2-58)
where U and K are unitary matrices and

~ Ya ~ Yu
Yy = Ys , Y, = Ye ) (2_59>

where y represents the Yukawa eigenvalues. Plugging Eq. (2-58) into Eq. (2-
57), while also taking the symmetry breaking of the Higgs doublet, gives

2
L LT L (O ~
Louarks = iqrPqr + idplpdg + iugPur + EdL (UdeK:z) dr
2
+ %aL (VuYuK]) ug +hec. . (2:60)

Now one can perform the following transformations:

dL — UddL, ur, — UuuL, (2—61)

dR — KddR, UR — KuuR, (2—62)
in order to remove the unitary matrices from the Yukawa terms and obtain

quark masses as v v

m‘jzi ‘]’ mjzi ‘7’ 2_63

d \/5 d u ﬂyu ( )
where j is a flavour index. However these transformations will cause the unitary
matrices U to move to the gauge interaction terms, which will have the effect

of mixing the flavours under such interactions. Expanding the kinetic terms in
Eq. (2-57), using

D=3+ i%w+‘7+ + Z-9272W*0+ + i%wgag +ig1Qy B (2-64)

gives:

Ekm:<ﬂL (ZL )Z i&+(gﬁlB+922W %W )] (UL)

W eB-gwt )|\ d

vty (104 9B ) i+ dy (10 913 B) e (269

Applying the flavour rotations from Eq. (2-61) and Eq. (2-62) in Eq. (2-65)
would not affect the right-handed kinetic terms, since /3 is flavour diagonal, on
the other hand, the left-handed gauge interactions will be modified, since Wi
are not diagonal in flavour space, and so the resulting Lagrangian will contain

a quark mixing term like:
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g + 4 j
where
‘/11 ‘/12 Vv13 Vud Vus Vub
V=Voxn =UlUs=| Var Vo Vag | =| Via Vie Vi (2-67)
Var Vi Vg Viae Vie Vi

This effect causes flavour changing processes mediated by a W boson, and
the strength of such processes is dictated by the entries in the mixing matrix
Verw, called CKM matrix, after Cabibbo, Kobayashi and Maskawa (29), (30).

It is worth noting, that even after the flavour rotations performed via the
transformations in Eq. (2-61) and Eq. (2-62), the resulting mass Lagrangian
still maintains a residual U(1)® symmetry, as individual rotations for each

generation, such as:

&, —eidl dy— e id, (2-68)

w = ePid), ul — el (2-69)

Since the CKM Matrix is a 3 x 3 unitary matrix, it has 32 = 9 degrees of
freedom, three of those being angles and six phases. Using the aforementioned
U(1)% symmetry, one can remove some phases, while transforming the mixing
matrix in the process. However, if one takes all the rotations to be the same,
the matrix will remain unchanged, since an overall phase is irrelevant for all
purposes. Therefore, only up to five phases can be removed this way. After
this operation, four real degrees of freedom will remain, three angles (612, 613
and 6,3) and one phase (d13). The standard way to write the CKM in terms of

these parameters is the following:

1 C13 S13€ C12  S12
Veku = Co3 523 1 —S12 C12
—S23 (23 —s13€'018 13 1
C12C13 512C13 s13€” 018
= | —S12023 — 1250351313 C1aCo3 — S12823513€"12 523C13 , (2-70)
S12523 — C12C93513€°%  —C12893 — S12C23513€1%  Co3c13

where s;; = sin6;; and ¢;; = cos 0;;. These mixing angles have been measured
to be noticeably small and the mixing in the quark sector can be regarded as
weak. This way, flavour changing process are bound to occur seldomly. The
experimentally measured values for the mixing angles in the quark sector are

shown in Table 2.3 (7).
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It is also worth noting that, since one can show that if the CKM matrix
were real the Lagrangian in Eq. (2-57) would be C' P invariant, the phase d;3 is
the only source of C'P violation in the quark sector. A usual way of quantifying
the C'P violation in the quark sector is via a parameter J known as the Jarlskog

invariant and it can be expressed in terms of the standard parametrization as

J = 512893531 C12C23C5; Sin 013, (2-71)

This parameter was measured to be small (J ~ 107°) and it is the source of

weak C'P violation in the Standard Model. The experimental value for J is
shown in Table 2.3 (7).

The measured quark masses are presented in Table 2.2 (7), which consti-

tute undeniable evidence for the hierarchical spectra across the generations as

well as between the up and down sectors and is the main motivation for this

work.

Table 2.2: Experimentally measured values for the quark masses (7). The hi-
erarchy across families and between the up and down sector is clear. The ex-
perimental errors involved are ommited due to the fact that their contribution
is neglectable for the development of the present work.

Quark Mass (MeV)

U 2.2
c 1275
t 173000
d 4.7
S 95

b 4180

Table 2.3: Experimentally measured values for the mixing angles and the Jarl-
skog invariant in the quark sector (7). The mixing angles are clearly very small,
and the CKM matrix can be taken as almost diagonal. The experimental errors
involved are ommited due to the fact that their contribution is neglectable for
the development of the present work.

Parameter Value
012 12.98°
023 2.42°
015 0.20°

J (3.18 +0.15) x 1077
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2.2.2.2
The lepton sector and the see-saw mechanism

The lepton sector is built in a similar configuration as the quark sector,
the only difference behaviour comes from the existence of light particles, called
neutrinos, which have the particular property of oscillating between different
flavours (v., v, and v;) which are written as linear combinations of three
possible mass eigenstates v, 15 and vs.

One must recall that there is no right-handed neutrino field (vg, often
referred as sterile neutrinos) in the SM per se, as its existence has not yet been
confirmed experimentally, however, more generally, since there is no detected
symmetry that forbids its existence and introducing sterile neutrinos is a very
useful way of generating small neutrinos masses via the see-saw mechanism
(31), (32), (33), (34) one can assume the presence of right-handed neutrinos
fields in a theoretical model.

Since it is not forbidden by electroweak symmetry, one can include
Majorana mass terms for sterile neutrinos (35), (36) (this can only be done
because, unlike the other SM fields, v is a chargeless singlet in SU(2) xU(1)y)

in addition to the Dirac mass terms in the Lagrangian, such as

‘Cleptons = il—LlDlL+iéRlDeR+iV_I%MVR+l_L}/;HeR+ZLYVF[VR+5RMVRV1%+h'C' )

(2-72)
where M, is a Majorana mass matrix for right-handed neutrinos and v§ is

the charge conjugate Weyl spinor
v§ = ioovp. (2-73)

One can use Weyl spinors to make a uniform notation and unify the Dirac

mass term with the Majorana mass term in a single matrix (35) as

o 0 =Y, \ [
M, = u§)<vYT ¥ )(V;) (2-74)

V2 VR
where it is taken as an assumption that there is no left-handed neutrino
Majorana mass term, however, it can be generated effectively by diagonalizing

the mass matrix in Eq. (2-74) and yielding
v? ~1yT
M, = §Y1,MUR Y, , (2-75)

where the approximation
2

v
MVR >> 7Yl/
2
was used, since the right-handed neutrinos are electroweak singlets and the Ma-

jorana masses of the right-handed neutrinos M,, may be orders of magnitude
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larger than the electroweak scale. This way, the Majorana mass in Eq. (2-75)
will contain naturally suppressed mass eingenvalues, while M, will contain
heavy mass eigenvalues (a bit below the GUT scale, usually taken as ~ 101°
GeV) and one can see that as M,,, goes up M,, goes down. This effect can
explain the lightness of the neutrino masses (< 0.1 eV) and is given the name
of see-saw mechanism.

Now, if one goes through the same basis change procedure and move
to the mass base, as we did in the quark sector, once again a mixing matrix
coupled to the W boson would appear via the transformations in the gauge
sector. This matrix is called PMNS matriz, after Pontecorvo, Maki, Nakagawa
and Sakata (37), (38), and it is the cause of neutrino oscillations, as it relates
the flavoured neutrinos as linear combinations of the eigenstates vy, 15 and vs,
that is

Ve 151
v, | =Veuns| 12 |- (2-76)
Vr Vs

The PMNS matrix is given by
Veuns = UJU., (2-77)

where U, and U, are unitary matrices that diagonalize M,,, and Y., respectively,
that is

M,, =U,M, UT, (2-78)
Y/;a = UeY;Kga (2_79)

where U and K are unitary matrices and M,,L and Y, are diagonal matrices.

The standard parametrization of the PMNS matrix is given by

C12€13 5 S12€13 5 S13€” 18
— 2 i
Veuns = | —s12023 — €12523513€"°13 C12Ca3 — S12523513€"13 $23C13
1014 51
S12893 — C12C23513€"°"%  —C12893 — S12C23813€°"®  C23C13
1
‘aly
X e ., (2-80)
4(13
eZTl

where s;; = sin 0, and ¢;; = cos 0;;. Additional phases, a2 and o, are possible
in the lepton sector if Majorana masses are present (for Dirac neutrinos these
additional phases can be excluded).

Unlike the mixing angles from the quark sector, the mixing angles from
the PMNS matrix are not generally small, and the matrix can not be taken
as almost diagonal. The experimental values for the neutrino mixing angles as

well as a quantity analogous to the Jarlskog invariant (7) defined as
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K3 Vez €2’ ug

1
Jop =1Im (V VXV, V* ) =3 cos 013 sin 26,2 sin 20,3 sin 2013 sind,  (2-81)

are shown is Table 2.4, while the measured values for the lepton masses are
shown in Table 2.5.

Table 2.4: Experimentally measured values for the mixing angles and the Jop
invariant in the lepton sector (7). The mixing angles are not small, and the
CKM matrix can not be taken as almost diagonal. Here, normal ordering was
considered and 6,3 was taken in the first octant. The experimental errors
involved are ommited due to the fact that their contribution is neglectable
for the development of the present work.

Parameter Value

012 33.65°
Oa3 40.22°
013 8.37°

Jop —0.030

Table 2.5: Experimentally measured values for the lepton masses (7). The
hierarchy across families and between the up sector and the charged leptons is
clear (see Table 2.2 for comparison). Note that, at the time of this work,
neutrino masses have not yet been measured, only the difference between
squared masses have been experimentally verified, that is Amfj = |m? — mj2|
The experimental errors involved are ommited due to the fact that their

contribution is neglectable for the development of the present work.

Lepton Mass
e 0.51 MeV
L 105.66 MeV
T 1776.86 MeV

Am?, 7.53 x 107° eV?
Ami, 251 x 1073 eV?

2.3
Simulations for the Standard Model free parameters in the fermion sector

One can count the number of free parameters in the fermion sector and
see that, in the quark sector, there are 6 quark masses plus 3 mixing angles plus
1 mixing phase, while in the lepton sector, there are 3 charged lepton masses
(as we discussed before, in the SM there are no mass terms for the neutrinos)
plus 3 mixing angles plus 1 mixing phase. These brings up to a total of 17

free parameters in the Standard Model and, as the values exposed in Table
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2.2, Table 2.3, Table 2.5, and Table 2.4 can confirm, these parameters seems
to have acquire very specific values that obey several hierarchical structures,
even though there is no mathematical structure of the symmetry groups that
can predict such behaviour.

To give an understanding to how these values feel very unnatural in the
Standard Model, one can run a simulation with order-one Yukawas, and see
how the experimentally measured values fall under the simulated distributions
(similar to what have been done in (39)). With the intention of trying to
reproduce a natural configuration, the entries in the Yukawa matrices were
taken as random complex numbers with a uniform distribution contained
within the square of side 1 in the complex plane as seen in Fig. 2.4, this
proceeding was repeated for all the subsequent simulations performed. In
order to provide a fair comparison with the Clockwork Model, as it will
be shown later, here we introduced the parameters c¢,, ¢4 and c., which are
factors that multiply the up, down and charged lepton Yukawas, respectively.
These parameters were determined in the simulation via a best fit with the
experimental data, according to the x? test. According to this test, one finds

the best fitted parameters by minimizing the expression

(@5 — cifzs)) ., (257 = ¢la))

NACIEDS Cij ( ) , (2-82)
i Oz; Oz

where z;"" is the experimental value for the physical quantity at hand, x; is

the corresponding simulated distribution, o,, is the standard deviation of such
distribution, Cj; is the correlation matrix between z; and z; and ¢; is the
parameter introduced to account for the hierarchy between different sectors.

