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Abstract

Though the Standard Model of Particle Physics is an impressive theory with countless
phenomena correctly predicted, it still presents some open problems. In this thesis we explore
the power of some Nambu-Goldstone Bosons to deal with two of these problems: the Strong
CP Problem and the Flavour Puzzle, while studying at the same time some of their cosmolog-

ical features.

The Strong CP Problem is addressed at the same time as part of the Flavour Puzzle with
an invisible QCD Axion arising from the Minimal Flavour Violation ansatz. This model ex-
plains the mass ratios for third-generation fermions while providing a solution to the Strong

CP Problem and possible DM candidate, the Minimal Flavour Violating Axion.

Neutrino masses are then addressed with a Majoron that also alleviates the Hubble ten-
sion and can arise from Minimal Flavour Violation, compatible thus with the previous model.
This model also presents a relatively light new scalar and heavy neutrinos below the usual
Type-I see-saw scale, with interesting phenomenology at colliders and beam dump experi-

ments.

Finally, we study the impact hot axions can have on the number of relativistic degrees of
freedom. Performing a rigorous and smooth analysis across the Electroweak Phase Transition,
we study both a model-independent scenario and three specific models: DFSZ, KSVZ and
the previously presented Minimal Flavour Violating Axion. Additionally, the compatibility of
this observable with the XENONIT excess is considered. Results measurable by the CMB-54

experiment, some compatible with axion cold Dark Matter, are obtained.
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Introduccion

Cuando pensamos en la fenomenologia de fisica de particulas es facil considerarla como
jugar con un puzle: quienes trabajamos en este campo perseguimos la comprensién de una
imagen completa de la naturaleza, algo que describa todos los fenémenos observables sin dejar
atrds ninguna pieza o romper las reglas que describe cémo se conectan. Esas piezas toman la
forma de particulas, mientras que las simetrias, ya sean gauge, globales o Poincaré, discretas
o continuas, pueden ser consideradas como las condiciones a satisfacer cuando montamos el

puzle.

El puzle que mejor funciona y es mds completo hasta la fecha en fisica de particulas es
el Modelo Estandar [1-4]. Con 37 tipos de piezas y tres conjuntos de reglas ha sido capaz
de reproducir casi todos los fenémenos observados en fisica de particulas. Ensamblar este
puzle correctamente implica usar todas las piezas disponibles, de todas las formas posibles
que satisfagan las reglas. Esto se traduce en escribir todos los términos renormalizables en
la Lagrangiana que satisfagan las tres simetrias gauge, el grupo de Poincaré y las simetrias

discretas de conjugacion de carga, paridad e inversién temporal (CPT).

Los ladrillos del Modelo Estdndar son los siguientes: tres generaciones de campos de ma-
teria fermidnica con los mismos nimeros cudnticos pero distinta masa; estos campos se dividen
a su vez en quarks y leptones, con tres tipos de quarks-arriba de carga eléctrica positiva y tres
quarks-abajo negativamente cargados, mientras que los leptones se clasifican en los leptones
(negativamente) cargados y sus correspondientes neutrinos, eléctricamente neutros. En el sec-
tor bosénico pueden identificarse dos grupos: el bosén de Higgs, responsable del mecanismo
de generacién de masa conocido como el mecanismo Brout-Englert-Higgs [5-9], y los bosones

de gauge, portadores de tres de las cuatro fuerzas fundamentales del Universo. La fuerza de
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color y la electromagnética estan asociadas a bosones sin masa, los gluones y fotones respec-
tivamente, mientras que la fuerza débil es mediada por tres bosones masivos: dos bosones W

con carga eléctrica, uno positivo y otro negativo, y el bosén neutral Z.

A pesar del innegable éxito de este puzle al que llamamos Modelo Estdndar quedan atin,
afortunadamente para quienes trabajamos en fisica de particulas, cosas con las que no puede
reconciliarse de forma natural. Estos son los llamados problemas abiertos del Modelo Estdndar
y pueden dividirse en dos categorias: los problemas teéricos, que pueden considerarse partes
de la imagen resultante del puzle que parecen extrafias de algtin modo, y los indicios experi-
mentales, nuevas partes de la imagen que se han observado pero no tienen cabida en el puzle
del Modelo estdndar sin alterar su composicién, introduciendo nuevas piezas y/o reglas dic-

tando su interconexion.

Finalmente, es importante considerar también cémo el puzle que conocemos hoy en dia
lleg6 a ser tal. Por hoy literalmente queremos decir ahora, en un sentido cosmolégico: la forma
en que las piezas se conectan, asi como las propias piezas disponibles para montar el puzle,
han cambiado a lo largo del tiempo. El Modelo Estdndar a temperatura cero es lo que hemos
discutido hasta el momento: el Universo es ahora muy frio (en torno a 2.7 K) y respeta la
simetria de color y el electromagnetismo, las simetrias gauge que sobreviven a temperaturas
bajas; ademads, los quarks no existen libres hoy en dia: estan confinados en particulas com-
puestas llamadas hadrones, como protones, neutrones y piones. Sin embargo, retrocediendo
en el tiempo y, por tanto, yendo hacia temperaturas més altas, cruzamos la transicién de fase
de la Cromodindmica Cudantica que marca el comienzo de la época de confinamiento para los
quarks, ademds del punto de Ruptura Espontdnea Electrodébil, por encima de la cual la fuerza

débil y la de hipercarga aparecen como dos simetrias distintas.

Es importante tener esto en cuenta peusto que, cuando intentamos resolver varios prob-
lemas podemos introducir nuevas piezas en el paradigma, y ellas pueden a su vez tener un
impacto en la historia térmica del Universo y en cémo todo evolucioné en el tiempo. En esta
tesis afrontaremos varios problemas abiertos del Modelo Estandar, intentando proporcionar
conexiones entre ellos y finalizaremos considerando un observable concreto que puede haber

sido alterado a través de la evolucién del Universo.

La estructura de este trabajo se divide en dos partes diferenciadas. En la primera mitad,
el Capitulo 1 proporciona una visiéon global del Modelo Estandar, sus problemas abiertos y

la historia térmica del Universo. En el Capitulo 2 discutimos los detalles de cémo el sabor
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es particularmente interesante hoy en dia, con indicios tanto tedricos como experimentales
apuntando hacia nueva fisica alli, mientras que el Capitulo 3 se centra en uno de los problemas
abiertos del Modelo Estdndar més intrigantes: el Problema de CP Fuerte. Tras discutir los
fundamentos de este problema de fine-tuning, discutiremos algunas posibles soluciones con el
axién como uno de los principales candidatos. En la segunda parte de esta tesis presentaremos
nuestro trabajo original. El Capitulo 4 introduce un modelo que aborda el Problema de CP
Fuerte y el puzle de sabor quark. En el Capitulo 5 conectamos el sabor en el sector de neutrinos
con una anomalfa cosmolégica mediante un Majoron y, finalmente, el Capitulo 6 estudia el

impacto de axiones en los grados de libertad relativistas cuando son producidos térmicamente.



Introduction

When thinking of particle physics phenomenology it is easy to consider it as toying with a
puzzle: we phenomenologists pursue the comprehension of a full image of nature, something
that can describe all the observable phenomena without leaving any piece behind or breaking
the rules that describe how to connect them. Those pieces will take the form of particles,
whereas the symmetries, be them gauge, global or Poincaré, discrete or continuous, can be

regarded as the conditions to be satisfied when sticking them together.

The best-working and most complete puzzle up to date in particle physics is the Standard
Model (SM) [1-4]. With 37 types of pieces and three sets of rules it has been able to reproduce
almost all observed phenomena in particle physics. Doing the puzzle correctly means using
all the pieces available, in all possible combinations that satisfy the rules. This is translated in
writing all renormalizable terms in the Lagrangian that satisfy all three gauge symmetries, the
Poincaré group and the discrete symmetries of charge conjugation, parity and time reversal

(CPT).

The building blocks of the SM are the following: three generations of fermionic matter
tields with the same quantum numbers but different masses; these fields can be divided in
quarks and leptons, with up-type quarks being positively charged and down-type quarks neg-
atively, whereas leptons can be classified as (negatively) charged leptons and their correspond-
ing electrically chargeless neutrinos. In the boson sector one can identify two groups: the Higgs
boson, which is responsible for the mass generation mechanism known as the Brout-Englert-
Higgs mechanism [5-9], and the gauge bosons, carriers of three out of the four fundamental
forces of the Universe. The colour and electromagnetic force are associated to massless gauge
bosons, the gluons and the photon respectively, whereas the weak force is mediated via three
massive bosons: the two charged W bosons, one positive and one negative, and the neutral Z

boson.
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Despite the undeniable success of this puzzle we call the SM there are still, fortunately
for us particle physicists, things that it cannot accommodate naturally. These are the so-called
open problems of the SM model and can be divided in two categories: the theoretical problems,
which could be regarded as places in the picture resulting of the whole puzzle that look strange
in some way, and the experimental issues, new parts of the picture that have been observed
but have no place in the SM puzzle without altering its composition, introducing new pieces

and/or rules governing their connection.

Finally, it is important to consider also how the puzzle that we know today came to be.
By today we literally mean now, in a cosmological sense: the way in which the pieces con-
nect, as well as what puzzle parts are free to be used as building blocks has changed with the
course of time. The SM at zero temperature is what we have discussed until now: the Uni-
verse is now cold (about 2.7 K) and respects colour symmetry as well as electromagnetism, the
gauge symmetries that survive at low temperatures; additionally, quarks do not exist freely
nowadays: they are confined to composite particles called hadrons, like protons, neutrons and
pions. However, going back in time and, therefore, towards higher temperatures, we cross the
QCD phase transition (QCDPT), which marks the beginning of quark confinement, as well as
the point of Electroweak Symmetry Breaking (EWSB), above which the weak force and hyper-

charge appear as two separate symmetries.

It is important to take this into account since, when trying to solve several problems one
may introduces new pieces in the picture, and they in turn may have an impact on the thermal
history of the Universe and how everything evolved in time. In this thesis we will indeed
approach several open issues of the SM, trying to provide for links connecting them and finish
by considering a specific observable which may have be altered through the evolution of the

Universe.

The structure of this work can be divided in two different parts. In the first half, Chapter 1
will provide for an overview of the SM, its open problems and the thermal history of the Uni-
verse. In Chapter 2 we discuss the details on how flavour is particularly interesting nowadays,
as both theoretical and experimental hints point towards new physics (NP) there, whereas
Chapter 3 focuses on one of the most intriguing theoretical problems of the SM: the Strong CP
Problem. After discussing the fundamentals of this fine-tuning problem, we will discuss some
possible solutions concluding with the axion as one of the strongest candidates. In the second

part of this thesis we will present our original work. Chapter 4 introduces a model that tackles
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both the Strong CP Problem and the quark flavour puzzle. Chapter 5 links the flavour prob-
lem in the neutrino sector with a cosmological anomaly via a Majoron and, finally, Chapter 6

studies the impact of axions on the relativistic degrees of freedom when produced thermally.