Then the parameters ¢; are determined by solving the system of equations

0

2
) =0, 2-83
(@) (2-83)

which guarantees the minimum value for x2, by taking
X?mn - X2(C?pt)7 (2_84>
where ¢ are the solutions for Eq. (2-83). It is important to note that the

experimental errors related to the measurement of the parameters of the SM
were not taken into account in any of the expressions for the x? test considered
in the scope of this work, as their contribution for the calculation of the best
fit for the simulations performed is neglectable. The values found for the free
parameters in the simulation as displayed in Table 2.6.

The results can be seen in Fig. 2.5, Fig. 2.6, Fig. 2.7 and Fig. 2.8 and

almost all of the distributions seem to have fallen way off the experimental
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Im

Re

Figure 2.4: Uniform distribution of the entries in the Yukawa matrices. The
distribution is contained within a region in the shape of a square with side
1. This distribution garantees that the simulation will reproduce a natural
configuration containing only O(1) Yukawas.

Table 2.6: Best fit free parameters for the SM distribution, in order to
attempt to account for the hierarchical structure of fermion masses. The
values computed for x?2, are way too high, which can be interpreted as
a extremely low likelihood of obtaining the experimental values from the
simulated distributions.

Quantity Value

Cu 0.03
Ca 1.5 x 1073
Co 1.5 x 1073

(X2 ] )quark 1442
()™ 350

data, which confirms that the measured data are highly unnatural under the
Standard Model. If one accepts the applied distributions as the most natural
ones, it is here that lies the fermion hierarchy problem, which is visually explicit
in the plots in this section, that this work attempt to overcome by the later

introduction of the Clockwork model.
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Figure 2.5: Distributions for the quark masses under the SM, while considering
O(1) Yukawas. Here it becomes clear how such measured experimental values
for the down sector masses are very unlikely to randomly be generated under
the SM configuration.
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Figure 2.6: Distributions for the quark mixing parameters under the SM, while
considering O(1) Yukawas. Here it is clear that the small nature of the CKM
mixing angles are very hard to come by according to the distribution for the
SM
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Figure 2.7: Distributions for the lepton masses under the SM, while considering

O(1) Yukawas. Here it is clear how the charged lepton masses are very unlikely
to randomly fall near the experimental lines for the SM configuration.
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Figure 2.8: Distributions for the lepton mixing parameters under the SM,
while considering O(1) Yukawas. Here, since 6;3 is the only small angle, its
experimental line ends up falling way off on the distribution curve.
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2.4
The path that leads to physics beyond the Standard Model

The Standard Model has proven to be the most successful theory describ-
ing the particles and forces that compose and guide our universe up to date,
as it was able to make many powerful predictions that have been beautifully
verified experimentally in the last few decades. However, as we have seen, there
are still many question that the current theory of the SM is unable to answer.
Keeping that in mind, if one wishes to build theories in an attempt to solve
the problems which the SM has failed to provide meaningful answers to, it be
better be that such theories are also able to replicate all the features contained
in the SM.

A textbook way to go beyond the SM (BSM) is by performing an
expansion of the Lagrangian in order to be able to account for higher order
operators (O > 4). This way, these operators will be suppressed by a cutoff
scale (A), and, at energy scales below A, the theory should be broken down to
the Standard Model. This approach is known as Effective Field Theory (EFT)

(40), (41).
A Lagrangian under the Effective Field Theory scope can be writen as
1 1
£:£4+K’C5+F£6+"" (2-85)

where £,, is composed only by O(n) operators and the leading BSM effects are
given by Lg. And so, one can build higher order Lagrangians out of fields and
derivatives, while respecting Lorentz and gauge invariance. Here is important
to keep track of the dimension of different fields and derivatives according to
Table 2.7.

Usually, the cutoff scale is taken to be above the dynamical scale currently
achievable by the experimental technology at the time.

There are infinitely many terms one can build from the operators in
Table 2.7, once the usual restriction of dimension four is desregarded, so one
has the freedom of picking the best fitted operators for the new physics one
is trying to account for, however, it is important to point out that one can
safely only consider operators up to dimension-6, as operators of dimension-7
and higher are extremely suppressed and their effects are taken as neglectable.
If one would build O(5) operators out of only the SM fields, the only possible

term that is also electroweak invariant would be (42)

Ly = i(u&)(ﬁL)T, (2-86)

which can generate a Majorana mass
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,02

Kv

where A ~ 10'% GeV is a typical scale of new physics associated to neutrino

(2-87)

m, ~

masses, whereas there are multiple possible dimension-6 operators that can be
built from SM fields (43). One example is the proton decay, which requires

Baryon number (B) violation, and can be writen as (44), (45)

Ls = AlQ (ugpdgr) (urer) + ..., (2-88)
where the colour indices are omitted, and if one uses the experimental data for
the proton decay lifetime (7), one can estimate A > 5 x 10'% GeV.

The most well known example of a EFT is the Fermi theory, which is the
effective low-energy description of the electroweak theory and is able to mimic
very accurately the effects of the weak interactions at low energies. This was,
historically, the first model that was able to successfully explain the effects
of radioactive decay at low energy scales. The muon decay tree-level diagram
(Fig. 2.9) can be taken from the Lagrangian in Eq. (2-72) after applying the
basis change from Eq. (2-41). This gives
=

5 (Deyy"er + 1,y L),

. 2
1€
M=—| ——— erv'v., + npytv
(ﬂsin@) <L7 L mrLy ML)

p? —miy

where the W propagator is given by (2-89)
1 (guv _ pm“ig” )

Gw = 2 — m%,VW - (2-90)

And so, for low energies, one can take the approximation
p2 < m%,[,,

which breaks down the Feynman diagram to one with a four-fermion interac-

tion, as seen in Fig. 2.9, causing the amplitude in Eq. (2-89) to be approximated

to 4G
M4F = _TQ}T(EL"Y“V@L + IaLfyuyuL)(DeLﬁyueL + DVL’}/MML)’ (2_91)

where G is the Fermi coupling constant and is given by

4GF 62 2
= = —. 2-92
V2 T 2mysin?(0) 02 (2:92)

This way, if one considers the dimension of the fields in Table 2.7, it becomes

clear in Eq. (2-92) that the four-fermion interaction will yield a dimension-
6 operator, which constitute the EFT, with the cutoff scale being the Higgs
VEV, v.
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In this work, as it will be shown later, we made use of EFT by expanding
the clockwork model Lagrangian up to dimension-6 operators in order to
be able to compute diagrams containing Flavour Changing Neutral Currents
processes. This allowed us to make an experimentally measurable prediction
by estimating a lower bound for the typical mass scale of clockwork fermions,

which, in the notation of Eq. (2-85), is represented by the scale A.

Table 2.7: Operators that constitute building blocks for theoretical models and
their related dimensions in powers of & and length L (46), (47), (48), (49). Here
M, g, ¢, A, and v are a mass scale, a coupling, a scalar field, a vector field
and a spinor field, respectively.

Operator Dimension

] (AL~
[Dy] L

[M] L

9] VA
[¢] (VAL
[AJ VAL
[] (VRIL2
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M e 2 e
(a) Electroweak interaction mediated by (b) Low energy approxima-
W boson tion as four-fermion inter-
action

Figure 2.9: Feynman diagrams for the muon decay as given by: (a) The SM
electroweak theory, where the muon decay is mediated by the W boson and (b)
Low energy regime, where the W propagator can be broken down to a single
vertex and constitute a dimension-6 four-fermion interaction.
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Froggatt-Nielsen mechanism for mass hierarchy

One successful approach to explain the fermion masses hierarchy was
developed by Froggatt and Nielsen (6). The mechanism works by assuming
a flavour U(1) symmetry under which each fermion have different charges.
This symmetry is spontaneously broken after a scalar field called “flavon” (5)
acquires a VEV. The mass and mixing hierarchies arise via this symmetry
breaking from the fact that, since different fermions have different charges
under U(1) fiqvour, each flavour of fermion interacts differently with the flavon
field. The procedure involves achieving an EFT by integrating out heavy
fermions, called Froggatt-Nielsen fields, which are present only in the full
theory, in a energy scale above the flavour dynamics scale, A (50). In this

theory, the hierarchy comes directly from higher order operators, such as:

S™M = S™MI i
0= EHQLuRyij , 0= EHQLdRyij' (3-1)
Assuming that the flavon has a charge Qg = —1 for the U(1) flavour symmetry,
in order to have a consistent theory one must impose conservation of charge
on the higher order terms above and find a relation between the charges of

fermions and the power of the flavon field, n;;:
—1yj + Qg + Qu; = 0. (3-2)

In the EFT, after the flavon gets a VEV, different powers of a small parameter

_ 9

A

appear in the mass matrices, according to the different charges under the U(1)
flavour symmetry, causing the hierarchies explicitly. This effect can be seen on
Eq. (3-3).

In this mechanism, the charge assignment varies from different versions
of the model and one has the freedom to choose the one found most suitable.
Here, we have chosen the charges of the quarks according to Table 3.1 (50).

Here we have introduced a free parameter n, on the down sector, in order to

be able to account for the hierarchy between the up and down sectors, as one
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Table 3.1: Quarks charges assigned for the U(1) flavor symmetry (50). Here,
the parameter n is introduced to allow an optimization of the mass hierarchy
via computer simulation.

Generation
Field First Second Third
qr 4 2 0
UR 4 2 0

dp 24+n 14n 1+4n

can recall
Y

Yp

This free parameter will be optimized by allowing us to find, via computer

~ 40.

simulation, the value for n that best fit the experimental data for the mass
hierarchies.
Now, the Yukawas will be modified by diagonal matrices that have powers

of € as elements. In the case of the up Yukawa, for example:

u u u 4
€ Y11 Y12 Y13 €

M, = € Ya1 Yz Yz €’ : (3-3)

1 Ysi Ysz Yss 1
Here we will proceed with a illustration of the model with a simplified version
of only two families and then, move to the full three family mechanism, under
which, simulations were run to determine the parameter n which best fit
the experimental measurements and to check if the model at hand is able

to reproduce the hierarchical spectra in the fermion sector.

3.1
Two family model

We will begin with the mass matrices and work towards the calculation
of the CKM matrix and the Cabibbo angle. After integrating out the heavy

fermions, one gets the mass matrices in the quark sector:
1 Y21 Y22 1
62 yd yd 61—|—n
My = o ven | (3-5)
1 Y21 Yoo €

where y;’ and yflj are the up and down Yukawas, respectively. We can also

write these matrices in another form by singular value decomposition:


DBD
PUC-Rio - Certificação Digital Nº 1621964/CA


PUC-Rio- CertificagaoDigital N° 1621964/CA

Chapter 3. Froggatt-Nielsen mechanism for mass hierarchy 50

u d
MuzUL(m1 U)UJT% , MdzDL<m1 d)DE, (3-6)
mg my

where m¥ and m¢ are the mass eigenvalues of the up and down mass matrices,
respectively and Uy, Ugr, Dy and Dpg are unitary matrices. We will begin the
calculation in the up sector and every step should be analogous for the down

sector. The masses can be obtained by taking M, M.} on both equations.

M, M = ( yis?et + O(€®) iy (yse)"e® + O(c°) )

(3-7)
(y%2>*93252 + 0(66) |y§2|2 + 0(54)

On the other hand, one can write the same matrix from Eq. (3-6) and get:

u)2
Mot = o, [0 |l (3-8)
(m3)
Then, one can obtain the mass eigenvalues in a simple manner by taking the

determinant and the trace of M, M] from Eq. (3-7) and Eq. (3-8):

Tr(M,M]) = (mi)? + (m3)* = |ys|* + O(e"), (3-9)

det(MuMD = (mzlL)z(mlzL)Q = (Y Yan — yqf2ygl>258~ (3-10)

Now, one can use the fact that
(m})* < (my)*

on Eq. (3-9) and find:
mg = |y752|’ (3_11>
which can be used as input on Eq. (3-10) to find:
Y11Y22 — YiaYn
Y3o

u
1

e, (3-12)

Here, the mass hierarchy is already clear due to the fact that the masses have
different powers of the small parameter ¢, that is m% ~ ¢* and m% ~ 1.