Chapter 1

The well established picture in High
Energy Physics

In this first chapter let us take a look at the puzzle that has worked the best in High Energy
Physics (HEP) until now. In order to do so, we will go over what parts it is built with and how
they are assembled, as well as the missing pieces or weird spots in the SM picture, finishing

the chapter with an overview of the evolution in time of our Universe.

1.1 The Standard Model of Particle Physics

The Standard Model of Particle Physics is the result of decades of a huge collaborative
effort in the HEP community, converging in the birth of a solid framework that is able to ex-
plain (almost) all high energy phenomena. Merging Quantum Field Theory (QFT) and Special
Relativity, it describes elemental particles as excitations of quantum fields, as well as three of
the four fundamental forces of the Universe: the strong or colour interaction, the weak force
and hypercharge. These forces are described in the form of gauge symmetries, local transfor-
mations than can act on any field charged under said symmetry. The gauge symmetry group

of the Standard Model at high energies is

QSM = SU(3)C X SU(Q)L X U(l)y, (11)
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where the groups correspond respectively to the colour, weak and hyperforce gauge symme-
tries. At lower energies, the weak and hypercharge gauge symmetries are broken down spon-

taneously, remaining then only the colour interaction and electromagnetism:

Gsn 2285 SUB)e x U1 . (1.2)

The particles in the SM can be divided in fermions and bosons. In the fermion sector
we find another subdivision, depending on whether they are colour triplets (quarks) or colour
singlets (leptons). Regarding quarks, there exist three families of up-type quarks, with electric
charge +2e¢, and three down-type quarks negatively charged with —%e. These are the up,

charm and top quarks and down, strange and bottom quarks respectively.

CHARM
QUARK

A charming second
generation quark.

UP QUARK

A teeny little point
inside the proton and
neutron, it is friends
forever with the
down quark.

DOWN

?:’n?lll!ttl'(e point STRANGE
inside the proton QUARK i

What's so strange
about this second
generation quark?

generation
quark is puttin”
on the pounds.

and neutron, it is
friends forever with
the up quark.

FIGURE 1.1: Quarks of the Standard Model, plush representation by The Particle Zoo

The classification in the lepton sector is a bit different: three massive leptons with electric
charge —1, the electron, muon and tau, are accompanied by their corresponding electrically

chargeless, and almost massless, neutrino.

TAU-
ELECTRON- MUON-
NEUTRINO NEUTRINO N
This minuscule bandit \ Like the other 2 ;

but what type of
neutrino will he
be next?

neutrinos, he's got
an identity crisis
from oscillation.

massless.

is so light, s N
he is practically mk.ﬁﬁ
‘ 4

MUON
A “heavy electron” who
lives fast and dies young.

TAU

A “heavy muon” who
could stand to lose a
little weight.

A familiar friend,
this negatively

charged, busy Ii'l
guy likes to bond.

FIGURE 1.2: Plushes representing the leptons in the SM by The Particle Zoo
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Finally, the bosonic sector includes the force carriers, the eight gluons G, a=1,..8,
the three carriers of the weak force, WZ, i = 1,...,3, and the B, boson. In addition to them,
the Higgs boson H responsible for the mechanism generating mass for all particles is the only
scalar in the SM. After it takes a VEV and EWSB takes place, the weak and hypercharge bosons

rearrange themselves in the massive W+ and Z bosons and the massless photon.

3

%)

.l

HIGGS BOSON PHOTON GLUON b
. He's the one everyone The massless The “'glue” of Z BOSON

wants to meet and now wavicle we the strong As the carrier particles of the weak

we've seen his signal from know and love. nuclear force. nuclear force, they are downright obese.

years of data at the

experiments at Fermilab

and CERN. You'd be

smiling too if everyone was

looking to interview you.

W BOSON

FIGURE 1.3: Higgs boson and force carriers as seen by The Particle Zoo

All these particles and their interactions are encoded in the Lagrangian of the Standard
Model. In order to write it, fermions are described using Weyl fields with a well defined chiral-
ity and specific representations under the gauge group Gsas. These fields are the left-handed
quark and lepton weak doublets, ¢% and [} respectively, and their right-handed weak singlets
counterparts, u'y, di, and e}, for up quarks, down quarks and charged leptons. In all these

tields, the index i = 1, 2, 3 refers to the three generations existing for each type of fermion.

In the Table 1.1 we show the representation of all SM fields under the whole symmetry

group, which need to be taken into account when writing the Lagrangian.

SUB)c | SUQ2)L | Uy i
; ) | SUQR)L | ULy

qri 3 2 6

G 8 1 0
ILi 1 2 -3 .

Wi 1 3 0
UR; 3 1 %

B, 1 1 0
dri 3 1 —1 ;

H 1 2 1
€eRi 3 1 -1

TABLE 1.1: Quantum number for all the fields present in the Standard Model
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Using these fields as building blocks we write the SM Lagrangian, which can be divided
in three pieces: the kinetic terms for all fields, the Yukawa Lagrangian where fermions couple

to the Higgs boson and finally the Higgs scalar potential.

gSM = ZKinetic + D?Yukawa + V(H)7 (13)

Let us study them separately, starting with the kinetic Lagrangian, that contains all gauge

interactions.

Lrcinetic = 1 (GrilPari + triPup; + dri Pdr; + Ui Plr; + epilDers)
1

1 v 1 i i v
= GG = W, W — B, B+ (D*H)' D, H,

(1.4)

where summation over repeated indices is assumed. The covariant derivate that ensures gauge
invariance, acting on a generic field charged under the whole Gg); with hypercharge Yy, is
Dy = 0y — igsTuG% — igriW), — ig'YyB,,, where T, = %e and 7; = % are the SU(3)¢ and
SU(2)1, generators respectively with A\, and o; being the Gell-Mann and Pauli matrices. The
standard Feynman slashed notation is used, meaning D= D,~*, with +* are the 4 gamma or
Dirac matrices; additionally, in the expression for the covariant derivative, the parameters g;,
g and ¢ represent the gauge coupling constants for the colour, weak and hypercharge forces
respectively. Finally, the gauge kinetic terms are formed with the field strenght tensors that are

defined as follows:

a a a abc ~b e
G = 0,G% — 0,G5 + g f G GE,
Wi, = 0,Wi — 0,W) + ge"*Wiwpk, (1.5)
By, = 8,B, — 0,B,,

where f%¢ are the SU(3)¢ structure constants and €¥/* is the Levi-Civita symbol, structure

constants of SU(2)7.

Next, we find the Yukawa Lagrangian, responsible for the fermion mass and mixing gen-
eration.

Py ukawa = —GrYuHur — qrYgHdr — Y. Her +h.c., (1.6)

where the fermion fields without generation index represent triplets containing all three gener-

ations, H = ioy H* and the Yukawa matrices Y., Yq and Y, are generic 3 x 3 complex matrices.
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After EWSB, these terms provide for the quark and charged lepton mass matrices which can
be diagonalized by rotating the fermion fields introducing the Cabibbo-Kobayashi-Masukawa
(CKM) matrix in the interaction term with the W bosons. The details on masses and mixings
will further be discussed in the next chapter, studying the hierarchies present in the quark and

lepton sector, as well as the need for neutrino masses given their observed oscillations.

Finally, the Higgs potential is very simple and can be expressed as
V(H)=—p*H'H + N(HTH)?, (1.7)

where the values of the parameters 1 and A control the spontaneous symmetry breaking mech-
anism. For p? > 0, A > 0 the value of the field that minimizes the potential is different from
zero, namely v = %, resulting in the spontaneous breaking of the weak and hypercharge

gauge symmetries.

With only 18 free parameters, the SM has been able to predict many properties of all
fundamental particles and their interactions, which have been tested and proved right up to an
extreme accuracy, like the W and Z boson masses or countless cross-sections describing many
possible processes. The last of these experimental tests that further validated the SM was the
discovery of a spin-0 particle compatible with being the Higgs boson in 2012; nine years later,
following analyses still find this particle to have the same characteristics as the predicted scalar,
making the SM puzzle seemingly complete. From the proton stability to the beta decay, from
the nuclear processes in stars that provide for light to their death that populates the universe
with all elements in the periodic table, all these phenomena are gathered in the picture the SM

generates, shining splendidly.

However, not all that glitters is gold. The closeness and apparent perfection of the SM is
robust, as experiments and observations have shown until now, but this also poses a threat on
its stability: if any new piece were to be observed, or if one wanted to give an explanation to
some things that look awkward in the SM picture, modifications to it may easily destroy all

that it has achieved.

In the next section we will discuss that indeed, there are some aspects of the SM that
seem to require an additional explanation beyond, which will be called the theoretical prob-
lems of the SM, as well as experimental measurements that contradict or escape the predicted

behaviour of the universe according to the SM content. We will dedicate the following pages
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to discussing some of these issues, that work as motivation for us phenomenologists to enlarge

and change the HEP puzzle, aiming for its evolution towards a more complete theory.

1.2 Theoretical problems of the SM

As we have discussed until now, the SM is an extremely successful theory, but not perfect
yet. In fact, there are some aspects of it that, without requiring any additional experimental

measurement, point towards the necessity of an extension.

These are the so-called theoretical problems, and the main four ones are the Strong CP
Problem, the Flavour Puzzle, the Hierarchy Problem and the inclusion of Gravity in the quan-
tum theory. In this thesis we will address the first two, so they will have a chapter on their

own, but let us discuss briefly the other two as they are extremely interesting as well.

1.2.1 The Hierarchy Problem

The Standard Model is a very appealing theory which has only one energy scale: the
Higgs VEV. This is itself related to the only mass parameter appearing in the SM, v = \%\, as

well as to the Z and W boson mass and, of course, to the Higgs one as follows:

1 1 /
mw = 51}97 myz = iv\/mv mpyg = 2. (18)

The measurement of these masses, together with the Fermi coupling constant obtained
from muon decay, allows to extract a value for the Higgs VEV v ~ 246 GeV and self cou-
pling A ~ 0.13, meaning that the mass parameter in the potential has a value of around
lu| ~ 88.4 GeV. These values are of course the result of rectifying the bare potential with
all quantum corrections; a simple one-loop computation shows that the mass parameter y is
sensitive to the cut-off scales of NP, namely 6u? o A2. Taking this into account, any scale
A > TeV will imply that the bare parameter p7 _ must be extremely fine-tuned so that the
addition of quantum corrections arrive precisely at the value inferred through experimental

measurements.

This scale can be interpreted as the mass of any heavy particle appearing in any BSM

physics, but in any case it can also be regarded at the energy scale at which the theory breaks
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down. Even if there were no BSM physics, which as we will see cannot be the case, one would
expect the quantum theory to break down as the energy approaches the Planck scale, meaning
A ~ Mp; ~ 10! GeV. A back-of-the-envelope computation shows that for a scale of that order
the cancellation between the bare parameter and its quantum correction must be exact up to

roughly 35 decimals, which is an astonishing level of fine-tuning.

One possible way to avoid this so-called big hierarchy problem, where the Higgs mass is
expected at the Planck scale, is to have NP at a relatively low scale, like the TeV, and have this
new physics protect the Higgs mass from other larger scales. Some of the most popular ways
to do this are through Supersymmetry, where scalar counterparts of the SM fermions cancel
their loop contributions, or by considering that the Higgs is not a fundamental particle, but a
composite state of new fermionic degrees of freedom that live at the scale A ~ TeV. Some other
possibilities are considering Technicolor, extra dimensions or relaxion models, but a plethora
of proposals are out in the wild, scouting for a possibility to settle this troubling spot of the SM

puzzle.

The specific value of the Higgs mass parameter p, which fixes the scale of both its mass
and its VEV unless A departs greatly from being O (1), is very relevant for an additional issue,
which is the stability of the vacuum of our Universe. With the current measurements of both
the top and the Higgs masses, and under the assumption that only the SM is present, the best-
fit value implies that our Universe is in fact meta-stable, with total stability only achieved at

the 2 — 30 level as it can be seen in Fig. 1.4 [10].
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FIGURE 1.4: Stability, meta-stability and instability regions as computed in [10]. On the right,
a zoom-in of the region where the SM lives is shown, with at least 20 being needed to enter the
stability area.
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It can be unsettling to think that our Universe could someday undergo tunnel effect to a
different vacuum if it were to be meta-stable, supossing a sudden change in the masses of all
particles and probably ending all chemistry and life itself. However, it is also exciting to look
for possible explanations of this very precise value of the Higgs mass and reconcile it with the

stability observed (until now) of our Universe.

1.2.2 Gravity: A whole different puzzle?

The SM success is founded on the merging of a quantum theory with special relativity,
leading to the quantum description of particles, fields and interactions through the QFT. This is
indeed a huge achievement but, however, is not able to include all known interactions: gravity

is left out of the picture the SM puzzle creates.

The issue with gravity increases when one tries to calculate the vacuum energy density,
which translates into the Cosmological Constant A that appears in Einstein’s equations of Gen-
eral Relativity (GR). When one computes the zero-point energy in our Universe it is found to
be O (M 2431) , which departs the astounding amount of about 120 orders of magnitudes from the

inferred value of A from the accelerated expansion of the Universe.

This represents another huge fine-tuning problem that, together with the impossibility to
renormalize GR as it would imply infinite counterterms, requires new approaches towards a
quantum theory that includes gravity consistently even at high energies. String theories, for
example, represent one of such endeavours by proposing a UV theory from which one has to
recover the correct behaviour at low energies, which is what is proving to be troublesome. The
other possibility is to follow a bottom-up approach in which the metric gets treated as a field,
giving birth to the graviton, and a canonical quantization is attempted, like in loop quantum
gravity, where modifications of the Einstein-Hilbert action are required in the pursuit of a fully

renormalizable QFT.

Apart from these popular efforts, other strategies also exist, like the models of Emergent
Gravity where this force is considered to be non-fundamental and requires for a thermody-
namic approach, but up to today no observation seems to point towards any specific direction.
The high energies at which gravity is expected to be relevant in particle physics makes it spe-
cially difficult to look for hints, but including gravity in the HEP picture still provides for an

exciting challenge in the field of theoretical physics.
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1.3 Experimental observations not fitting the SM puzzle

So far, we have discussed the theoretical issues present in the SM, things that are not
included in the picture or spots that look weird, the so-called fine-tuning problems. Some
people may want to invoke the Anthropic Principle to shrug some of these problems off, by
arguing that parameters have the values they do because otherwise life would not be viable

and therefore no one would be present to study physics at all.

However, apart from that argument having its own deficits, we of course will not take
that easy route, as we will try to provide for dynamical solutions of some problems. Addition-
ally, not only theoretical problems populate the SM; currently, there are several experimental
measurements which are completely irreconcilable with the predictions of the SM. These are

the experimental hints that point towards BSM physics, and cannot be disregarded in any way.

These observation are the observation of neutrino oscillations, that require neutrinos to be
massive, the fact that our Universe is composed of matter with essentially no anti-matter to be
observed, the nature of Dark Matter as the responsible for structure formation in the Universe
and other astrophysical phenomena and, finally, the origin of Dark Energy, driving force of the

accelerated expansion in our Universe.

Though in this thesis we will only address directly neutrino masses and, very tangentially,
dark matter, let us discuss briefly all of them as they represent the pieces that absolutely break

the SM puzzle, asking for a reformulation that includes everything in a better theory.

1.3.1 Neutrino Oscillations

Neutrinos in the Standard Model appear exclusively in the left-handed lepton doublet.
As they are missing a right-handed counterpart, a mass term is forbidden by gauge invariance

and chirality, meaning that neutrinos are exactly massless in the SM.

However, the discovery of neutrino oscillations that lead to a Nobel Prize in 2015 estab-
lished firmly the existence of neutrino masses. Their propagating states are not the flavour

one, but mass eigenstates which carry all three flavours in different proportions.
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FIGURE 1.5: Plush representation of the neutrinos mass eigenstates from The Particle Zoo.

Neutrino masses can in fact be parametrized through an operator of dimension 5, widely

known as the Weinberg operator [11]

Ow = @ﬁ?m(vgw) | 19)

that breaks Lepton Number (LN) at a scale A;x. The physics that give rise to this operator
are still unknown, and in the next chapter we shall discuss the most used idea: the Seesaw
Mechanism. In addition to neutrinos having masses, their nature as Dirac or Majorana particle
represents another enigma that is also trying to be uncovered through the search for neutrino-

less double beta (0v33) decay.

1.3.2 Baryon Asymmetry of the Universe

Our observable universe is composed almost entirely out of baryonic matter and radia-
tion. Opposed to this, antibaryonic matter also exists, but we only observe it in a small portion

through some phenomena like cosmic rays.

In a perfectly symmetric Universe, the baryon-to-photon ratio should be zero. This is
essentially the difference in baryonic and antibaryonic matter densities divided by the radia-

tion density, n = “£"&

. However, this parameter is measured to be indeed different from
zero, thus establishing that our Universe is not matter-antimatter symmetric. This fact is what

receives the name of the baryon or matter-antimatter asymmetry problem.
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For there to be a process in which matter and anti-matter are produced differently three
conditions must be satisfied. These are the so-called Sakharov conditions, which are: baryon
number must be violated, as well as C and CP symmetries, and finally the process must take

place out of thermal equilibrium.

Though in the SM baryon number is violated non-perturbatively through the weak sphalerons,
and both C and CP are broken by the phases in the CKM quark mixing matrix, the amount of
asymmetry achieved this way is not enough, and therefore new BSM physics is required such
that, under Sakharov conditions, the correct 7 is reproduced. In this direction go many of the
proposals like EW baryogenesis or baryogenesis through leptogenesis, where in the case of the
latter the asymmetry is produced first in the lepton sector and then translated into baryonic
asymmetry through the sphalerons. As no physics beyond the SM have been observed, there
is no preferred model yet, but the interplay between the baryon asymmetry of the Universe

and other SM problems may help us decide in which direction we should go.

1.3.3 Dark Matter

Dark matter (DM) is arguably the most famous “known uknown” of the SM. One of the
clearest hints towards the existence of DM is the observation of rotation curves in spiral galax-
ies. Considering only the visible matter in those galaxies, the predicted curve of the velocity as
a function of the radius of the galaxy decreases with the square root of the radius. However,
observations did not follow this trend, with the velocity becoming relatively constant with the

radius.

This phenomenon can be explained if an additional matter component is added to the
galaxy, with a profile that is not gathered at its centre but becomes denser at larger radius,
which receives the name of dark halo. Apart from this observation, there is much more evi-
dence of the existence of additional matter: the bullet cluster, structure formation in the Uni-
verse, baryon acoustic oscillations (BAO) or the CMB angular power spectrum are just some

examples of experimental facts that call for the existence of DM.

The properties that this new type of matter needs to display are very specific: it must be
stable, massive, electrically neutral (or almost) and with very weak interactions with the SM, so

that it is very difficult to detect, hence obtaining the name of dark matter. It must also represent



Chapter 1. The well established picture in High Energy Physics 18

about 27% of the total energy budget of the Universe, whereas baryonic (visible) matter only

amounts to 5%.

There are many candidates for particle DM, like the weakly interacting massive parti-
cle (WIMP) predicted by supersymmetric theories which, unfortunately (or not) has not been
measured where it was expected. This prompted the community to propose other candidates,
and nowadays there is a very large catalogue of them, including primordial black holes, sterile
neutrinos and other more exotic options. In this work, however, we will comment on the pos-

sibility of a particle proposed for the solution of another problem being DM: the QCD axion.

1.3.4 Dark Energy

If DM was the most famous “known unknown”, dark energy could be called the “un-
known unknown” in HEP. The energy budget of the Universe discussed in the previous sec-
tion was missing a good chunk, about 68% of the total energy which has to be dark energy

according to the accelerated expansion observed in our Universe.

This new form of energy, that must have a negative pressure in order to drive the accel-
erated expansion, remains a mystery until now. Whether its nature is simply explained by
the (very small) cosmological constant, by a new scalar field whose potential varies in time
or by some modifications in how gravity works is something still under study through many

experiments that try to give some insight on this riddle.

1.4 The thermal history of our Universe: Acpys

In this last section of the first chapter let us go briefly over how the SM puzzle came to be
and evolved in time. This evolution is described in what is usually called the Standard Cosmo-
logical Model Acpar, which owns its name to the cosmological constant A driving the acceler-
ated expansion of the Universe and Cold Dark Matter (CDM), that allows for the formation of

structure, like the superclusters of galaxies where stellar systems will develop afterwards.

The main principle that governs modern cosmology is the Cosmological Principle, which
states that there is nothing special with our or any location in the Universe, translating more

specifically in the homogeneity and isotropy of the Universe. This principle is described
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through the Friedmann-Robertson-Walker (FRW) metric which, in natural units, can be written

as follow:

dr?
1 — kr?

ds* = dt* — R*(t) ( + 7% (d6* + sin® ed¢2)> , (1.10)

where R(t) is the scale factor of the Universe that measures its relative expansion relating
proper and comoving distances and k measures the curvature of the Universe, vanishing for a

flat Universe as ours appears to be.

Combining this metric together with Einstein’s equations', yields the equations of motion

for our Universe, called the Friedmann equations:

. 2
R 8rGnp kA
H>=[=] = —— 4= 1.11
(R) 3 ZREE) (1.11)
R A 4Gy
oA 1.12
E=3 3 (p+3p), (1.12)

where p and p are the energy density and isotropic pressure respectively of the energy-momentum
tensor, G is Newton’s constant and H = % is the Hubble parameter. Once one knows the
dominant piece in the Universe energy density, together with its equation of state, it is pos-
sible to solve the previous equations arriving at an expression for H (¢) which describes how

distances in the Universe evolve in time, whether it expands or contracts or remains static.