Now one can find the CKM matrix by recalling that
Verar = UL Dy, (3-13)

where U; and Dj; are the unitary matrices that diagonalize M, and My,
respectively. Being so, the next step in the calculation on the up sector is to find

the unitary matrix Uy, which can be obtained by calculating the eigenvector

of M, M]:
a a
wot()owr(t) e

which can be rewritten explicitly to:
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|y5s|* + O(e*)a Y55 |

a
Here ) is the normalized eigenvector and a is an off-diagonal entry in the

CKM matrix (a < 1). Solving Eq. (3-15) for a gives

Y22
and so the unitary matrix is given by
1 %62
UL = (yqu)* 9 Y22 . (3‘16)
— T, ux€ 1
(y22)

Here, we have used the fact that the matrix U is unitary to determine it’s
second eigenvector.
Now, in the down sector, we can repeat the same steps as above in a

completely analogous fashion. Doing so gives

d_ |yi1y5s — y‘lizygl\€3+n (3-17)

™ d d
|?J21|2 + |?/22|2

md = (Il + o) . (3-18)

Once again, the hierarchy is clear, since

d
m
—; ~eE <l
my

Calculating the eigenvectors of MM ;, in a similar fashion as done for the up

sector, gives:

1 yii1 (yg1)*+yf2 (ygg)* 2
D, — DR AE (3-19)
L W) vd 4wy s, &2 1 '

|y(211‘2+|y32|2
One can use the results from Eq. (3-16) and Eq. (3-19) as inputs on Eq. (3-13)
to find:

1 _(via _ vhe) i (h5)” ) 2
v _ Y32 |y, [2+Hlyg, |2
CRM (i) _ () v i) s, | 2 1
(ygz)* |y§1|2+\y§2|2
(3-20)
The Cabibbo angle is given by:
0. — <y1“2 _ v (y5)" + 3/112(3/32)*) 2 (3-21)
Yso Y51 [2 + [y3 2

It is worth noting that, by taking a look at Eq. (3-20), one can clearly see that
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the CKM matrix does not have any dependence on the parameter n and the
same will be true for the three family model. This means that such parameter
introduced does not affect the mixing in the quark sector in any way, as it only

function as a shift in the distribution of the down Yukawa eingevalues yq, vs,

Yp-

3.2
Three family model

The calculations for the three family model, although more laborious,
are completely analogous. It is worth noting that, while proceeding with the
calculations in the three family model, one should only take approximations of
the leading order of € as the last step, otherwise the result might be off. The

mass matrices for the quark sector are given by:

e Y Y2 Yis ¢
M, = e Ys1 Yoo Yoo ¢ ) (3-22)
1 Ysi Yz Yss 1
e* yh vl i e*tn
Mg = e 9[211 ygz ygz ettn : (3-23)
1 Y5 Y3 Y3 eltn

For this configuration, the mass eigenvalues are the following;:

U U U U U u U u u u U U U u U U U U
w  |Y11Y22Y33 T Y12Ya3Ys1 T Y13Ys2Ya1 — Yi2¥Y21Y33 — Yi3Y31Ya2 — Ya3Y32Y11 8
1 U U U U ’
Y22Y33 — Y23Y32
(3-24)
u U U U
u _ | Y22Y33 — Yo3Ys2| 4 (3-25)
2 u € ) -
Y33
u u
my = |yss], (3-26)
d,d,d d,d ., d d,d,d d,d . d d,d ., d d,d,d
md — Y11Y22Y33 + Y12Y23Y31 T Y13Y32Y21 — Y12Y21Y33 — Y13Y31Y22 — Y23Y32Y11 6+
1= d . d d ,d
Y22Y33 — Ya3Y32
d,d d ., d
Yo2lY33 — Yo3¥y
mg — | 22 d33 23d32|€3+n (3_27>
2 2
Y5212 + |y5s]
d __ d |2 d|2) 1+n
ms = ( [ysa|® + [y5s]? ) €, (3-28)
1 Y12Y33=Y13Y50 62 %64
o u Y3oY33—Ya3Y50 yzgg
_ Y12Y33—Y13Y32 2 Ya3 2
= | —=122d8 13vase 1 223 -2
Up Y30Y33—Ya3Y3o Y33 ’ (3 9>
Yios3—Yi3¥ss 4 _ Yo3. 2 1
U u U U 6 u 6
Y20Y337W23Y33 0 4 o4 Y3 L o444
1 Y12Y33~Y13Y32 4 Y12Y301tY13Y33 66
o Y253 —Y53Y5n (y35) 2+ (u55)”
DL — _ Y12Y337Y13Y32 et 1 Y22Y30+Ys3Y33 et ) (3_30)
dygzdyg:s*ggsg:% o4 4 a (y%5)%+(y4,)?
Y12Yo3=Y13Y00 6 _ Y22Y301tY23Y33 ¢t 1

Y5oY33 Y3395 (¥35) 2+ (y%s)?

Y
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And the CKM matrix is obtained by taking
Vexm = UL Dy, (3-31)

from Eq. (3-29) and Eq. (3-30). Although the expression for Vog s is not being

shown explicitly here, it is very useful to see how it’s entries goes as powers of

“ 1 € &
ViR~ e 1 & |, (3-32)
21

where F'N stands for Froggatt-Nielsen. In this way we can compare the
CKM matrix built from the Froggatt-Nielsen mechanism to the one measured

experimentally (7) and come up with an estimation for the parameter e.

1 02 0.004
ver .~ 02 1 004 |. (3-33)
0.008 0.04 1

This way, one can come up with a estimation for
e~ 0.2 (3-34)

even before running the simulations to determine the value of e that gives the
optimal distributions for the entries in the Froggatt-Nielsen CKM matrix when
compared to the experimentally measured CKM matrix.

Additionally, one can take a look at Eq. (3-32) and compare it to the
standard parametrization of the CKM matrix to come up with the following

relation for the mixing angles produced via the mechanism:
0 ~ 955 fori < j, (3-35)

where @), is the U(1) fiapour charge of the doublet ¢; as seen on Table 3.1. Thus,

one should expect the results of the simulations to yield
912 ~ 62, 923 ~ 62, 913 ~ 64. (3—36)

This way, the distributions for 65 and 63 should be similar, while the

distribution for #,3 should lie in a lower spectrum.

3.2.1
Simulations for the three family model

The goal of these simulations is to find the value of the parameter e that
best fit the experimental data available for the CKM matrix entries, while also
finding the best value for the free parameter n, regarding the flavour symmetry

charge assignment in the down sector (see Table 3.1), that fits the best with
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the experimentally measured mass hierarchy present in the down sector. This
can be achieved by making use of the x? test, which consist in finding the value

for € that yields the minimum value for the quantity

3 ‘/;exp —ecij ‘/’L ETP| _ _cp V
oy (T Vl) VAT = e Vi) g g

. . |V, OV
i

k1

where |V;5™| is the experimental absolute value for the ij-entry in the CKM

matrix, |V;;| is the corresponding simulated distribution, oy, is the standard
deviation of such distribution, Cj; is the correlation matrix between |Vj;|
and |V, and ¢;; is the corresponding power of € that the ij-entry in the
Froggatt-Nielsen CKM matrix exhibits, as seen in Eq. (3-32) (for example,
since (V&P )12 ~ €%, then on has ¢;; = 2).

Then the parameter € is determined by solving the equation

0 o5, .
5 X0 =0, (3-39)

which guarantees the minimum value for x?2, by taking

X%mn = X2<€Opt)7 (3_39>

where € is the solution for Eq. (3-38).

From here, we proceeded with a ten thousand run simulation, while as-
suming natural Yukawas with random O(1) entries with a uniform distribution,
that is

0<|(Y);| <1, fori,j =1,2,3,

for both the down and up sectors. This way, one can determine the distributions
for the entries of the CKM matrix, the mixing angles and the Yukawas in the
quark sector, while also finding the solution for Eq. (3-38) as well as the optimal
value for n. The best fit values for € and n, as well as the optimized value for
x?2, via this mechanism, are presented in Table 3.3, while the experimental
values of the relevant quantities are shown in Table 3.2 taken from (7) and
Eq.(3-40).

The distribution for the Yukawas on the quark sector can be seen in Fig.
3.1, while the distribution for the mixing angles and the Jarlskog invariant are
shown in Fig. 3.2. It is easy to see that the results for all the distributions
agree very well with the experimental data and, in that sense, the mechanism
can be regarded as successful as it produces consistent results, specially due
to the fact that if one would run a simulation in the SM to determine the

distribution of the same quantities (by making use of the same assumption
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that 0 < |(Y);;] < 1) the corresponding distributions would be way off the

experimental value lines.

Additionally, one can see in Table 3.3 that the value for € obtained via

the simulation matches very well with our initial estimation done in Eq. (3-34).

Another result that confirms our expectations, comes from the distribution of

the mixing angles 6;;, as one can see in Fig 3.2, that it matches fine with the
relation obtained from Eq. (3-36).

Table 3.2: Quark sector variables and their experimental values taken from (7).

Quantity Experimental value
Ya 1.364 x 107°
Ys 2.70 x 1074
Up 1.388 x 1072
Yu 6.3 x 1076
Ye 3.104 x 1073
n 0.8685
sin? (612) 0.307
sin? (f3) 0.51
sin? (0;3) 2.12 x 1072
J 3.18 x 107°
Vil [Vas| [Vl
Veru| = Veal  [Ves| [V
Vial  [Vis| [V
0.97420 0.2243 3.94 x 1073
= 0.218 0.997 42.2 x 1073 |. (3-40)
8.1x 1073 39.4x 1073 1.019

Table 3.3: Quark sector best fit free parameters for the Froggatt-Nielsen
mechanism. The value for e corresponds to the initial expectation, as seen
in (50), while the low value for x2.. (taking into account the six degrees of
freedom considered) is clear evidence for the fact that the model agrees very
well with the experimental data.

Quantity Value

€ 0.24
n 2
Xin 3.81
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(b) Down sector masses

Figure 3.1: Quark masses distributions for the Froggatt-Nielsen mechanism.
One can clearly see that the distributions match perfectly with the experimen-
tal values, when the optimized value of n = 2 is used.


DBD
PUC-Rio - Certificação Digital Nº 1621964/CA


PUC-Rio- CertificagaoDigital N° 1621964/CA

Chapter 3. Froggatt-Nielsen mechanism for mass hierarchy 57

T T T T T T

1.5
o) L
= I
§ 1.0» R 012
2 [ 63
= i
8 |~ b1
© 05-
m -

0.0 =

-5 -4
Log10(6/)
(a) CKM mixing angles
0.8 T T T T T T T T T T T T T T T T
0.6 i

Probability Density
o
H
T

0.2

@ — = = ————

T

0.0 L ————r———" | A e
-8 -6 -4 -2

Logqo(J)

(b) Jarlskog invariant

Figure 3.2: Quark mixing distributions for the Froggatt-Nielsen mechanism.
The experimental values seem to fit greatly within the distributions. As it was
expected, from Eq. (3-36), the distributions for 015 and 6,3 are very similar.
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4
Clockwork Model

Originally designed as a solution to a certain problem of the relaxion
mechanism (51), (52), this model was later generalized for different systems
(12) and became a powerful theory building tool for generating natural small
numbers out of O(1) parameters (15). Different applications of the model
reaching beyond the scope of the flavour hierarchy problem can be found in
(53), (54), (55), (56), (57), (58), (59), (60), (61), (62), (63), (64), (65), (66)
and (67).

The generalized setup starts with a particle P that is taken as massless
due to a symmetry §. The next step is to make N 4 1 copies of the original
particle, and take them as sites in a one-dimensional lattice in theory space.
These particles are called the ‘clockwork gears’, as they are the degrees of
freedom that make the mechanism work. The lattice is taken as to have a G
symmetry which contains at least the product of the symmetries from each
site, that is, G O S¥*!. The procedure is to introduce a soft breaking of the
G symmetry, at a mass scale m, caused by a mass mixing term between each
immediate neighbour for each site. Additionally, a parameter ¢ # 1 is also
introduced. This parameter acts on the lattice in an asymmetric fashion, as it
treats the jand j+1 (j =0, 1,..., N—1) sites differently. Since we are working
with a one-dimensional lattice with boundaries, the setup must contain N + 1
sites and NN links. This way, as each link breaks a symmetry in a single site,
one symmetry group S’ is bound to remain after the breaking. Therefore, we
end up with a single massless particle P’ (zero mode) that can be viewed as a

linear combination of the original particles, that is:
N
P = Z ¢ P; (4-1)
i=0

The power of the model comes from the fact that the distribution of the particle
P’ along the sites in theory space turns out to not be uniform, but rather
exponential, localising P’ towards one of the boundaries. Another way to look
at this is to realize that, as we will see explicitly later when we build a theory for
the clockwork fermion, the components of P’ happens to be ¢; ~ ¢, pushing
P’ much closer to one of the boundaries. This effect works greatly in our favour

as it allows us to achieve a exponentially suppressed component of P’ at the
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opposite boundary, for sufficiently large values of N. In that sense, if we couple
the SM to the clockwork sector at this boundary, we automatically obtain very
small couplings to P’, without the need to introduce small parameters. That
is the main strength of the model, being able to naturally generate suppressed
interactions.