Just like the particles running free in the Universe, the dominant form of energy has also
varied over time. In particular, Acpys assumes that the Universe suffered an early inflationary
epoch, when space suddenly expanded greatly, which provides for a natural explanation of
why the Universe today is apparently flat and isotropic: the early Universe was in thermal
equilibrium and it may had some curvature, but after inflation it got “flattened” and regions

that previously were in thermal equilibrium suddenly became causally disconnected.

After inflation, the Universe became dominated by radiation, when the energy density

could be written considering all relativistic particles:

7 2
p= (Z g8+ 3 ZgF) 37" (1.13)
B F

'Here it is also assumed that matter behaves as a perfect fluid, meaning its energy-momentum tensor is 7., =
—Pgur + (p + pIupts.
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where gp and gr are respectively the bosonic and fermionic degrees of freedom available at
temperature 7. These degrees of freedom diminish as the Universe gets colder and more and

more particles become non-relativistic.

During this radiation dominated era, many important events must have taken place in
the Universe: first, after inflation, baryogenesis is necessary in order to populate the Universe
with matter, as opposed to antimatter. After this, at a temperature around the Higgs VEV,
the Electroweak Phase Transition (EWPT) takes place, going from a symmetric phase where
all particles were massless to a broken phase, generating masses and with only colour and
electromagnetism as the remaining gauge symmetries. Then, at about 100 MeV, another phase
transition happens, the QCD one where quarks and gluons are no longer free and enter bound

states like pions and other hadrons.

As the Universe keeps getting colder, neutrinos decouple from the plasma. They become
a radiation component frozen at their decoupling temperature 7' ~ 1 MeV. At around this tem-
perature, electrons and positrons annihilate, pumping entropy into the photons in the plasma,
heating it a little with respect to neutrinos. Therefore, for as long as neutrinos remain relativis-

tic, their temperature 7}, is related to the photon temperature 7"

4 1/3
TV:(H> T. (1.14)

Shortly after this, Big Bang Nucleosynthesis (BBN) occurs, with protons and neutrons
forming nuclei like deuterium, Helium and Lithium. This is the last big event before matter
takes over from radiation, dominating the energy density of the Universe at around 7" ~ 0.8 eV

followed by the recombination of nuclei and electrons and photon decoupling at 7" ~ 0.3 eV.

These photons that decoupled became what we know today as the Cosmic Microwave
Background (CMB), one of the most powerful tools in modern cosmology. This background
of photons at Toyrp = 2.7255 + 0.0006 K [12] has been measured with an amazing precision
as shown in Fig. 1.6, and is used as a probe for new physics in many ways as it is sensitive to

things like the curvature or the matter and dark energy content of the Universe.
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FIGURE 1.6: (Top) CMB real image in the shape of a pillow from The Particle Zoo. (Bottom)
Measurement of the CMB power spectrum by the Planck Collaboration [13].

In this thesis there is a specific observable that will become relevant and can be inferred
from the CMB, which is the effective number of neutrinos N.s¢. This magnitude can be re-
garded as a parametrization of the number of relativistic species in the Universe, and is related

to the total radiation energy density, p;,qq via the following equation:

7 (T,\*?
Prad = P~y (1 + 3 (T) Neff) ) (1.15)
v

with p, being the photon energy density and % = £ from Eq. 1.14. In the SM, Ny =
3.045 [14] but any additional relativistic species introduced would modify this number as we

will study later.
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Finally, the Universe kept getting older and colder, when at 7' ~ 0.33 meV until not too
long ago (in cosmological scale) dark energy dominated over matter. This is the era in which
we live now, and thanks to what the accelerated expansion of the Universe has been measured.
This implies that we live in a very exciting moment in time, where the expansion is accelerated,
confirming the existence of dark energy whatever it actually is, but it is not so severe that stars

and galaxies are already out of reach for us to study them.



Chapter 2

Missing pieces in the flavour sector

In this chapter we will address one sector of the SM where several hints for NP have ap-
peared over the years: the flavour sector. In HEP, flavour is the term used to refer the different
type of quarks and leptons that exist in the SM, not to be mistaken with families: there are six
flavours of quarks and another six flavours of leptons, both of them arranged in three fami-
lies. Each flavour can have different properties, like different masses and mixing with other
flavours, which are fixed by experimental observations but present no dynamical explanation

in the SM.

In the recent years, many anomalies in the flavour sector have sprung up across several
observables, like the so-called B anomalies. In this set of measurements, transitions from bot-
tom quarks to either charm or strange quarks with leptons involved, seem to deviate from the
SM prediction, where the only difference is the masses which in most cases can be neglected.
These observables, mediated by the W boson in the SM, appear to indicate that some BSM
physics is coupling differently to different flavours of quarks and/or leptons, and thus has

sparked great interest in the community.

Together with this experimental tensions, the lack of a dynamical explanation for the
masses, mixings and CP breaking phases in the SM, as well as the existence of neutrino masses
themselves, make flavour one of the most intriguing sectors in the SM, and as such we will

tackle it through several flavoured models in this thesis.

23
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2.1 The Flavour Puzzle

As we have discussed just now, the flavour sector in the SM is accumulating attention
for several reasons. These motivations can be divided in the B anomalies, which will not be
addressed in this work, the Flavour Puzzle and the BSM Flavour Problem. For starters, let us

describe the flavour sector itself, which will lead us to what is called the Flavour Puzzle.

As we showed in the previous chapter, masses for quarks and charged leptons are gener-
ated from Eq. 1.6 after the Electroweak (EW) symmetry is broken spontaneously by the Higgs
VEYV, finding the following piece in that Lagrangian:

Lyyk O Ly = _aLYuLuR — JLYdL

After EWSB V2 V2

v

V2

dr —erYe er + h.c. (2.1)

In that equation, one must remember that the Yukawa matrices are completely generix
3 x 3 complex matrices in flavour space and, therefore, are not necessarily diagonal. In order to
diagonalize them and find what will be identified as the fermion mass matrices one can rotate

the fermion fields in flavour space in the following way”:

} T
o= U o, fr=> UL fr f=ud,e, (2.2)

such that
v, = ulvull, (2.3)

where the hatted Yukawa matrices are already diagonal and real and the rotation matrices

U’

(1) are unitary matrices. After this rotation, we can already identify the mass matrices:

~ [

where the hat is again used in the mass matrix to explicitly state that it is diagonal.

Yy, (2.4)

Notice that this transformation of the fields leaves the whole Lagrangian except for one
part: the W coupling to quarks. From within the kinetic term of the left-handed quark doublet

qr, the covariant derivative includes the following piece:

2This can also be regarded as a change of basis, going from f(’ LR = U/

(1,r)fL.r, but for the sake of notation
simplicity we are dropping the prime in the non-diagonal basis.
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qLiar > —igg WL O —ig (apy*WHdy — dpy" W, ug) (2.5)

which after the rotation becomes

9 (e upruyytprdt g T nprdyy—prut
i (um vpwUgdy — dyruiw, Uy uL), (2.6)
151172
with Wﬁt = % From this last equation we can identify the Cabbibo-Kobayashi-Maskawa

or CKM matrix that describes the mixing in the quark sector:

Vud Vus Vub
Vern = URUS = | Vig Ve Vi 27)
Vie Vis Vi

This matrix has 9 complex entries and is, in the SM, unitary by construction. Its ele-
ments have been measured with great precision, and the full matrix can be parametrized using
three rotation angles and one CP violating phase. These angles and phase can be expressed in
terms of four real parameters in what is called the Wolfenstein parametrization, used to test the
unitarity of the CKM matrix through what is called the unitarity triangle of the CKM, which
becomes also a tool to constrain BSM physics. Here we present the measured values of both

their modulus and each of the quark masses® [15]:

Vadl  |Vas| [V 0.97370 & 0.00014  0.2245 & 0.0008 0.00382 =+ 0.00024
Vedl |Ves| [V | = | 0.221£0.004 0.9874+0.011  0.0410 £ 0.0014 (2.8)
Vidl  |Vis| Vil 0.0080 £ 0.0003  0.0388 £ 0.0011  1.013 + 0.0030

my = 2.167090 MeV,  m, =1.27+0.02GeV, my; = 172.76 £ 0.30 GeV, 29)
2.9
mg = 4.677018 MeV, ms =931 MeV, my, = 4.187055 GeV.

Just by looking at both the masses and the mixing matrix, it is possible to observe hierar-

chies: the range of quark masses spans for around five orders of magnitude, when in principle

*Notice that quark masses depend on the renormalization scheme used in the theory, as well as on the energy
scale at which they are computed. The masses shown here were computed in the MS scheme, with ;)2 GeV for the
three lightest quarks, ;1 = m, for ¢ = ¢, b and direct measurements for the top quark.
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they could be of the same order of magnitude. Additionally, the CKM matrix is very close to
the identity, which looks a bit odd considering it comes from the product of to unitary matrices

that are used in the diagonalization of completely generic matrices.

The hierarchy in the masses and the peculiar structure of the CKM matrix are the essence
of the flavour puzzle, but it is further understood when one looks at the leptonic sector. Dis-
regarding for now neutrino masses, as they are absent in the SM, the rotation in Eq. 2.2 that
diagonalizes the charged lepton mass matrix does not introduce a mixing matrix analogous to
the CKM since the rotation can be reabsorbed by a new rotation U} on the left-handed neutrino

field.

However, as we discussed in the previous chapter, neutrinos have been shown to be mas-
sive, albeit slightly so when compared to the rest of the SM particles. In order to write a neu-
trino mass term, it is mandatory to extend the SM spectrum with m new neutrino states with

right-handed (RH) chirality, Ny, allowing us to write the following terms in the Lagrangian:

o 1 _
%, =L, HY,Ng + 5 NeMyNj, + he., (2.10)

where V), is a generic 3 x m complex matrix and My is an m x m symmetric matrix and that,

after EWSB, includes the neutrino mass Lagrangian
1 -
£, D ng, =vrMpNpg + §NRMNNIC%+h.C., (2.11)

with Mp = %Yy.

Notice that we did not only write the usual Dirac mass term, the first one in the previous
equation, but also an additional one. Since left-handed neutrinos transform non-trivially only
under SU(2)1, x U(1)y and I}, H is already a SM gauge singlet, the new states N are complete
gauge singlets, which allows for what is called the Majorana mass term, the second one in

Eq. 2.10.