It is also important to point out that another positive trait of the model is
the fact that it has verifiable predictions which can be experimentally checked.
The model predicts the existence of N particles, at a mass scale m, that
interacts weakly to the SM in a predictable manner according to the mechanism
implementation at hand. The model can be applied for spin-0 scalars, spin—%
fermions, spin-1 bosons and spin-2 gravitons. In this thesis we will apply the
mechanism to spin—% fermions in order to propose a solution to the fermion

mass hierarchy problem.

4.1
Clockwork fermion

In the case where particle P is a fermion, the aforementioned symmetry
S that keeps the particle massless can be a chiral symmetry. We then introduce
N + 1 right handed chiral fermions ¢% (j = 0,1,...,N), which remain
massless due to a U(1)g, symmetry, and N left handed chiral fermions v
(j=0,1,...,N — 1), which are masless due to a U(1)r, symmetry. This way,
when we apply the soft breaking parameters, a single chiral symmetry will
survive, exponentially pushing the chiral massless fermion towards one of the
boundaries. In order to achieve this, we take the mass mixing parameter m;
to pair up fields of opposite chiralities, forming this way /N Dirac mass terms
(mjtzizﬂ}é). We also bring in a k; = (mgq); factor to act on neighbour fields of
opposite chiralities composing N terms like kﬂ%@bgl. Both of these parameters
can be interpreted as spurion fields that acquired VEVs as a consequence of
spontaneously broken symmetries at higher energy scales. The charges assigned

to the fields and parameters are presented in Table 4.1.

Table 4.1: Charges for the clockwork fermion under different symmetries. The
charges are assigned in such a way that one can build invariant terms as

m U and kgL gn

Charges
Uk 1 under U(1)g,
W 1 under U(1)g,
m; (1,—1) under U(1l)r, x U(1)g,
ki (1,=1) under U(1)r, x U(1)g,.,

With this charge configuration we can be build terms in the Lagrangian which


DBD
PUC-Rio - Certificação Digital Nº 1621964/CA


PUC-Rio- CertificagaoDigital N° 1621964/CA

Chapter 4. Clockwork Model 60

are invariant under the symmetries above, such as:
ALy =mphll, ALy = ki (4-2)
It is very helpful to visualize the general configuration of the lattice with Fig.

4.1, in order to get a deeper understanding of the mechanism at work:

N—2 N-1 N
Uk Uk i R Ui
K] K] . K] .
I
) Vi i) L

Figure 4.1: Lattice configuration of the clockwork mechanism for fermions.
Here the parameters m and k are taken as universal in order to simplify the
model.

Where we have taken a simplified mechanism in which m and k are universal
across every possible pair of fields. It is clear from this configuration that
after the introduction of the symmetry breaking via the mass mixing term, a
single field remain massless. which, in this case, was chosen to be the boundary
fermion % .

So the here goal is to couple the SM to this massless fermion in order
to obtain exponentially suppressed interactions, without the need to introduce
small parameters. By this procedure we can achieve a fermion hierarchy in a

more natural fashion. The clockwork fermion Lagrangian will look like:

Ly =S ihDvh+ Y i vl —m Y (Fh — abjvd +he), (43)
=0 =0 j=0

where again, we have taken m and k to be universal in order to simplify the
calculations. To find masses (and Yukawa couplings) of the zero mode one could
diagonalize the full fermion mass matrix, as originally done in (12), (68) and
(69). Here instead, we will use the technique of an interpolating field (chosen
to be ¥}) as explained in the following. One can exhibit the effects of the
clockwork mechanism by means of integrating out all the fields and write out
a new Lagrangian in terms of only ¢} . To easily demonstrate this process, we
will start with the simplest case where we take N = 1. Thus our Lagrangian
will be:

Ly = Wy DYy + il Doy + iR Py —m (020% — adf vk + 03] — avRd?)
+ 9RO + O, (4-4)
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where we have introduced an operator O to represent the fields that one might
wish to couple via the mechanism (e.g. Yukawa), this way it will be easier to see
later why such coupling can be suppressed. To integrate the unwanted fields,
we ought to apply the equations of motion for each of the following fields: @E%,
Y%, Therefore, after we get rid of those fields, the only terms remaining will

be the ones with the 1} field. Using the Euler-Lagrange equations

oL oL
iy, Y S—
oy "0(0u)

first, we integrate out ¢?:

POL—m( —qih) =0 — g = ;’;w% — quk)

putting this result back in the Lagrangian gives us:
m

L1 = Py + Dpptoy, — m (05 — qvk) !

(6% — avk) + PO + Oy (4-5)

Now, integrating out ¥%:

2 2
T —quh) =0 = =

p

and returning this result to the previous Lagrangian let us finally write our

P — Vg

m2_p2

Lagrangian in terms of only vk:

m2 q2

p2

_ 2 — —
c=dhp 1 () [k o+ Ov, ()

which can be rewritten as:

m2q® 1
14+ 2 =1
P o\1-2

However, if we take the soft limit, where p? < m?, we can use the approxima-

Ui+ VRO + Oy, (4-7)

L1 =vpp

tion:

This allow us to write our final elegant Lagrangian:

Ly =Php (1+¢%) vk + VR0 + hee., (4-8)

which can be rewritten by performing the transformation

1
1 1
Vp — _1+q21pR
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in order to achieve a canonical kinetic term. In this way, one ends up with

= iRk + ?/)RO +h.c.. (4-9)

\/7

Here one might have ¢ < 1 and the factor 1 4+ ¢> ~ 1, indicating that the
zero mode field has O(1) mixing with ¢} and is then located near the N =1
site. On the other hand, if ¢ > 1 the factor 1 + ¢* > 1, leading to suppressed
couplings of the zero mode, indicating small mixing with % and a localization
towards the opposite boundary. This thought process is summarized in Table

4.2.  Alternatively, one could have chosen 9% as the interpolating field, while

Table 4.2: Zero mode localization for 1% interpolating field. The localization
of the zero mode and the strength of the coupling to 1% are related to the
magnitude of the spurion gq.

Coupling to 1} Zero mode (Yr = cob% + c11))

k1 ~ 1 Vr =Yy (0 <1, ¢ & 1)
g>1 <1 Yr Y% (o1, ¢ < 1)

maintaining the operator O coupled to 1}, in that case the Lagrangian would
be

= ip% <1+ 7 )1/1R+ “%0 +hec.. (4-10)
Notice that, even though the coupling was originally placed on site 1, the
technique of integrating out the fields had the side effect of moving the coupling
to the site chosen for the interpolating field. The Lagrangian of Eq. (4-10) can

be rewritten in a canonical form by taking

1
0 0
— 5.
Vg T3 QZ@DR

Doing so, gives
= ipd + \/7¢RO +h.c, (4-11)

which produces exactly the same physics as the one from Eq. (4-9). This
mean that there is a freedom of choice for the interpolating field used in the
mechanism, as both choices give the same physics. The same argument can
be extended for higher values of N. As we previously mention, we can see
that the remaining particle P’, after symmetry breaking, picks up a factor
of ¢?, exponentially pushing it towards the boundary of the lattice. This
effect is a result of the process of integrating out the fields, that after each
equation of motion applied, the Lagrangian picks increasingly powers of the
O(1) parameter ¢. This product of the mechanism is exactly what we want,

since it permit us to reach strongly suppressed couplings for sufficiently large
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values of N. As our simulations will illustrate, a greater value of N is bound to
produce a greater suppression of the interaction when we couple the SM to it.
So we can choose the values of NV that best fits the correct values for the SM
interactions that we wish to reproduce. This way, instead of simply accepting
highly unnatural values for the fermion hierarchies, at is in the SM, we only
need to accept varying values of N across each generation of fermions. There
is where the strength of mechanism lies, as it propose a much more natural
approach to the fermion hierarchy problem.

The next step is to promote m and ¢ to 3 x 3 matrices M and () while still

working with N = 1. The corresponding Lagrangian is the following:

Ly = i) PUY + i PG + ivp Dy, — ) My, + ) MQuy,
— PR M) + YRQTMYY  (4-12)

From here we proceed in the same manner as before by taking the Euler-

Lagrange equations. We begin with 19:

M
Pt — M@y —Qup) =0 = Y] = ?w% — Qug)

and use this input in the Lagrangian:
MTM

Ly = Popthy + Voo — (U — QM) 5 (Vh—Quy).  (413)

We follow by integrating out 1%:

MM _
P TR Qu) =0 = = (MM - 1) " MIMQU,

and taking it back to the Lagrangian gives us:
_ QTMTM 1
Ly =pp {1 + T {(MTM — ]lp2> MM — 1} Q¢ Vg (4-14)

We can simplify the expression above by using the identity (A4 + B)~!C =
(C7'A+ C7'B)7!, where A, B and C are matrices. This gives us:

QtMtM

c=dp{a+ L (1= oo y?) " - 1) o) i

Now, in order to be able to take a converging limit when p?> — 0, we need to
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further develop this expression. To achieve this, we can call

Z=1+ W{[ﬂ — (JWM)*pﬂ*1 — 1} Q

1 MM
_ >

=1+ Qf {[p?(MTM)—1 — 1} } Q (4-15)

and this way, our Lagrangian is simply:
Ly = YppZiy.

If we multiply by the right by Q! []l — (MTM)_po} ' on the expression for
Z we get:

2Q 7 [1— (M) ] =@ 1 ()] 4+ Q

In this way we got rid of the inconvenient factor of p? on the denominator that
was causing the divergence. Now we are ready to take the soft limit p?> — 0

and get:
Z=1+0QQ, (4-16)

so that: B )
Ly =iphl (14 Q1Q) vk (4-17)
This is exactly the natural extension of the previous case where we had m
and ¢ as scalars. Now we are finally ready to pursuit the most general case for

any value of N. The Lagrangian for this case is the one below:

N+l ) N oo ) N o ) _. )
Ly = Y WhD¥h + Y i Bl — 3 (U M — oL MQui +hee).
=0 =0 =0

(4-18)
The simplest pathway here is to proceed via a proof by induction. For that

case one needs to find a relation between Ly,; and Ly, this can be easily
done by taking a closer look at the Lagrangian. The recurrence relation is the

following:

Lrin = L+ por + O o™ = (V0 MR — oY MQUE™ + o Moy
—p QMY ) + g0, (4-19)

where once again, we have introduced an operator O as to allow us to have
a deeper understanding of the order of magnitude of a coupling with ™.
However, as we saw on the previous examples, when we integrate out the

fields of Ly, we can write it as QL%F)ZN#)%. Where Zy is a function of p?, Q.
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Therefore, we can write:

Lapr = NP2yl + OYpot + of poi ™t — (0F Moy — o) MQUEH
oy MY — o QIMIYY) + ¥R O. (4-20)

Now all we need to do is to use the equations of motion to integrate out the ¢
and ¢} fermions, reducing the Lagrangian as something which can be rewriten
as Lyp1 = N HpZ 1R T This way we will obtain a recurrence relation for

Zn under which we can use a proof by induction. We begin by integrating out

vr

gl — M@ —Quity=0 = )= j;[(% QuY),

then, our Lagrangian will look like:

;
Ly = ¢RZZ)ZN1/}R+1/}N+11¢¢N+1 ( Q¢N+1>MM

p (1/’1% QwNH)—HZgHO.

We proceed by integrating out ¥} :

PINUY —A{;M (0 — QU™ = 0= v} = (MM —p*Zy) " MIMQUYH

and, returning it to the Lagrangian, gives us:

T

Lyt = zﬁﬁp{lw Q]Lp]\ij\/‘[ [(MTM—pQZN)_l MM — 1} Q} N+Ly gN+10),

So our Zy41 turns out to be the following:

QMM

Zny1 =1+ 5
p

{(1 — (M) 2y - 1} 0.