In order to be able to find all the 3 + m neutrino mass eigenstates it is convenient to

rearrange Eq. 2.10 in such a way that only one mass matrix appears. This can be done by

vy
rearranging the neutrino states in a vector of dimension 3 + m, namely v = which
N§
R
allows to write the following mass Lagrangian:
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0 M
M}, My

Ly, = =v°

v

v+h.c.=v°Myv + h.c. (2.12)

DO =

This matrix, as any symmetric matrix, can be diagonalized with just one hermitian rota-

tion, U such that

v— UM, M, =U""M,U"T, (2.13)
where M, is a diagonal matrix containing the 3 + m neutrino masses.

This rotation, as it also happened in the quark sector, introduces a mixing matrix in the
charged-current interaction of leptons with the W boson: the Pontecorvo-Maki-Nakagawa-
Sakata, or PMNS, matrix, which governs over flavour changing processes involving leptons,
including neutrino oscillations. For m = 3, this matrix contains 3 angles and one CP violating
phase, as did the CKM matrix, but presents 2 additional Majorana phases as long as My # 0. In
the case where My = 0 these Majorana phases can be reabsorbed through a rotation, defining
neutrinos as Dirac particles as opposed to Majorana in the other scenario. For the Dirac case,

the PMNS matrix can be expressed as follows in terms of its three angles 612, 613, 623 and its

CP violating phase dcp.
Uel Ue2 UeS
Upvuns = |Un Uuz U
UTl UT2 UT3
(2.14)
c12€13 512€13 s13e"100P
N 6 .6
= | —s12c23 — €12513523€"°°F  c12C23 — $12513523€"°CF €13523 )

i i
512823 — €12513€23€"°CF  —C12523 — $12513C23€"°CT 1323

where s;; = sin;; and analogously ¢;; = cos 0;;.

Whereas the quark sector has been very well characterized, the lepton sector is still lack-
ing some information in the neutrino parameters. Though charged lepton masses are very
well measured [15], extremely so in the case of the electron and the muon, the absolute scale
of neutrino masses is still unknown, despite experiments like KATRIN [16] aiming at it and
cosmology setting strong constraints on the sum of the three masses, with the lightest neutrino

being massless still being a possibility.
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me = 0.5109989461 £ 0.0000000031 MeV, m, = 105.6583745 4= 0.0000024 MeV, 2.15)

m,; = 1776.86 £ 0.12 MeV.

The mass difference between the three light neutrino states have been measured with
good accuracy, but only one of them is known to be positive. The sign of the lightest-to-heaviest
neutrino mass difference is still undetermined, being positive for what is called normal order-
ing (NO) and negative for inverted ordering (I0). In Table 2.1 we present the current values
for the three angles, the CP violating phase and the two mass splittings given by the NuFIT
collaboration [17], both for normal and inverted ordering, with compatible results also found

by the groups in Refs. [18, 19].

NO 10
612 (°) 33.44707] 33457978
623 (°) 492709 49.3709
613 (°) 8.57 4 0.12 8.60 £ 0.12
dcp (%) 197431 282720
Am3, (107°eV?) || 742503 7.421021
Am2, (1073 eV?2) || +2.51710026 | 9 498 1 0.028

TABLE 2.1: Best fit for the neutrino oscillation parameters obtained by the NuFIT collaboration.

By looking at the mixing angles in the PMNS matrix it can be seen that, as the smallest
of them is about 9°, the texture of the lepton mixing matrix y more anarchical than the very
hierarchical CKM matrix. Additionally, charged lepton masses are spread through almost 5

orders of magnitude, with neutrino masses being extremely small, below the eV level [16].

This is the nature of the flavour puzzle: the absence of a dynamical explanation for the
huge range of fermion masses together with the very different mixing patterns in the quark
and lepton sector. In Fig. 2.1, we show the CKM and PMNS matrices, with their entries being
represented by circles whose radii are equal to each entry divided by the largest one. Then, in
Table 2.2 together with a table with the ratio of all masses divided by the top mass, which in

all cases except for the neutrinos corresponds to the Yukawa of each fermion.
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FIGURE 2.1: CKM matrix (top) and PMNS matrix for NO (bottom left) and inverted ordering
(bottom right), with the circles being a representation of the modulus of each element.

First Generation | Second Generation | Third Generation
Up-type quarks 0(1079) 0(1072) 1
Down-type quarks O(1079) O(1073) 0(1072?)
Charged Leptons 0(1079) O(1073) 0(1072?)
Neutrinos 0— 01071 O(1071h) O(1071h)

TABLE 2.2: Masses (normalized by the top mass) for the three generations of all SM fermions.
Normal ordering has been assumed so that the first generation neutrino is the lightest one.

In the following sections we will discuss some widely proposed solutions to one or several
aspects of the flavour puzzle, starting with the particularly small neutrino masses and moving
towards a more generic approach towards all hierarchies in the flavour sector. Finally, we will
comment in the second half of this chapter the consequences of modifying flavour with BSM

physics and how to stay safe from these dangers.
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2.1.1 The See-Saw Mechanism

As we have commented previously, and a RH counterpart for neutrinos is not within the
SM particle spectrum, neutrino masses cannot be accommodated in the SM without departing
from renormalizability or adding new particles. In the first case, if one gives up on having a
renormalizable theory, it is possible to include the Weinberg Operator that, with only SM fields,
provides a source for neutrino masses. However, this needs a UV completion that gives rise
to that effective operator. Following the idea of maintaining renormalizability implies adding
new particles to the SM. This can be done still conserving Lepton Number, the Dirac case, that
implies the neutrino Yukawa to be strikingly small in order to account for their tiny neutrino

masses, increasing the fine-tuning level in the particle physics.

If in turn one allows LN to be explicitly broken, a Majorana mass term for the new fields
can be introduced that can help with the smallness of neutrino masses, giving rise to the so-
called See-Saw (SS) mechanism. The main idea behind this is the introduction of a large scale
that, just like two children in a see-saw, pushes neutrino masses up to lighter values. Depending
on the specific particle that is introduced to generate the Weinberg operator after it is integrated

out three classical types of see-saws can be identified.

The simplest one of them, in terms of the complexity of the new particle and its inter-
actions, is the so-called Type-I SS, where a number of right-handed neutrinos are introduced,
being singlets under the whole SM gauge group. This is the case that is depicted in Eq. 2.10
that leads to the neutrino mass matrix shown in Eq. 2.12. In the limit where My > Mp, which
for a Yukawa O(1) implies My >> v, the diagonalization of M, yields the following masses for

light and heavy neutrinos, m, and my respectively, the following expressions:

my, ~ MpMy*Mp, my ~ My, (2.16)
which requires My ~ 10 GeV in order to reproduce a light neutrino mass scale m, ~ O(eV).

This same mechanism works if the fermion introduced is not a full singlet of the SM gauge
group, but transforms as a triplet, ¥, under SU(2), as the products 2 x 2 x 3 and 3 x 3 both
contain a singlet. This allows for both a Yukawa and Majorana term, analogous to the type-I
singlet case, to be written in the Lagrangian, resulting in the same expression for light neutrino

masses.



Chapter 2. Missing pieces in the flavour sector 31

A slightly different solution appears when one considers the inclusion of a new scalar
instead of a fermion. By adding a weak triplet scalar, A, to the SM particle content the following

terms appear within the Lagrangian associated to this field:

LA D 1509 AYAlL + mATr(ATA) + uaHTAH + hec. (2.17)

imposing a hypercharge for A of Yo = 2 in order to ensure full gauge invariance and A =

iceA* analogously to the previously defined H.

This new scalar field gets a VEV va = %ni < v, with the generated neutrino mass being
A

2
m:mm:m%%q (2.18)
A

which can be made naturally small with Yo ~ O(1) by choosing the appropriate values for
pa and ma. The enriched scalar spectrum in this type of SS leads to many constraints, both
from colliders and non-collider observations, which may compromise the naturalness of YA
but still allow for a less fine-tuned Yukawa than the O(10~!1) required for Dirac neutrinos in

the absence of a SS mechanism.

FIGURE 2.2: Feynman diagrams for the type-I and III SS on the left, with the one for the type-II
SS on the right.

In Fig. 2.2 we show the Feynman diagrams for the type-I or III and type-II SS that, af-
ter integrating out the heavy particle, lead to the Weinberg operator. Apart from these three
standard types of SS, where the light neutrino masses in all cases are inversely proportional to
some new heavy mass parameter, there are some other proposals. In frameworks like the the

inverse and linear SS the lepton number breaking scale, which in the standard SS is My, can
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be lowered thanks to the introduction of more than one flavour of right-handed neutrino and

the textures that generates in M,,.

Though the SS mechanisms can account for the smallness of the overall scale of neutrino
masses, while the structure of the PMNS matrix and the mass splittings still lack a dynamical
explanation and have to be accommodated through the extra parameters that the Majorana

and Yukawa matrices introduce.

In the next section we will discuss frameworks that do attempt to provide for an expla-
nation to these hierarchies in the mixings and mass ratios. These strategies can be used in the
neutrino sector, but also address the flavour problem in the charged lepton and quark sectors,

and they all are based in the use of global symmetries.

2.1.2 Discrete and continuous flavour symmetries

As we discussed already in the introduction and first chapter of this thesis, symmetries
are the rules we must respect when building our particle puzzle. In this sense, they may seem
restrictive, but this reasoning can be flipped and try to use new symmetries to explain the

hierarchies present in the flavour sector.

This approach has been followed by many phenomenologists, leading to the developing
of many models that implement flavour symmetries to reproduce the mass ratios and mixing
hierarchies. These models can be broadly classified according to the type of flavour symmetry
they use: they can be either gauge or global, discrete or continuous, Abelian or non-Abelian.
Though gauged flavour symmetries are indeed an interesting research subject*, we will pro-
vide here an overview only on the trajectory of global flavour symmetries as those will be the

ones used in the original work presented here later.

Discrete flavour symmetries [25-32] became particularly interesting in the early ages of
neutrino oscillation measurements. The so-called atmospheric angle, 623, was measured to
be very close to 45°, with tau and muon neutrinos oscillating maximally. This angle could
be explained with a Z; symmetry that predicts at the same time a vanishing reactor angle,
613 = 0°. This approach evolved into more complex symmetries, like the discrete non-Abelian

1

Ay or Sy, which predict what was called the tri-bimaximal mixing [33, 34], with sin? 019 = 3 in

addition to the previous prediction from the Z; symmetry.

4Exaurnples of this are found in Refs. [20-24]
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While the solar angle 615 predicted agreed with data, the reactor angle was measured
to be clearly non-zero, rendering the tri-bimaximal mixing together with other proposals that
predicted 613 = 0, unattractive. After the determination of the three mixing angles in the
neutrino sector, in particular a relatively large reactor angle [35-39], new proposals appeared
trying to accommodate these observations, either by considering other textures, modifying to

the previously predicted one or including new less minimal flavour symmetries.

Apart from the neutrino sector, quark and charged lepton masses have also been ad-
dressed with discrete flavour symmetries. As an example, in Ref. [40] a supersymmetric model
is presented using the double covering of A4, 77, which has the features of A4, models in the
lepton sector together with realistic results for quark masses and mixings not found in the

simple A4 models.

Departing from the discrete approach, continuous flavour symmetries have proven to be
a really powerful tool to tackle the flavour puzzle. One possibility is considering non-Abelian
continuous symmetries, like U(3)™ groups as in Minimal Flavour Violation [41, 42], which will
be discussed in depth later on, or U(2)" models [43, 44] where the third generation of fermions
is singled out, as well as a combination of U(2)" x U(3)™ as discussed in Ref. [45], one of the

papers produced during this thesis that will not be addressed in this document.

All these models with continuous non-Abelian symmetries share the treatment of the
Yukawa matrices, which become spurions: non-dynamical fields that transform non-trivially
under a certain symmetry. In particular, the SM Yukawas transform under the non-Abelian
part part of the U(NV), i.e. under SU(IV), in a certain representation that can vary from model to
model. This ensures the flavour invariance of the Lagrangian, together with that of any higher
dimensional operator created, that must include the appropriate combination of Yukawa in-
sertions. Additionally, the Yukawa spurions can be promoted to dynamical scalar fields and
their potential can be constructed, restricted by the combinations allowed by the Yukawas rep-
resentations. This potential can then be minimized in search for a solution that explains the

SM masses and mixing hierarchies.

These models have great predictability when promoting the spurions to scalars thanks to a
reduction of the free parameters, but may find it difficult to include a minimum which explains
the observed mass and hierarchies and is not too highly fine tuned. An alternate approach
is the one followed by the so-called Froggatt-Nielsen models [46-49] where the continuous

flavour symmetry used is Abelian. These models accommodate easier the observed masses,
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but have a higher number of free parameters and, additionally, lose the renormalizable appeal

of the non-Abelian models.

In these models, an Abelian U(1)ry flavour symmetry is imposed in the Lagrangian,
with each fermion of type f = u,d, q,e, N,l and generation ¢ = 1,2, 3 has a charge x{ . Together

with the inclusion of a scalar field ®, dubbed flavon, with a U(1)zn charge of, without loss of

generality, zo = —1 each Yukawa term can be made flavour invariant in the following fashion:
N
(A) FLHY] . 219)

with fr, = q,l, fr = u,d,e, N and where A represents the energy cutt-off of the effective field

theory described by these non-renormalizable Yukawa operators.

After the spontaneous breaking of U(1)ry through the VEV of ®, v, the masses and

mixing hierarchies are ruled by a small parameter ¢ = \1/}%)/\’ while the entries of the Yukawa

matrices remain free, with their natural O(1) value being specially attractive. Notice that these
models produce a Nambu-Goldstone Boson (NGB) from the breaking of U(1)ry that, in gen-
eral, can have flavour violating couplings to fermions, what translates in strong limits to these
type of models from processes like flavour violating meson decays. The danger these type of

observables pose on BSM models is what is usually called the BSM Flavour Problem.

2.2 The BSM Flavour Problem

When modifying the particle content of the SM in order to solve some of its open problems
new states may be observed through resonant searches, together with indirect effects these
states can have through loop processes. Flavour physics is particularly sensitive to the latter,
as in the SM all flavour violating processes are mediated by the W and therefore suppressed

by the CKM matrix elements.

There is one particular type of processes which is strongly suppressed, and that is the one
involving flavour changing neutral currents (FCNC); in other words, processes with a flavour
change but where the initial and final states possess the same electric charge. As there are
no electrically neutral flavour couplings in the SM, FCNC processes must necessarily occur at

the one loop level. Such processes include rare decays, like B — u*u~ in Fig. 2.3 or meson
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oscillations like K — K in Fig. 2.4, described by the so-called box diagrams or by the penguin

diagrams.
_ W+
h —— . -« M+
Bg u,c,tA Yyv
S —p»— i nA—p——— M
W_
Bg

FIGURE 2.3: One-loop diagrams describing the BY — p™u~ decay, with the box diagram
above and the penguin ones on the bottom.

W _

KO u,c, tA yu,c,t KO

FIGURE 2.4: One-loop diagrams for the kaon oscillation K — K°.

The loop nature of these processes already implies an important suppression, but it be-
comes further so when the unitarity of the CKM matrix is taken into account: when summing
the contributions of the three quarks running in the loop, due to the CKM unitarity, they ex-
actly cancel except up to masses effects. This is what is known as the GIM mechanism, and it

can imply stronger suppressions in these type of processes.

The extremely small presence of these processes in the SM implies that any BSM contri-

bution which may impact them should be easily measurable. These NP contributions can be
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parametrized by the scale A that delimits up to when the SM is a good EFT, without consid-
ering explicitly the new degrees of freedom. As we commented before, the hierarchy problem
asks for alow NP scale, of order A ~ O(TeV), but measurements of meson mixing, through ob-
servables like e i, lepton mixing, like 1 — e conversion in nuclei and CP-violation observables,

like EDMs, set a limit on the scale A > O(10* TeV) [50, 51].

This large scale, and the generically large effects that one could expect when new flavour
physics are considered, are indeed worrying as it seems to point in the direction that NP in the
flavour sector cannot be arbitrarily large. Such is the nature of the BSM flavour problem, and
in the next section we will present a framework that allows for an elegant way to protect our

models against this danger.

2.2.1 Minimal Flavour Violation

When looking for a way to allow new flavour physics while satisfying experimental con-
straints but still maintain a low NP scale, the Minimal Flavour Violation (MFV) framework [41]
was developed. The main assumption of MFV lies in considering that the only source of
flavour and CP violation in any NP model is that of the SM, i.e. the Yukawas. This implies
that, in the limit of vanishing Yukawa couplings, a flavour symmetry group Gr can be identi-

tied by looking at the kinetic terms of all fermion fields [42]:

Gr=U@®)g, XUB)up xUB)agp xUB), X U(3)ep, (2.20)
where for now we are considering massless neutrinos.

This assumption follows the direction of the non-Abelian continuous flavour symmetry
models we discussed before: the Yukawa matrices of the SM must become spurions that trans-
form non-trivially under the non-Abelian symmetry subgroup GX¥“ C Gr in order to ensure
full invariance of the Lagrangian, while their background value (spurious analogue of the

scalar VEV) they take must reproduce the observed masses and mixings in the SM.

Yu_>yu’\’(373717171)7 Yd_>de(3717'§7171)7
(2.21)
Y’e — ye ~ (171717373)7
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O = eV aecing (2, 1) () = g (0. 0,1 )
t My b Mp (2.22)
— o di Me My
<y€> - C’T'dlag (m';—? m7-7 > 9

with ¢;, ¢, and ¢, numeric factors smaller than 1.

The power of this procedure appears when considering non-renormalizable operators
that may encode new flavour physics. These operators must be constructed flavour invariant
and, as such, they will include appropriate powers of the Yukawa matrices. These Yukawa
matrices carry the SM flavour hierarchies, meaning that the new operators will be Yukawa
suppressed, mimicking the GIM mechanism present already in the SM. When matching the
flavour observables with the predictions made through MFV operators the scale of NP goes
from hundreds or thousands of TeVs [50] as discussed before (when generic BSM operators

were assumed) to even a few TeVs [20-24, 42, 52-57].

These framework has of course its drawbacks as well: the top Yukawa is contained in
a spurion and, as such, is reproduced by a background value. However, it is close to one,
so this could pose a threat on the perturbative character of the scheme. Additionally, it is
necessary to give a dynamical origin to said background values; this is something that has
indeed been attempted with positive results but not complete: after promoting the spurions
to scalar fields, minima have been found that include non-vanishing masses for the heavier
quarks and leptons, two massive neutrinos and small mixing in the quark sector. The lepton
sector requires a special treatment as, as we will see in the final section of this chapter, the naive

symmetry obtained from the kinetic terms lacks predictive power.

2.2.2 Minimal Lepton Flavour Violation

MEFV in the lepton sector requires for a more detailed discussion, as neutrino masses are
not present in the SM. In a first step, the minimal field content (MFC) scenario, only the non-

renormalizable Weinberg operator is considered.

o (55 03)

where G, is a spurion that transforms under SU(3);, as a 6, such that its background value

reproduces neutrino masses:
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(G,) = LULQN Ul U, (2.24)

with U the PMNS matrix.

One would, however, like to work in a renormalizable scenario. After extending the SM
into a Type-1 SS with 3 RH neutrinos, the symmetry gets an additional SU(3) y,, factor coming
from their kinetic term. In this case, looking at Eq. 2.10 one can see that two spurions appear,

namely:

Yu_>y1/'\’(]-713173713:§)a MN%MLNyNN(l’lvlal’lvé)? (225)

where 17y is a mass scale extracted from My such that the spurion Yy is dimensionless and

all its entries are at most 1.

In the limit where pi,n > v the light neutrino masses can be identified in the same fashion

as in Eq. 2.16 as follows:

2
v _
my, ~ ——VYVN' Vs, (2.26)
2pLN
which must reproduce light neutrino masses once the spurions acquire a background value,

meaning
2pLN

7UTm,,U. (2.27)

D) V') () =

Notice that, in this case, there is not a single spurion related to neutrino masses and mix-
ings, but a combination of two of them. This implies that it is not possible to unambiguously
identify the elements of the spurions in terms of neutrino masses and the PMNS matrix ele-
ments. More so, when one considers neutrino flavour operators to match with observables,
we find that the spurions entering said operators are ), Yy and their hermitian conjugates
instead of their transposed. As a consequence of this fact, flavour processes can not be de-
scribed in terms of neutrino masses and mixings either, losing therefore the predictivity MFV

harnessed in the quark sector.

As a way to bypass this loss of predictive power, a modification of the flavour symmetry

assumed in the lepton sector was proposed. This implies in particular considering a slightly
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smaller lepton flavour symmetry group GN4 C GN4, such that the combination of spurions

appearing in the light neutrino masses and flavour observables were the same.

The first of these modifications [58, 59] considers restricting the symmetry in the RH neu-

trino sector and imposing CP conservation.

GNA — SU(3);, x SU(3)ep x SO(3)n, x CP. (2.28)

As a consequence of CP conservation in the lepton sector, the spurions are automatically
real meaning in particular that Vi =7, Additionally, the reduction of the Np flavour sym-
metry, going from a unitary group to an orthogonal one, is equivalent to considering that the
three heavy neutrinos are mass degenerate, which translates in terms of the spurion to Yy o< 1.

With these assumptions, the expression for light neutrino masses is simplified to

2
2uLN

m, =~ VL. (2.29)
Thanks to these conditions, the only spurion combinations that appear in flavour relevant
operators are ), and y,,yVT , which allows for them to be rewritten in terms of lepton masses

and mixings, recovering the predictive power previously lost.