Once again, the factor of p=2 is preventing us to do a proper soft limit, so we
-1

need to get rid of it by applying Q! []l - (MTM)_poZN} by the right on

both sides of the equation:

ZnaQ = (MIM) 2y = Q7 [1— (MTM) ' p?Zx] + QT Zy. (4-21)
Now, if we take p?> — 0 here, we obtain the recurrence relation for Zy:
Zni1 =14+ Q' ZyQ. (4-22)

The previous examples give a hint to how the components of the particle P’

might look like, leading us in the direction of something polynomial, so we will
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use the following ansatz
Zy=1+QQ+Q Q" +...+ Q" QY

and we will use a proof by induction to show that this is precisely the case.
The case where N = 0 is like we had no clockwork mechanism at all, which
trivially means Z; = 1. All that is left to do now is to input the proposed
expression for Zy into the recurrence relation and check to see if it produces

a coherent result:
Iy =1+Q (1+QQ+QFQ* +...+ Q" Q") Q

It works perfectly, which means that the tested formula for Zy was right all

along. So it is polynomial, in fact:
In=1+Q'Q+Q Q>+ ...+ Q" QY. (4-23)

In conclusion, the clockwork mechanism produces, after symmetry breaking,
a Lagrangian which can be written as a function of only a massless boundary
field and polynomial factors of Qf and Q. That is:

N y . —
Ly =wr D (Z Q" QJ) UR +YRO, (4-24)
§=0
which, after applying the transformation
N —1/2
o (Lee) w
§=0

can be written in canonical form as
Ly =N Py + N 725120, (4-25)

where Zy = é‘V:o QTij.

It is important to point out that we could also have gone through all
the same procedures, but instead of choosing to keep the (N + 1)y, site, we
could have chosen to keep the opposite boundary of the lattice after symmetry

breaking. This way, the Lagrangian would look like:

N | —1/2
Ly = WPy + ¢ (Z Q" Q’ ) 0. (4-26)
§=0

which does not alter the physics of the system in any way. This means that this
mechanism provides a freedom of choice. It does not matter which boundary

you pick to represent your physical system after the symmetry breaking, the
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physics of the system will remain unchanged.

It is also worth noticing that this polynomial factor confirms our ex-
pectation that, if we couple the SM at the boundary of the lattice via this
mechanism, a greater value of N is directly correlated to a greater suppression
of the coupling of the P’ particle to ordinary particles, without the need to
introduce small or large parameters. As we will see, this effect comes from
the fact that Zy can naturally have eigenvalues z; (where ¢ = {1,2,3} and
23 > 29 > z1), such that z3 > 1 and z; ~ 1. The former leads to O(1) cou-
plings (heavy fermions) and the latter to highly suppressed couplings (light
fermions). That is the main source of success of the mechanism. This effect
allow us to adjust the values of NV in our simulation in order to account for
the unnatural numbers which have been measured for the Yukawas and mix-

ing angles on the SM and propose a solution for the fermion hierarchy problem.

4.2
Hierarchy from product of random matrices

It has been shown that a property of the product of random matrices of

O(1) is to give out hierarchical eigenvalues. That is, given a matrix of the form
M = M M,... My,
where each individual matrix multiplied has order-one entries
—1< Myl <1
will produce eigenvalues m; that obey the following relation
My, > MN;—1 > .00 > my,

where Ny stands for the number of families and is the order of the matrices
M;. This aspect is explained semi analytically in (15). We will not go into
this much detail in here, instead we can ran a simulation of the distribution
of the three eigenvalues that convincingly put this topic at rest. The results
for N = 2 and N = 5 can be seen in Fig. 4.2 and undoubtedly indicate a
hierarchical spectra for the eigenvalues.

Going back to our Lagrangian Ly = uzglﬁ ( ;V:O QTj Qj) X we can see
that it is made of terms Q' ()7 which are products of order-one matrices, which
we have just shown that it gives out hierarchical eigenvalues. However, it is still

not clear if when we add up each of those terms the resulting sum will also have
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hierarchical eigenvalues. For the special case where the matrix () is Hermitian
it is simple to show that the same result applies to the sum, due to the fact
that we can find a base that simultaneously diagonalizes each individual term

and the whole sum. In that base, we can write:
Z=U(1+Q'Q+... QTNQN) Ut (4-27)
that is the same thing as

1 Q% 4
Z = 1 + @ +.F @y (4-28)
1 2 2N

where ¢; stands for the i-esimal eigenvalue of (). One can run a simulation for
the distribution of the eigenvalues of QTj ()’ and check that, as the plot from
Fig. 4.3 confirms, for sufficiently large values of 7 a hierarchical spectrum is
reproduced. Thus, one can take ¢4 > 1, ¢} ~ 1 and ¢} < 1 on Eq. (4-28) and
add it all together to get:

ZlNl
7 = 2 > 1 , (4-29)
23> 1

where z; are the eigenvalues of Z. Now, for the general case where @) is not
Hermitian, we again resort to simulations to prove our point. The results for
the distribution of the eigenvalues of Z, for different values of N are shown
in Fig. 4.4 and they undoubtedly show a hierarchical structure between the
eigenvalues of Z. Now, according to Eq. (4-25), the coupling via the mechanism

1/2 and, as the distributions of Fig. 4.5 clearly indicates,

acquire a factor of Z~
the hierarchy is preserved when one takes the eigenvalues of Z~1/2. This means
that, if one couples the SM Yukawas to the zero mode of the clockwork
mechanism (taking O as the Yukawas in Eq. (4-25)), one can automatically
generate suppressed couplings with eigenvalues that follows a hierarchical
spectrum, without the need to introduce unnatural small parameters. This
is the main source of success of the mechanism, being able to reproduce the
SM fermion mass hierarchy in a natural fashion, as the simulations in the

following chapter convincingly demonstrate.
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Figure 4.2: Distribution of the eigenvalues of product of random matrices. One
can undoubtly see a hierarchical distribution for the eigenvalues.
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Figure 4.3: Distribution of the eigenvalues of QTN Q. Once again, a hierarchical
structure is clearly manifest under the distribution of the eigenvalues.
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Figure 4.4: Distribution of the eigenvalues of Z. In this case, the mid eigenvalue
seems to be closer to the greater one than to the smaller one. This behaviour
agrees with Eq. (4-29).
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Figure 4.5: Distribution of the eigenvalues of Z~'/2. The hieararchical structure
presented here is the responsible for generating the flavour hierarchy in the
Clockwork fermion model.
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Simulations

5.1
The clockwork mechanism applied to the Standard Model

In this chapter we will present the procedures that had been used to
perform a simulation for the clockwork mechanism coupled to the SM fermions
in attempt to account for the large hierarchy observed in fermion masses,
Yukawas and on the CKM and PMNS mixing matrices. To achieve this goal,
we need to apply one version of the mechanism for each sector of the SM
fermions fields. We begin by introducing new vector-like clockwork particles
for each of the SM original fermion fields, like the ones shown in Table 5.1:

So we have a total of 5 clockwork mechanism to work with, one for each pair

Table 5.1: Vector-like clockwork fermions introduced. Apart from the neutri-
nos, there are two chiral fields introduced for each SM field.

Field Number of particles Multiplicity under isospin

qr Ny +1 Doublet
qk N, Doublet
Quarks  uj N, +1 Singlet
ul N, Singlet
diy Ng+1 Singlet
di Ny Singlet
It N +1 Doublet
Leptons % N Doublet
et N, +1 Singlet
el N, Singlet

of left and right-handed fields. These will play the role of the pairs ¢} and %
on their own version of the clockwork mechanism. The next step here, as we
have seen in the previous chapter, is to break the chiral symmetries for each
of those mechanisms until we end up with only five massless particles that
picked up a Z factor on their kinetic terms. As it can be seen, we have not

considered the mechanism for the neutrinos, as our simulation showed that
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N, =~ 0 best fit the data for neutrino masses. We did however, consider the
existence of a right-handed neutrino with a Majorana mass term M, to allow
us to compute the PMNS matrix in our simulation. At this point, our full

clockwork Lagrangian looks like this:

Equarks - i(jivqlDZquvq + mgulDZuUR“ + ngdlpzdd]}\%]d
+ @Y HAR + 3 Y, Hul + hee., (5-1)

L:leptcms - ZZiVllDleiVl + iéRelDZeege + iﬁRlDVR —+ [ivl}/eHeRe
+ 1Y, Hug + i (vg)° My,vg + hec., (5-2)

where

and x can be ¢, u, d, [ or e. The Lagrangian is written in terms of the lattice
boundaries chosen for each of the five mechanism. However, the way that it
is set out, this Lagrangian is not properly canonical, because of the Z factors
in the kinetic terms, and cannot be compared to SM Lagrangian as we aim to

do. To achieve a canonical shape we perform the following transformations:

1 1 1
q]LVq — Zq 2qr, , ug” — Zu lup , dgd — Z,; *dpg, (5-3)

1 1

= Z %, eNe— Ze Pep. (5-4)

After applying these transformations above, the Lagrangian will be modified
by:

L= *Ck:inetic + Cjngi}/;lzginR + (jth;iyuZJEﬁuR
- _1 _1 — _1 ~
VL7 Yo Ze PHer + 117, Y, Hug +i (vr)° My, vg + hoc.. (5-5)

One can then perform a redefinition of the Yukawas to encompass the factors
of Z, that is:

Y, =2,°YZ2;2 Y, =2, %Y, 74 2, (5-6)

- 1 1 - _1

Y.=27, *Y.Z. ? , Y, =27 7Y,. (5-7)
As the results of our simulation prove, these factors of Z in our model are
precisely the ones responsible for introducing the hierarchy in the Yukawas.

Our Lagrangian then becomes simply:
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L = Lrinetic+qrYaHdp+q Yo Hup+1 Y. Her+1.Y, Hvg+i (vg) M, vg+h.c..
(5-8)

To obtain the fermion masses we need to diagonalize our new Yukawas, as it is
also done in the SM. Once again, this is done by introducing unitary matrices

U such that:
2

U;de?j = UMRUL %Yuffj = U, M2UT, (5-9)
v? o - -
SYYr=uvavi o, M, =UM,U, (5-10)
where the matrices M are all diagonal and
02
M,, = EY,,MV‘RlYVT. (5-11)

Then, the eigenvalues of ffuffj , ffd?j and ffef/j give the squared masses of the
SM fermions of the up sector, down sector and charged leptons, respectively.
These can be obtained numerically within the simulations. Whereas, the mass

mixing matrices are given by:

Voxy = UlUa, (5-12)

Vpuns = UlU.. (5-13)
Again, we can obtain these numerically by calculating the eigenvectors of ffuyj ,
ffd}?j? V.Y and M, M. It is interesting to point out that the physical Yukawas
acquire, via this mechanism, a structure that resembles the Froggatt Nielsen
model. To illustrate this point, one can take a look at the up Yukawa, for
example: ~ ) 1 ! e
Y.=2,YyZ,? = (UquQUD Y, (UdZdQUg) , (5-14)
where Z is diagonal and U are O(1) matrices. Now writing it explicitly in

terms of the eigenvalues €, we get:

Y, = U, e uiv,u, €y Ul (5-15)

u
€1 €1
Now, since we have shown in the previous chapter that the matrices Z have
hierarchical eigenvalues and the presence of O(1) matrices does not change that
fact, this overall structure is very similar to the one we had in the Froggatt

Nielsen mechanism:

M, = ¢ Y, €2 . (5-16)
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This is another clear indication why the mechanism works at dealing with the

fermion hierarchy problem.

5.2
Computational analysis

5.2.1
Assumptions and procedures

The goal of our simulation is to find the number of clockwork fermions
N that best reproduce the values and hierarchical structure for the fermion
masses and entries on the mass mixing matrices Vogar and Vpyrvs which have
been found experimentally. Since we want our model to be more natural, we will
not make any assumption whether the ten matrices (two for each mechanism)
M and K = M@ are small or large. Instead, we will simply take them to be
random 3 x 3 complex matrices of O(1) with entries that uniformly span from

—1—1 to 1+, similar to what have been done in Chapter 2. In other words:

0< ‘(M)’LJ| < 1, for ’l,j = 1,2,3, (5—17)

0 <|(K)yl <1, fori,j =1,2,3. (5-18)

The clockwork mechanism works very well when recreating hierarchies
between masses of particles in the same sector but across different generations.
However, when it comes to replicating an overall hierarchy between distinct
sectors, the mechanism struggles to find a fit to data. For example, as we have

seen,
Yt
—_— Y
Yb

So, between the up and down sector there is a clear hierarchy, which the

40.

mechanism cannot consistently reproduce. In order to go around this obstacle,
we introduce free parameters ¢;’s (where i = u, d, e) which are numbers that
multiply the Yukawa interactions terms in the Lagrangian. These parameters
can properly account for the different orders of magnitude of masses across all
sectors, fixing the flaw on the mechanism. So the fixed Lagrangian looks like
this:

L = Liinetic + caqrYaHdg + cuqrYuHug + c Y. Heg
+ Z_LY/I,HVR +1 (VR)C MVRVR + h.c.. (5—19)

In this work we are making the argument to use the clockwork mechanism

for the purpose of building a more natural theory for fermions, so it may seen
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counterintuitive to force these free parameters ¢;’s into the theory. One can give
two possible explanations for the origin of these parameters. It can be inspired
by supersymmetry (SUSY) (70) or the two Higgs doublet model (2HDM) (71)
which predicts the existence of multiple Higgs particles, and so H and H no
longer represent the same particle, but instead each one are now related to
different Higgs particle with different VEVs. That is:

H=H, , H=H,.

The model can be parameterized such that:

(Hy) =wvcosf
_ ()

tan 3 = (i) ) ) (5-20)

’ (Hy) = vsin 3

where tan /3 is large (tan 5 ~ 50), so we can make the approximations:
inf 1 B~ (5-21)
Cy ~ sin B & , Cq ~ Ce ™~ COS 3~ R —. -
¢ tang 50

Another possible explanation can be simply that, for some reason, the clock-
work spurions (M and K) for the down and lepton sectors have their symme-
tries broken at a much higher energy scale than the ones from the up sector,

causing them to acquire greater VEVs. That is:
(Mg) ~ (M) > (M,).

This effect can be translated as if there was a shift in the order of the matrices
Q = M~'K in the down and lepton sectors, such that

O(Qd) ~ O(Qe) > L

In order to find the optimal results for our free parameters we made use
of the x? test, which gives an indication to how likely it is that a random value,
taken from the distribution of the simulation, matches the experimental data.
Minimizing the value for x? gives us a convenient way to manipulate our free
parameters until we find the best fit for the data observed experimentally. The

x? is computed as:

Naog (€ (o (0. x5 — ci(x;)
Z; Ci\T; J\YJ
V)= 3 7 etz (9 ) (522
ij=1 Oz Oz,
where ;™" is the experimental value for the physical quantity at hand, z;

is the corresponding simulated distribution, o,, is the standard deviation of
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such distribution, Cj; is the correlation matrix between x; and z;, Ny,s is the
number of degrees of freedom, which here is taken as the number of observables
considered for the analysis, and ¢; is the parameter introduced to account for
the hierarchy between different sectors. Then the parameters ¢; are determined
by solving the system of equations

0
0 C;

X*(ci) =0, (5-23)
which guarantees the minimum value for x2, by taking

Xinin = X(&"), (5-24)

where ¢” are the solutions for Eq. (5-23). The test was performed separately
for the quark and lepton sectors, since there is no interference between the

mechanisms applied for each of those distinct sectors.

5.2.2
Results for the quark sector

We begin our statistical analysis by taking a look at the quark sector.
The relevant variables considered as inputs for the x? on the quark sector and
it’s experimental values are presented in the Table 5.2, while the parameters
that best fit the data for the quark sector are presented in Table 5.3. The
results for the quark sector has shown to be satisfying, since, as it is clear
from the plots in Fig. 5.1 and Fig. 5.2 | the experimental values overall
fitted well within the range of the distributions. This proves the power of the
clockwork mechanism for resolving the hierarchy problem, as it can reproduce
the experimental data in a much more natural sense. The results for ¢, ~ 1

and ¢y ~ = are within expectations. The spotlight in the quark sector goes

50
to the distribution for y;, which, when other model struggles to reconcile its
large value (y; ~ O(1)) and often requires the use of assumptions such as
K < M, turning all couplings suppressed including the top, or the use of
the mechanism in the quark sector exclusively to the first two generations (as
seen in (72)), this version of the clockwork mechanism has proven that it can
match beautifully with the experimental value without the need to introduce
any additional assumption and, therefore, in this manner can be regarded as
more successful. It is also important to highlight the satisfactory result for
the distribution of y;,, which is notably harder to reproduce in other flavour

models.
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Table 5.2: Quark sector variables and their experimental values (7). Once
again, the experimental uncertainties were not taken into account as their
contribution are neglectable.

Quantity Experimental value

Y 1.364 x 10~°
Ys 2.70 x 1074
Up 1.388 x 1072
Yu 6.3 x 1076
Ye 3.104 x 1073
i 0.8685
sin 619 0.225
sin fo3 0.042
sin 013 3.55 x 1073
J 3.18 x 107°

Table 5.3: Quark sector best fit free parameters obtained through simulations.
The values for ¢, and ¢; agrees with the prediction from Eq. (5-21), while
the small value for x?2,, indicates that the distributions obtained match the
experimental data. The 10 degrees are freedom involved in the computation of
X2,.,, are the ones related to the parameters presented in Table 5.2.

Quantity Value

N, 9
N, 9
Ny 6
Cu 1.70
Cq 0.03

Xomin 859
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Figure 5.1: Quark masses distributions for N, =9, N, =9, Ny =6, ¢, = 1.70
and c¢; = 0.03. The experimental values fall well within the reach of the
distributions, especially for y; and .


DBD
PUC-Rio - Certificação Digital Nº 1621964/CA


PUC-Rio- CertificagaoDigital N° 1621964/CA

Chapter 5. Simulations 81

1.0

Probability Density

exXp  peXp peXp
013" 633" 613

0.14

0.12

0.10

Probability Density

0.04

0.00

Log1o(6i)
(a) CKM mixing angles

0.08

0.06

0.02

e, ————

-40 -30 -20 -10 0

Log1o(J)
(b) Jarlskog invariant

Figure 5.2: Quark mixing distributions for N, =9, N, =9, Ng =6, ¢, = 1.70
and ¢4 = 0.03. The experimentally measured values fit greatly with the
distributions obtained.
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5.2.3
Results for the lepton sector

The experimental data for the lepton sector are presented in Table 5.4
and the parameters that best fit the data for the lepton sector are presented in
Table 5.5. Here we have considered the normal ordering in the neutrino sector
(that is, Am3; > 0) and 63 in the first octant (that is, 63 < T). Once again, as
the plots from Fig. 5.3 and Fig. 5.4 show, the results in the lepton sector were
deemed rather pleasing. According to the plots, one can safely say that the
distributions for the considered variables is likely to randomly fall in range of
the experimental data. In other words, the quantities measured experimentally
matches suitably with the simulations. In addition, the results for ¢, ~ % and

mp ~ 10 GeV fits very well with the predictions.

Table 5.4: Lepton sector variables and their experimental values (7). Once
again, the experimental uncertainties were not taken into account as their
contribution are neglectable.

Quantity Experimental value

Ye 2.8482 x 1076
Y 6.0127 x 10~
Yy 1.02213 x 102

Am?, 7.53 x 107° eV?
Ami, 2.51 x 1073 eV?

sin? (012) 0.307

sin? (03) 0.417

sin? (6y3) 212 x 1072
Jop —0.027
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Table 5.5: Lepton sector best fit free parameters obtained through simulations.
The values for ¢, agrees with the prediction from Eq. (5-21), while the small
value for x2 ., indicates that the distributions obtained match the experimental
data. The 9 degrees are freedom involved in the computation of x2,. are the
ones related to the parameters presented in Table 5.2.

Quantity Value
N, 2
N, 9
N, 0
Ce 0.02
mpg 4.26 x 101 GeV
i 1.86
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Figure 5.3: Lepton masses distributions for N; =2, N, =9, N, =0, ¢4 = 0.02
and mp = 4.26 x 10'* GeV. The experimental values fall well within the reach
of the distributions.


DBD
PUC-Rio - Certificação Digital Nº 1621964/CA


PUC-Rio- CertificagaoDigital N° 1621964/CA

Chapter 5. Simulations 85

1.2 L L s L L B B S S B R |

1.0 . . .
: sin653P  sin?653P sin?653P
B 1 1
| |
! ]
I B

0.8
[ — Sil‘l2 012

0.6 — sin?6;3

[ Sil’l2 923

0.4

Probability Density

0.2}

O ———————— ——
O ————————————

* — — —

Y ————
-4 -3 -2 -1 0

Log10(6/)
(a) PMNS mixing angles

10mm—mm—m—— 71— 7 T T T T T T T T T T T T T T T
0.8
0.6

0.4

Probability Density

0.0

Logqo(JcP)
(b) Rephasing invariant

Figure 5.4: Lepton mixing distributions for N; =2, N, =9, N, =0, ¢4 = 0.02
and mp = 4.26 x 10'* GeV. The experimentally measured values fit greatly
with the distributions obtained.
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Flavour changing neutral currents

6.1
Building an effective field theory

In this chapter we will probe the existence of Flavour Changing Neutral
Currents (FCNC) in the model at hand. The only origins of flavour mixing
in the SM are the CKM matrix, in the quark sector, and PMNS matrix, in
the lepton sector. The CKM matrix is only present in the W sector, being so,
since the W boson is charged, all processes involving flavour changing at tree
level must be mediated by a charged current. Whereas, in the lepton sector, in
addition to the neutrinos oscillations, charged leptons flavor changing processes
are suppressed by the difference in neutrino masses. To see why this is the
case, suppose if there was no flavour changing in the charged lepton sector,
this would mean the existence of a global charged leptonic family number

symmetry

Ul). xU(1), xU(1),

in the SM. Under such symmetry, the charged lepton fields {e, u, 7} would
have the following charges: {(1,0,0);(0,1,0);(0,0,1)}. Now, to keep terms in
the Lagrangian like

AL =eWv,, AL = ﬂWV#, AL =TWu.

invariant under this symmetry, the neutrino fields {v.,v,,v;} would need
charges {(1,0,0);(0,1,0);(0,0,1)} as well. However, since it is known that
neutrino mixing exists, the only way that one could maintain the off-diagonal

neutrino mass terms in

Mz(pe Dy 17T)UT ma Ul v,

ms Vr

invariant under U(1). x U(1), x U(1), was if we had m; = my = ms. That

is why any flavour changing process in the lepton sector must be proportional
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to some |Amy;| = |m} — m}|, where i # j = {1,2,3}, and since the neutrinos
masses are known to be very small ( ~ 0.1 eV ), those processes are bound to
be heavily suppressed. That is the main reason why the discovery of FCNC’s is
important for BSM physics (73). That have been many experiments searching
for these processes (74), (75), however, up to the present date, none has
emerged successful at detecting them.

The appearance of FCNC is achievable by expanding the Clockwork
Fermion Lagrangian into an Effective Field Theory (EFT) to account for
dimension-6 operators. To illustrate the point, let us first take a look at a
simplified model (N, = 0, N, = 1) and later generalize it for any pair of N}, N..

The corresponding Lagrangian is as follows:

L =il Pl +ie) Pel +ie el +iep Pey —e) Meh+e) MQep+1,HY.eh+h.c..

After integrating out the € and €Y, fields, we get (&1)
Z=qQ' [P +1] Q1 (6-2)

which can be Taylor expanded into
Z=Q 1-P (MM +0(B)]Q+1 (6-3)

and therefore, the complete Lagrangian can be rewritten as:

L= iZLlDlL+iéRlD€R+iéRmQT [ﬂ — m2(MTM)71} Q@R—FZ_LHY;BR—FéRYjHTlL,

(6-4)
which, by opening up the brackets, gives us, in a addition to the dimension-4

Lagrangian which we have seen on Chap. 4, a dimension-6 operator:

Ly =il Plp +iep(1 + Q'Q)Per + I HY.er + erY, Hly, (6-5)

Lo = —iegQ (MTM)~'QI ep. (6-6)
The FCNC processes are already present in this dimension-6 Lagrangian, but
in this basis the Feynman Rules are more complicated, so to simplify the
calculations, one can use a trick which involves taking the equations of motion
of dimension-4 Lagrangian and apply then at the dimension-6 Lagrangian. This
procedure leaves the complete Lagrangian unaltered up to order of dimension-
6. Let’s see why this is the case. Suppose we take a general Lagrangian
involving some field ¢ with dimension-4 operators and a suppressed dimension-

6 operator, so we have

L= L4(0) + eLs(0), (6-7)

where € is some small parameter. Now we can make a redefinition of the field

by taking
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¢ =¢' +eF(¢), (6-8)

where F(¢') is some functional of ¢/, and express £ in terms of the new field:

L=2Ly(¢ +eF(P))+eLs (¢ +eF (@) =Ly (¢ +eF(¢)) + eLs(¢)) + O(?).