The other proposal to render Minimal Lepton Flavour Violation (MLFV) predictive is to
consider that the RH neutrinos transform under the same symmetry as the LH lepton dou-

blet [60]. In terms of the symmetry, this means considering

GL 4 = SU@B)1, 45 X SU(3)ep (2.30)

As a consequence of this choice, the neutrino Yukawa is automatically flavour invariant,
with ), being a singlet under the whole flavour symmetry group. As such, it is a unitary ma-
trix [61, 62] that can therefore be rotated to the identity matrix through a RH neutrino flavour

rotation. Consequently, light neutrino masses reduce now to

>This is not entirely true, as CP conservation only requires the Majorana phases to be either 0, 7 or 2. However,
Majorana phases of 7 do not result in real Yukawas. The CP conservation imposed here is a bit stronger than the
usual one, forbidding this value for the Majorana phases.



Chapter 2. Missing pieces in the flavour sector 40

vt

vl 231
2urn” N (2.31)

my =~

while flavour violating effects are now written exclusively in terms of ), and )Yy, allowing
them to be expressed in terms of lepton masses and mixings, recovering thus the predictive
power of MFV. In both cases, the constraints on NP considering the present available data on

flavour changing processes in the lepton sector are as low as a few TeV [58-60, 63-66].

In this thesis we will present two flavour models that follow the philosophy of MFV,
protecting them against the BSM flavour problem. Additionally, we will show how the Abelian
part of the MFV flavour symmetry group can be used to solve other problems of the SM,

increasing its appeal beyond a mere defence against possible flavour bounds.
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The Strong CP Problem

When we wrote the SM Lagrangian we followed some rules: one has to write all possible
terms which are renormalizable (up to dimension 4) that respect all gauge symmetries and
Lorentz invariance. In principle, one could think that all the terms we showed in egs. (1.4, 1.6,
1.7) are all of the possible terms that respect the rules. However, there are three more terms
that could be added to the SM Lagrangian without breaking renormalizability nor gauge or

Lorentz symmetry. These terms involve only the gauge fields and are the following:

Wi

Qg ~ QW 1 ri ay 5
Lxx = Ogop g GGy & Ow g e W W, o Oy B B, (31)

where X, = 2ewap X is the dual of the field strength tensor for each gauge group, with

et@B being the fully antisymmetric tensor satisfying 1230 = 1.

The terms appearing in the previous equation are indeed gauge and Lorentz invariant,
breaking only CP symmetry. However, CP is not a conserved symmetry in the SM Lagrangian
either, since the phases in the Yukawa matrices already break it, so one may wonder why
should these terms not be considered. They all share in fact one peculiarity which is being

proportional to a total derivative, namely

) 1
(;—:X‘““’Xﬁy = 9,K"; KV = Z—iewﬁ <X38aX§ + 3fach3X3X5> : (32)

where K* is the so called Chern-Simons current and the last term in its expression only exists

for non-Abelian symmetries.

41
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Taking this into consideration, one could naively apply Gauss” Theorem together with the
condition of gauge fields being null at infinity or a gauge transformation of 0, expecting that
term to vanish after it is integrated by parts. This happens in fact for Abelian gauge groups,
rendering the hypercharge term unphysical. However, that is not the case for the colour and
weak forces. As we will see in the next section, the QCD vacuum presents non-trivial solutions

for the gauge configuration called instantons that allow it to have physical consequences.

The most relevant of said consequences is the presence of a non-vanishing neutron electric
dipole moment d,, (nREDM) [67, 68], a magnitude that has been measured with a stunning

accuracy. The gcp parameter is related to this observable as follows

dp ~ Ogcp % 1070 e cm. (3.3)

Current measurements are able to set a very stringent limit on this observable [69-71] to

be below d,, < O(1072%) e - cm, which translates into an upper limit on the 6gcp parameter:

focn S O(10719), (3.4)

which is an extremely small value for a dimensionless parameter, something that does not
happen in any other place of the SM picture, constituting the so-called Strong CP Problem. Let
us start first with discussing the details of how CP is broken by the strong sector, together with

quark masses, and studying a little bit the QCD vacua.

3.1 CP Invariance in the QCD Lagrangian and the Chiral Anomaly

As already discussed, besides the 0gcp term there is an additional source of CP violation
in the Yukawa sector. Let us consider for now a simple case with just one quark mass matrix

M. In its diagonal form, the masses could still have an overall phase, so that it can be written

M = diag (mjeiaj) ) (3.5)

where the index j runs for all the quarks considered.
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In the limit of small phases, the quark mass term can be rewritten as:
qMq = mjcos a;q;q; — im;j sin o qY5q; =~ M;qiq; — 1MioqiYsq;, (3.6)

with v5 = i79717273 the fifth Dirac matrix that anti-commutes with all Dirac matrices.

The last term in the previous equation constitutes an additional source of CP violation in
our Lagrangian and, as we will show in the following, it is in fact related to the gcp term

through the Chiral Anomaly.

For the sake of simplicity, let us consider the case of only one quark with complex mass

M = me'. The Lagrangian for this quark is

LDirac = q (Zlﬂ - M) q. 3.7)

Considering only this Lagrangian it is easy to think of a rotation that allows us to make

the quark mass real, namely:

UL)a: q—e 3g, q—qe ", (3.8)
which, at first order in the small parameter «, transforms the previous Lagrangian in the fol-

lowing way:

Lpirae —2 g (1= 755 ) (i)~ M) (1= 755 ) a

2
~ ZLDirac — q (ZE - M)

S ysq — z’cm% (i) — M)q

2

(3.9)
« . _
= Lpirac + 54 (D5 +v510) + iMagysq

= ZDirac + iMOéCY’)’E)q ~ ZLDirac + 1maqysq,

where the last term exactly cancels the imaginary term of Eq. 3.6, rendering the mass quark

real.

This is the effect of the transformation at the classical level. However, it was shown that
this kind of transformation does not leave the measure of the path integral invariant. As we
will see now, the impact of this non-invariance of the path integral leads to the appearance of

a term analogue to the 6gcp one.
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The breaking at the quantum level of the axial U(1)4 is an issue that has been widely
studied in the context of the neutral pion decay to photons [72, 73] or the mass of the ' meson.
This non-conservation of the axial current j/ = gv"v5q receives the name of chiral, axial or
ABJ anomaly [74, 75], and can be explained through the computation of the triangle diagram

shown in Fig. 3.1.

FIGURE 3.1: Triangle diagram that breaks the axial (1) 4 symmetry.

In this work, however, we will follow a parallel approach to this anomaly, as proposed by
Fujikawa [76], where the anomaly is shown through the non-invariance of the measure of the
path integral, the functional integral that gathers all information of the QFT being treated. Let
us first write the path integral

i | drag(ilp— M
Zz/@(j@qe/ Q(E )q, (3.10)

and the transformation, generalized with a parameter that may depend on space-time coordi-

nates,

q— e @y O<L 1 0(2)5) ¢,

' s (3.11)
q— ge "W 25 g (16 (x)7s)
which translates in the following change of the Lagrangian
L =q(i) —M)q— 2L+ qd(0(x))15q + i2Mgysq. (3.12)

Let us now express the quark fields in terms of eigenstates of the dirac operator i) in the

following way:

(ZE) Om = Am®m. q= Zan¢n(x>v q= Z ;rz(xﬂ_)’m (3.13)
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where ¢, is the nth eigenstate of the Dirac operator with its eigenvalue \,. In this field ex-
pansion, the coefficients a,, and b,, are Grassman variables where the fermion character of the
quark field is contained, while the eigenstates ¢, (z) include within them all Lorentz depen-

dence and satisfy the normalization f d%qbingﬁn = Omn-

The measure of the integral after this expansion, before and after the axial transformation,

can be expressed as:

9q9q = [ [ dandb, - D4Dq =[] da;,db), (3.14)

which are related as usual for Grassman variables:

[[da, = 77" ] dan, (3.15)

where J is the Jacobian of the transformation. By using the definition and normalization

relation of the Dirac operator eigenstates, one can find the Jacobian in the following way:

q=2an¢n Zan (1—i0(x)75) () = g —Zam¢m
> i [ @bl )on(s Z%/ (1= i8(2)15) 6} (2)6n (),
S didin = Yo (51 [ ds0)6](wr6na))

G =Y o (11 [ atat@)ol@nan(z)).

n

(3.16)

From the last line of this equation, the Jacobian of the transformation is directly obtained as:
Tt =det (14 Cpj) = exp (Tr (Cp;))~", with Cp; = /d4az0 Z¢> V5 (T

J = exp (i/d4:v9 Z:<Z>T )5 ¢n (z )

(3.17)

The Jacobian contains a divergent sum, and thus needs to be regularized somehow. A

possibility is to introduce a cut-off as Fujikawa proposed:

A2

> dlvsén = lim Zqzs* Nsdu(z)e M (JAa] < M). (3.18)
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Taking into account that \,, are the eigenvalues of the Dirac operator, we can rewrite the

previous equation as follows:

(i0)”
T 2 T Y
hrn Z ol ( 5e M gbn( ) = A}gnoo <x Tr <’y5e M > x> , (3.19)
where 1)” can be rearranged into the following form.
2 N v 1 v
D" =3P D" = 5 ({ w} + s 1)) DD
1 (3.20)
= D2 + Z [’Yu”)/l/] [D#’DV} s

where we used the commutation relation for gamma matrices, {v,, v} = 2g,., together with
the decomposition in symmetric and anti-symmetric parts for a tensor. For simplicity and as

we look for the colour anomaly, let us consider only the gluon part of the covariant derivative.

D VA
[D,,D,] = —igs— GW, (3.21)

With these expressions, we can expand Eq. 3.19 up to second order in gsf/[“” , reaching the

_(ill))2 Dz—i%%[vuwu]ca“”
Tr (756 M2 > ac> = lim (z|Tr | ~se Ve
M—o00

- Ys Aa auv gg Aa auy 2 D2
Tr (75 <1+14M22[%%]G glirryye (2[’m,%]G a > em?

following:

lim (xz
M—o0

lim (x
M—o0

The zeroth and first order of the expansion vanish as a consequence of the relations 7 (y5) = 0

and Tr (v57,7,) = 0. For the second order, the trace over the SU(3) generators will yield

Tr (>‘2“ Azb) = %%b, and using T (V57,7 YaY8) = —i4€ap plus some rearrangement of the

terms, we find the following:
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lim — <x x>
M—co

= hm =" £L'>
(3.23)

92 [ a2\ 22
Tr 5 32M4 < [’Y/JA’YV]G ) eM?

2
Ga,uuGaaB <$

D2
e M2

4M4 Cuvaf

92w fa =
= i G G M?
e )
_%s qanr Ga T
S GG, §N> 2)75n (v
~ o X
where G}, = %5’“’0‘5 Gz and we used the value of the matrix element <x em? $> = ié\{r 5.