(6-9)

By Taylor expanding £4 with respect to ¢’ and 9,¢’ we get:

0L, 0L,
_ / Y~a / / / _1
L= L) 4| SR 4 G0 F )| +eale) (610
wich can be rewritten via partial integration to:
. ’ 8;64 8»64 / /

£= i) +e | ot = 0,508 P +etal). o)

It’s clear if we take the equations of motion for £, the term in the brackets
will vanish and the physics of the system will be the same as the one we
started with in Eq. (6-7). One can conclude that the field redefinition from
Eq. (6-8) is equivalent to using the equations of motion up to terms O(e?).
This trick function as a change of basis, and will be very useful to simplify our
calculations.

Now, going back to our Lagrangian in Eq. (6-6), we can take the equations
of motion for L4:

i(1+Q'Q)Per + Y, H'l, =0,

ZlDlL + H)/QGR = 0.

However, before applying these equations to the dimension-6 Lagrangian, it is

very useful to use partial integration to simplify the calculations:
AN 1O TR e — i B Ot V=10 12
L= —ierQ'(M'M) le €R :zeRlDQ (M'M) QID €RrR
Then, using the equation of motion
-1
Der=i(1+Q'Q) Y!H,
our Lagrangian takes the shape:

Lo=1i {—z’lLHYe {(1 + QTQ)T] B QT} (MMY1 on {z (2+ Q*Q)fl YJHUL} .

(6-12)
Since the I) operator is acting on the last bracket as a whole, by the sum rule,

it will give out two terms, one for when it acts upon H' and another one for
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lLZ

Lo =il HY, [(]1 + QTQ)T} ol (M) Q(1+01Q) i (BH) 1
il HY, [(1 + QTQ)T] - Qf (MTM)_1 Q1+ QTQ)_1 v H" (BlL). (6-13)
Now, we can use the equation of motion
Dl =iHY,en

on the second term of Eq. (6-13) to get a Yukawa interaction, and thus our

Lagrangian will be written as:
£6 = il—%iAina’YM(DuHB)*lgj + EYukawav (6_14)

where

Ay =1+Q'Q)V.QI (M M)Q(1+Q'Q) 'Y

and
Ly ukawa = —l(1+ Q'Q) ' HY.QT(MTM)*Q(1 + Q'Q) 'Y, |H|*Y.er.

Here i,5 and «,f are flavour and SU(2) indices, respectively. Since the A
matrix generally have non-zero off diagonal terms, this Lagrangian contains
flavour mixing. The leading FCNC processes appear by building a diagram
putting together a L4 vertex (lepton 1 — lepton 24 7) with a L4 vertex (Z —
lepton + lepton) mediated by the exchange of a Z propagator which comes
from the covariant derivative operator (D,). That is exactly what we were
looking for.

We are now ready to confront the most general case for any set of V;, N..
In the previous chapter, we took the limit p?> — 0 to calculate Z,, which gave

us
n

an) = Z (QT)ka

k=0

We will revisit the calculation, but this time around we will keep the subleading
terms. Applying a Taylor expansion to Z, in momentum space will result in
the dimension-6 operator that we are looking for. In the Chapter 4, just before

we took the soft limit, our recursion relation for Zy looked like:
-1
Zna(pP) =1+ Q' Zy(p%) []1 - PQ(MTM)AZN(]?Q)} Q, (6-15)
where Zy(p*) = 1. By Taylor expanding up to first order in p?:

ZN+1(P2) = Zn4+1(0) + p2Z§v+1(O>7 (6-16)
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where

, 0
ZN+1<O) = 8792 ZNH(pQ)

p?=0"

We can take p*> = 0 in the Eq. (6-15) and get

Zn1(0) = 1+ Q' Zn(0)Q.

This gives exactly what we found in the previous chapter. By taking 8%2 in
Eq. (6-15) one finds:

Z1(0) = QTZ)(0)Q + QT Zy (0)(MTM) ' Zy(0)Q. (6-17)

To simplify the notation going forwards we are going to call:

and N
Zn(0) = Sy =Y (@M Q"
k=0

which leaves us with
Zy = SN + lD2AN~

Thus, one can find a recursion relation for Ay by looking at Eq. (6-17):

Ani = Q' (AN + SN(MTM)_ISN) @, (6-18)
where Ag = 0. With this result one can find, by induction, an expression for
An: N-1

An = > QNN FS (MTM) ' S QN . (6-19)

k=0

Now we have all the operators we need to compute the effective Lagrangian
for the Clockwork Model. For Leptons:

L7 =il Sy, Dl + ierSy. Per + I HY ep + erY, H'l, (6-20)

1 = < . 1 <o
Ligrtons — MQ@WANZWZL + MQz'eRszNereR, (6-21)
where g is the typical mass scale of the clockwork leptons, that is M = ,u]\7[

and A = /fzfl. After taking the equations of motion and applying these

transformations in order to respect proper normalization:

er — éRS;[EI/Q er — S;[EI/QGR er — UeeR, (6—22)

l_L — Z_LS]:[ll/Q ZL — S]:[ll/QlL lL — UllL, (6—23)

where U, and U, are rotation matrices that diagonalize the Yukawa. One ends
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up with:

1
Eéeptons o ZGRAE HT,Y (DMHa)eR 7ZlazAl 0/7 (D H,B) Z?JJ’ (6—24)
u

A, = USSPYI(SE) T An Sy Yoy P UL, (6-25)

A = USSyPYL(SE) T A Sy Y Sy P, (6-26)
where 4, j and «, § are flavour and SU(2) indices, respectively. We also omitted
the Yukawa terms as their contribution is neglectable. For quarks, this process

is entirely analogous, the result is as shown below:

ﬁquarks
6

1 - . 1 - .
= EZURAu Hy" (D, H" )up + Eld%A%HlVN(DuHQ)d%%

1 s~ A Qu * 1 e?) *
+ Equ Aq H,~ (D, Hﬁ) bi Equ A?;HQV“(D#Hﬁ) q?:], (6-27)

Ay = USSnPYH(SE,) 7 An, Syl YuSy) U, (6-28)
Ag = UJSyy?Y](SE.) " An, Sy YaSyt Ua, (6-29)
A, = ULSy V(L) 7 An, SEY ISP, (6-30)
Ay, = ULSN2Ya(Sh,) " A, SN]SR0, (6-31)

where i, 7 and «, § are flavour and SU(2) indices, respectively. Here, one must

recall that the physical Yukawas corresponds to:
Yo = S32YeSy2, Yu=S32YuSy2,  Yo=5y2YaSy2, (6-32)

which can be diagonalized as

Ye
Y, =0 Yy Ul (6-33)
Yr
Yu
Y, = U, Ye Ul (6-34)
Yi
Ya
Ya=Ul| oy |UL (6-35)

Yp
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The effective Lagrangian from Eq. (6-24) and Eq. (6-27) contains several
processes which can be used to put a constraint on our model. The next step
is to pick a relevant process, compute its prediction in our model and compare
it with the Particle Data Group (PDG) database. This way, we may impose a

limit on the mass scale, .

6.2
The L operators

In this subsection we take a deeper look into the dimension-6 operators
present in our EFT and the processes that it depicts in order to choose,
among those processes, the best suited to proceed with the analysis through
simulation. At first glance, we can see, from the Lagrangian, that, at tree level,
there are two possible ways to build a FCNC diagram, either by taking a Lg
vertex and connect with a £, vertex via an exchange of a virtual Z boson, or
by taking two Lg vertices instead. The important difference between these two
options is that in the case where we take two EFT vertices there can be an
occurrence of two flavour changing decays (when this happens, we say that this
diagram has a AF' = 2, which stands for the double flavour changing) when in
the other case the flavour changing appears in only one vertex (AF = 1). Since
the dimension-6 vertex is suppressed by a cutoff scale, it is easy to see that the
AF = 2 process will occur at a much lower probability, being so we can infer
that we should prioritize processes with a single flavour changing appearance.
There are a few processes in the literature that can be found within our EFT,
among those some that we consider for this study are presented in Table 6.1
and the related upper bounds for the Branching Ratios (taken from (7)) are
presented in Table 6.2. We will take a look at each of those processes one by
one and by the end, based on the features presented, select one as the most

suitable for our simulation run.

Table 6.1: FCNC processes in the effective Clockwork model.

AF  Tree level 1 Loop
1 —eee p—ey,b— sy
2 K-K

6.2.1
[ — eee

We start with this muon decay mode as it showcases the most obvious

choice, being the only tree level process with AF = 1 in our model. The other
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Table 6.2: Upper bounds for FCNC Branching Ratios.

Process BR

w— eee < 1.0 x 10712 (7)

pw— ey <4.2x 10718 (7)

b— sy =3.55x 107" (experimental) (76)
b— sy =298 x 107" (theoretical) (77)

processes with AF = 2 tends to suffer from a greater suppression by higher
powers of ﬁ, where p ~ 100 TeV is the clockwork fermion typical mass scale
later found from simulations, while the 1 loop ones are suppressed by a factor
of %.

any additional loop would just further increase the suppression by picking up

Diagrams with more than one loop are immediately disconsidered, as

e
672

also taking a careful look at the remaining options.

extra factors of In any case, it is important to confirm such statement by

A possible diagram for this decay is presented in Fig. 6.1. The dimension-
6 vertex can be taken from the Lagrangian of Eq. (6-24), while the other vertex
is taken from the SM Lagrangian. This way one can estimate the amplitude of

the diagram as
v? 1

Miseee ~ 5 (Erlippn + eL8pe ) (6-36)

One can do an analogous procedure to estimate the amplitude for each of the
next processes considered and, by means of comparison, see which one is most

likely to be produced in our effective Lagrangian.

I e

€ €

Figure 6.1: Feynman diagram for p — eee. This a diagram is composed by a
dimension-6 and dimension-4 vertices.
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6.2.2
H— ey

This diagram is composed by one loop and a Lg operator insertion, like
it is demonstrated in Fig. 6.2. The process depicted here comes from the
dimension-5 operator 1
Lesr = KF;LV@RVWMM (6-37)
where A is the is the cutoff scale for the EFT. Since the diagram in Fig. 6.2

must be proportional to ;z=2, one can use dimensional analysis to estimate

L@ (ALPTIALP)

eh (1672)2 i - (6-38)
The decay rate of this mode is given by
11 4
C(p—ey) = o 2 M (6-39)
Since the BR is given by
'(p — eee) Gim?
BR = T Ny — = L 6-40

taking Eq. (6-39) and Eq. (6-38) as inputs for Eq. (6-40) allow us to estimate
the BR for this decay as
16e* . . vt
BR(ju — ey) ~ 72(|A12|2 + |Al12|2)*4- (6-41)
3T !
Here the factor of Z—i greatly suppresses this diagram, since the mass scale p
is expected to be orders of magnitude larger than the scale v. Additionally, if

one recalls the value for the fine-structure constant,

it becomes very clear why this diagram is heavily suppressed. Even tough the
upper bound for this process would be more interesting for our purposes, as it
would, in theory, when looking only at the upper bound of the BR, be able to
produce a more refined constraint on the typical clockwork mass scale, when
also taking into account the suppression in its amplitude it ends up surpassing
the attractiveness of its B R. Being so, one can safely eliminate this decay mode
from the selection of the process that is most suitable for the computational

analysis.
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Figure 6.2: Feynman diagram for p — ey. This diagram is heavily suppressed
by the loop correction factor.

6.2.3
b— sy

This process occurs when a B meson decays into a strange flavoured
meson plus a photon and its diagram is depicted in Fig. 6.3. While this process
is not actually forbidden in the SM, as it just happens to be a very rare
decay mode of the B mesons, there are still a small deviation between the BR
measured experimentally and the BR computed by theory (roughly 10%). This
minor discrepancy can come from some new physics as represented by:

BRyp(b— 57) — BRsu(b— s7) _ osm(b— s7)
BRs (b — s7) BRgp (b — s7)’

(6-42)

where N P stands for new physics and o is the difference between the experi-

mental data and the theoretical calculation. Since for any decay
BR ~ |IM[?
and, within the framework of the clockwork model, we can take
Mnp = Mcew + Msu,

where CW stands for Clockwork, we can rewrite Eq. (6-42) as

|(Man|? + MEyMew + MEy Msar + | Mew|? — |[Mga|? _ Osu
| Mgnr|? BRgsy

(6-43)
However, since the contribution from | My |? is neglectable and, this way, one

can rewrite Eq. (6-43) as

(Mewl N <v>2 (AS; + AL) OsM

2 <
| Mis| 0 V&5 BRsy

~ 10%. (6-44)

Now, the lower bound that Eq. (6-44) gives us does not seem to be very useful

as the constraint that comes from it is not powerful enough and clearly, by
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looking at Eq. (6-36), one can obtain a much more refined limit for the mass
scale u by choosing to analyze the muon decay . — eee instead. For this reason

this process can be safely disregarded for our purposes.

Z

v

Figure 6.3: Feynman diagram for b — svy. This decay mode is heavily
suppressed due to the 1-loop quantum corrections.

6.2.4
K — K mixing

This process has historical significance, as it was responsible for the first
measurement of C'P violation, when the K = 5d meson, named kaon, oscillates
through strangeness-violating weak interactions to its CP conjugate K = ds.
One can take the product of two dimension-6 operators from Eq. (6-27) in
order to build an estimation for the related amplitude. One then, finds

’U4

M sd—ds © T4
1

Since the mass scale p is expected to be around the 100 TeV scale, while

(6-45)

v = 246 GeV, the factor of Z—i ~ 4 x 107! greatly suppresses this process,
and so, one can disregard this diagram entirely from the analysis, without any

repercussion.
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d s

Figure 6.4: Feynman diagram for K — K mixing. This diagram is build from
the insertion of two dimension-6 operators which configurates two flavour
changings (AF = 2).

6.2.5
Choosing the right process for computational analysis

It became very clear, after taking a deeper look at the estimate for the
amplitudes of each of the considered process, that the most suitable process
to pick for analysis is indeed the muon decay p — eee, as one could have
easily predicted just by noticing that it was the only possible tree level process
built with only one Lg vertex and any addition of such vertices would imply
in a greater suppression. An analogous argument can be made for the looped
processes, as they occur in a loop correction factor of the order of ﬁ that also
causes a suppression of the amplitude. Being so, one can feel fairly confident
by putting and end to the search at this point and move to the calculation of
the branching ratio for the muon decay mode u — eee in our model in order

to find a lower bound for the clockwork fermion typical mass scale .

6.3
Muon decay

In this subsection we will compute the Branching Ratio (BR) for the
muon decay (i — eee) in order to find a limit for a typical mass scale of the
clockwork leptons. There are two possible diagrams for this process, as shown
in Fig. 6.5.

The vertices of the diagrams are the following;:

U2

Eg—)ez — 47//62 [éRAciQ(gl sin 9 + g2 COS Q)Z“R]

U2

_ 4Tt2 [éLNm(gl sin 6 + g, cos Q)Z,UL] +h.c., (6-46)
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Ly

Ly

(a) t-channel (b) u-channel

Figure 6.5: Feynman diagrams for the muon decay. There are two possible
diagrams.

’ L7 = —épgisin0fer — ¢y (921 sin 0 + % Ccos 6) Zer, (6-47)
and the Z propagator:
i (g“” - “’Sy>
o — _ e mQZ : (6-48)
z

To build our EFT we had to take the limit where p? is small, so it is appropriate
to take the limit p?> < m?% here to simplify our calculations. This is analogous to
the limit taken in the Fermi Theory. In this way the propagator line is reduced
to a point and the two vertices are joint together. The resulting diagram is the

one shown in Fig. 6.6.

H e

(& €

Figure 6.6: EFT Feynman diagram. Here the Z propagator was broken down
to a single 4-fermion interaction vertex

This diagram is easy to calculate, and gives us:

v* (g18in6 + ga cos 0)

| Alpery i — ARy pin]

Mt:

g .
1 m? (5 sin 0

+% cosf)eryter, + g1 sin GéRfy“eR] . (6-49)

Assuming that the spin of the particles is not measured we need to average

over the spins of the muon and sum over the spins of the eletrons in order to
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compute the full amplitude. The total amplitude squared is given by:
IMP? = (M + MM+ MM+ M, (6-50)

where the amplitude for the u-channel diagram can be obtained by taking the
result for M; and simply swapping p, and ps and then apply the Fierz identity
(78). The full calculation of the amplitudes, although straightforward, has a
few minor mathematical challenges that can be overcome by employing some
useful identities, such as the spinor identities, the gamma matrices identities

and the Fierz identity. The identities are presented below:

Spinor identities:
Yous(p)usp) =p+m 5 D u(p)vs(p) = p—m, (6-51)

where u and v are spinors for particle and antiparticle, respectively and s is

the spin.

Gamma matrices identities:

{v’.7"} =0, (6-52)

Tr(y") = Tr(y*’y*) =0, (6-53)

Tr(v'y") = 4", (6-54)

Tr(y*y""7") = 4 (g*"g™ — g°Pg" + g**g™), (6-55)
Tr(y°) = Tr(y"y°) = Tr(y*y"y%y°) = 0, (6-56)
Tr(v*y"y77"~°) = —die™?. (6-57)

Antisymmetric tensor identities:

€ €ty = 2 (620 — 0504 | (6-58)
PSDEPsPcanw =0 (i pF =i + b + ) . (6-59)
p?pgpgpieaﬁuuguy =0, (6‘60)

where p; is the momentum of particle <.
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Fierz identity:

(™) (Yx’) = () (V') — ; ("x) (V')
1

= 5 (0r"sx) (Fse) = (') (Vse0) . (6-61)

where y and 1) are spinors.

The Particle Data Group has an expression for the three-body decay rate (79)

that is very useful in this instance:

1 1
I'= dEydFE -62
(2m)3 8mM|M| 2 (6-62)

where m,, is the muon mass, |M|2 is the amplitude squared averaged over
the spins and F5 and Fj5 are the energies of the electron and the positron,

respectively. The BR is given by:

I(u — eee)
I'(u — evv)

2,5
GFmM

19273

BR(u — eee) = D — evv) = (6-63)

where G is the Fermi coupling constant and m,, is the mass of the muon. After
applying the identities listed above and integrating the amplitude squared over
the energies, The result for the BR is the following;:
2 myy ’ Ik
A+ (12 o,
) o

BR(ji — eee) — <Z>4 !

< : (6-64)

where v is the Higgs vacuum expectation value after symmetry breaking and
my, myz are the masses of the W and Z bosons, respectively. Is worth noting
that, since 7% ~ 0.88, one might expect a lesser contribution from Al
and a higher contribution from Af{, in the simulation for the BR. However
what occurs is quite the opposite, as, it will soon be explained, in general,
Ay > A,

6.3.1
Muon decay simulation

The simulation run has set the pair of matrices M, () as random complex
matrices of order 1 and used the previously tuned values for N;, N, and C, (2,
9, 0.02, respectively) and plotted the distribution of the BR over ten thousand
runs. We then found the value for the clockwork mass scale p that best fit the

experimental data for the muon decay

BRey,(n — eee) < 1.0 x 10712, 6-65
P
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The procedure used was to at first run a simulation for an auxiliary distribution

1 m2,\ > 2
BR' (= ece) = o |AS,° + 4 (1 - W) AL (6-66)

2
mz

and then multiply this auxiliary distribution by a small parameter

such that it acts as a shift in the distribution and brings the distribution much
closer to the experimental value for the BR. This procedure allow us to adjust
the distribution and find the best fit value for the parameter e such that 95%
of the points in the shifted distribution are below the experimental data, that

is:

BRgsy, = €' BR' < BReyy(pt — ece) = 1.0 x 10712, (6-67)
Then we can take a lower limit for the mass scale p given by:
BR \
> v ~ 246 x 10* (BR')"* GeV. (6-68)
BRezp

This expression already gives an expectation that p should be of the order a
few hundred TeV, which is quite large.

The main result obtained is a value for p ~ 100 TeV, which confirms our
expectation of a great suppression of the EFT. The distributions for BR, A{,
and Al, are presented in Fig. 6.7 and Fig. 6.8 clearly demonstrate that BR’
and |Al,|? have a very similar distribution, which confirms our expectations
that the BR has a very small dependence on A$,, as it depends mainly on Al,.

Another interesting result is the plot BR X %:, shown in Fig. 6.9, which
reveals a small correlation between BR and %Z for small values of BR. This
small correlation can be explained by the fact that, by construction of the
clockwork mechanism, the interactions between fermions are exponentially

suppressed, that is:
T e seze
21 Afy ~ 2725
1
Lg 2~ 7 — , (6-69)
sz 1 5l 5l
<3 Ay ~ 215

where x can be e or [, for the right handed singlet and the left handed doublet
1

* and, as we have seen,

of SU(2), respectively, and Z; are the eigenvalues of Z,
typically one has z; < 1, 250 < 1 and z3 ~ 1. The mechanism also leads to

suppressed Yukawas by similar factors of Z:

sl ze

Ye ™~ 2121, y ~ gégg (6_70)
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In the previous chapter we have seen that a greater number of clockwork
fermions generates a greater suppression on the interactions and on the

Yukawas, this implies that:
Ne > Nl — 25 < ,gll

This is the case of our simulation. This observation is very useful, as it allow
us to take out the factors of Z! from the Yukawa relations on Eq. (6-70), given
that the contribution from Z{ is much greater. The simplified Yukawa relations
are:

~e ~e
Ye ~ 29 ) Y ~ 2y

Taking a look at the expression for the branching ratio on Eq. (6-64), we can
see that it goes as BR ~ |A$f,|* while the mass ratio goes as 2= ~ e The
i w
small correlation between BR and 7' becomes clear once one rewrites the
mn

expression for the branching ratio as factors of Z taken from Eq. (6-69):

BR ~ (3)*(%)° (6-71)
me 2§

~ 2 79

" % (6-72)
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Figure 6.7: BR distributions. Here the parameter €* is responsible for shifting
the distribution to the point where 95% of the values are below the experi-
mental value for the BR.
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Figure 6.8: Distributions for BR' and |A%,|?. Here it becomes clear that BR’
is heavily dependent on |Al,|> and much less to |A$,[?.
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Figure 6.9: Correlation between and BR. Here one can see a small

correlation between them.
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7
Conclusion

In view of all the results presented in this work, which have shown to
be remarkably consistent with the experimental data, one can safely state
that the Clockwork mechanism has proven to successfully reproduce all the
hierarchical structure present in the fermion sector in a much more natural way
than the SM, since it is very likely that the distributions for the Clockwork
model, presented in Chapter 5, reproduce the observed hierarchies, whilst,
as seen in Chapter 2, the distribution obtained via the SM configuration are
extremely unlikely to reproduce the detected hierarchical spectra. In that sense,
the Froggatt-Nielsen can also be regarded as more natural than the SM, as
the latter has even produced distributions that fits a slightly better (lower
value for x?) than the Clockwork model. However, when comparing both of
hierarchy models presented in this work, one can note that the distributions
in the Clockwork model depend on fewer parameters than it is seen for the
distributions in the Froggatt-Nielsen mechanism and, in that regard, the former
can be considered to be simpler. The results obtained for the Clockwork

simulations are summarized in Table 7.1 and Table 7.2.

Table 7.1: Summarized results for the quark sector best fit free parameters
obtained through simulations.

Quantity Value

N, 9
N, 9
Ny 6
Cu 1.70
Cq 0.03
X2 8.59

It is also worth noting that another advantage of the Clockwork model
over the Froggatt-Nielsen mechanism is that while the latter requires the use
of higher dimension operators (d > 4) from the starting point, the former is
exclusively build from renormalizable operators which makes it a UV-complete

theory.
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Table 7.2: Summarized results for the lepton sector best fit free parameters
obtained through simulations.

Quantity Value
N, 2
N, 9
N, 0
Ce 0.02
mg 4.26 x 101 GeV
i 1.86

An important prediction made by the model is the existence of many
new matter particles at the mass scale of at least around 100 TeV which might
be achievable by future generation of colliders over the next decades.

In conclusion, in view of all the points exposed across the present
work, one can confidently say that the Clockwork mechanism provides a
good solution to the fermion hierarchy problem and has shown to be a very
interesting tool to build new theories in the context of BSM physics.

An interesting proposal for future works would be to look at how a

extension to the Clockwork mechanism could work in the context of Grand
Unified Theory (GUT).
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