Finally, the expression for the Jacobian of the transformation is found:

—i d41:0(x)%G““”é“l,
T=e / 8 " (3.24)

The transformed path integral can now be written, using Eq. 3.24 and Eq. 3.12, obtaining

thus the Lagrangian after the chiral rotation:

i | d*z 7.q
Z = /@(j’@q’e / ( )

_ /@q_@qj_%i / d'zq (i) — M) g+ qd (0(x)) v5q + i2M0Gy5q (3.25)

B z’/d4x.§f —6(x) <8M (@Y v5q) — i2MGysq — %G“’“’éa,,)

/ DDge Am "

where one term has been integrated by parts to take out #(x) as a common factor. Taking

now derivatives with respect to §(z), we obtain the equation of motion for the axial current
j5 = ey ysa:

%ﬁ:meW+§cW@;. (3.26)

We come now to the origin of the chiral anomaly: both quark masses and a QCD term
coming from the non-invariance of the metric break the conservation of the axial current. No-
tice that in Eq. 3.25 appears a term with the same form that had the CP strong violating term
of Eq. 3.1. This translates in the observable parameter being, instead of 6gcp, the following
combination:

0 = Oqcp + 20(x) (3.27)



Chapter 3. The Strong CP Problem 48

In order to cancel the imaginary mass term appearing in Eq. 3.6, the parameter 6(x) must
be chosen as 6 = . This, apart from making the mass real, would imply that the observable §
is now:

0= bocp + a. (3.28)

Extending this result to the SM, where not only one quark but three up-type and three

down-type quarks exist, yields the following result where all phases are considered:

0 = Ogcp + Arg (Det (M, M,)), (3.29)
with M, 4 = Yu,d% are the quark mass matrices in the non-diagonal and complex basis.

Considering the physical parameter comes from both the strong and weak sector the
Strong CP Problem becomes even more worrying: why should to parameters coming from
different sectors cancel up to such a high order as imposed by the limits on nEDM? One could
also wonder if the W VW;'V term in Eq. 3.1 also results in a “Weak CP Problem”. However,
this is not the case as SU(2)r, only acts on left-handed fields and through a Baryon Number

rotation the 0y, can be removed.

Summarizing, the only term that has physical consequences and represents a fine tuning
problem in the SM is that of the § term. In order to give a dynamical explanation to its tiny
value there are many proposals, but the most popular one, and one of the cores of this thesis, is
the use of an axion. In the next section we will indeed detail the axion mechanism, but first we
will review other proposals to solve the Strong CP Problem that do not require the presence of

an axion to provide a more complete view of the situation.

3.2 Axionless solutions to the Strong CP Problem

As we have discussed, the Strong CP Problem is a fine-tuning problem in the SM that has
lead to a great activity in the field. There are many proposals that aim to solve it, but they can
be broadly classified in three categories: massless quark solutions, Nelson-Barr models and
axion models. Let us briefly discuss first the two classes of axionless solutions and, afterwards,

provide some details about the axion solution.
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3.2.1 Massless quarks

By simply looking at Eq. 3.29 it is easy to see why a massless quark proposal helps with the
Strong CP Problem: if only one of the eigenvalues of the quark matrices is zero, its determinant
also vanishes. With this, the only remaining parameter is therefore fgcp which can then be

rotated away via a chiral rotation without any effect anywhere else in the Lagrangian.

This solution is indeed extremely simple and satisfying, or so it would be were not for the
fact that quark masses are very well studied. Even for the lightest of them, current data and

lattice simulations set it at the MeV scale, ruining this potential solution.

Despite the original idea being currently ruled out, the proposal evolved and found its
way into new models, sparking interest again in this type of solutions. One example is that of
Ref. [77] where a mirror QCD'’ sector is included, such that its ¢ is aligned with the SM one
through a Z, symmetry, and where massless quarks can live undetectable for us, predicting at

the same time new coloured states at the TeV scale.

3.2.2 Nelson-Barr models

An alternative solution to the Strong CP Problem is considering that CP is indeed a sym-
metry of the Lagrangian, broken spontaneously, forbidding therefore the existence of the
parameter before its breaking. These type of models, also called Nelson-Barr models following
the original idea by Ann E. Nelson [78] and Stephen M. Barr [79], must account somehow for

the observed CP violation present in the SM, while keeping 6 = 0 at tree level.

Though this can be achieved as shown in Ref. [80] by extending the SM with additional
EW singlet quarks that mix with the SM ones through extra EW singlet scalars that take com-
plex VEVs, breaking thus spontaneously CP symmetry, some difficulties can arise. Additional
symmetries may be required to forbid some couplings among the new fields and between those

and the SM fields, or otherwise a non vanishing Arg (Det (M, M,)) would be generated.

Additional issues include fine-tuning among the model parameters as well as a possi-
ble generation of § by high-dimensional operators or through loop corrections. Some of these
ailments can be cured by invoking supersymmetry (SUSY) though they may still find some
trouble in radiative corrections. An example of a supersymmetric model derived from the

Nelson-Barr mechanism is the one in Ref. [81] where a non-renormalziation theorem protects
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6 from getting large loop corrections, but other variations are still being published in the liter-

ature, keeping the Nelson-Barr idea still relevant.

3.3 An elegant solution: the axion

As we have already seen, there are various proposals to solve the Strong CP Problem.
However, one which is particularly appealing, as we will discuss, that has tremendous exper-
imental searches looking for it and that will be crucial in this thesis is the axion. The original
proposal was by Roberto Peccei and Helen Quinn [82, 83] where the § parameter becomes a
dynamical field and an new global symmetry, U (1) pg, connects it with the gluon field through

the chiral anomaly.

The Peccei-Quinn symmetry U(1)pg is broken spontaneously by a field that carries PQ
charge, giving rise to a Nambu-Goldstone Boson, the axion, a, [84, 85]. This NG boson couples

to gluons through the chiral anomaly as follows:

E%Gawéa

3.30
fa 87_[_ y2a 7l ( )

Zuca =

where f, is the so-called axion decay constant. This term is completely analogue to the one in

Eq. 3.1, with the theta parameter becoming now
_ a
Geff:0+—. (331)

Non-perturbative QCD effects give rise to a potential for the axion which has approxi-

mately the following shape:

Vefle—\/l—FCOS(é—F;>, (3.32)

which dynamically drives the minimum to be CP conserving:

(a) = — f.0. (3.33)
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With just the introduction of one new symmetry and one extra field the Strong CP Prob-
lem is easily solved. This solution of course has its own difficulties, namely the PQ quality
problem. This is the name that receives the sensitivity of the axion potential to be shifted; ad-
ditional explicit breakings of the PQ symmetry could move the minimum away from its CP
conserving value, which is something that could happen since gravity is expected to break
global symmetries. This issue is particularly dangerous for large values of the axion decay

constant, which are usually required as we will discuss in a while.

On top of this, the U(1)pg symmetry may not be broken down entirely in general, but
a Z, symmetry may be left after PQ SSB. When this happens, several degenerate vacua can
appear in the early universe, creating bubbles with different values of (a) that can give rise
to a network of domain walls and cosmic string which, when produced after inflation, could
dominate the Universe and overclose it. This is what constitutes the so-called axion domain

wall problem, and is another interesting research topic associated to axions.

Despite the axion quality and domain wall problems being extremely exciting issues for
model building, it is beyond the scope of this thesis, so we will limit ourselves to discussing
in the following pages the most common axion models and motivating them, starting with the

original one: the Peccei-Quinn-Weinberg-Wilczek axion.

3.3.1 The PQWW Axion

The Peccei-Quinn-Weinberg-Wilczek (PQWW) axion is considered within the SM gauge
group SU(3)c x SU(2)r, x U(1)y, and is identified within the phase of the Higgs field when
a new U(1)pg is spontaneously broken. However, only one Higgs doublet is not enough to
solve the Strong CP Problem, as for the Yukawas to be invariant under the PQ symmetry it is
needed that up-type quarks and down-type quarks have opposite charges, which would imply
a vanishing contribution to the Ga‘“’éfw term of the anomaly. Consequently, the model must
be extended with two Higgs doublets, so that each one of them couples only to up or down
quarks and the Yukawas can be made invariant under U (1) pg without making the aGa“l’G’Z,j

coupling disappear.
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With two Higgs weak doublets H,; and H,,, with hypercharges Y (Hy) = % and Y (H,) =

— 5 respectively, the most generic potential that can be built [86] is found to be:

V (Hy, Hy) = — ptHyHy — 5 H Hy + Y ag HIHHH,

v (3.34)
+ Z bi’jHjﬁjﬁ}Hi + Z (Ci,jH;rHsz‘THj + h'c') )
i,j 17

In the previous equation, a; ; and b; ; are real and symmetric, while ¢; ; is hermitian. Such
potential is invariant under a U(1) symmetry, provided H, and H, have opposite charges, but

this is just the usual gauge U(1)y.

Peccei and Quinn included an additional constraint by considering c;; = 0. This makes

the potential completely invariant under:

u(1)

P ; Up
Hy —"% Ha 1y, H, —5

e I, (3.35)
where 0 is the parameter of the transformation. The Higgs doublets H,; and H,, will develop
a VEV in the lower and upper component of the doublet respectively, so that H,; couples to
down quarks and H, to up-type quarks. Taking this into account, the quark Yukawa can be

written as follows:

L= (chiLHddR + Y“qLHuuR) + h.c., (3.36)
where, in order to be invariant under U(1) pg, the quark fields must transform as:

u U(I)PQ e_iggﬁHu%u, d M e_igdeﬁfsd. (337)

The axion will appear as a specific linear combination of the pseudoscalar parts of H, and

H,. These fields can be written in the two following ways:

g, tatha(a) e (0) [ HG@)
NG} |\ vatha@)+ipi@) |
! v
(3.38)
Vuthu(z)+ip) (2)

—

H, = Vy + hu(‘r) eiipz(vz)d“ _ NG)

V2 0 H (z) ’

u
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where v; are the VEV of the fields, h;, p{ and p? are real scalar fields and H and H, are

d "
complex scalar fields, the charged parts that have vanishing VEV. In this equation, o, are the
three Pauli matrices, acting as a basis of SU(2)

Now, let us look into the covariant derivative of these fields, focusing only on the neutral
pseudo-scalar parts. Considering the polar form of the field yields

Pgoa 0
D, Hy > ””ﬁd (a +igyY By + igw 2 W“)

e”d

1
0Py gy GW 1,3 (3.39)
D) <—Z v + Z?B.U» - 7WN Hd
(Oupg 9
= 2z.) Hy.
1 ( iy + 2 o d
3_
Here, it has been used the definition of the electroweak gauge boson Z,, = IwWu—ov B yith
g =1/9% + g%,. We find for H, analogously
h woa ].
D,H, > Yut fty <8,L +igyY B, + igw — Wa> e’pvu
V2 0
O 4
Uy 2
(Oupy g
= =Z, | Hy.
1 ( v + 5 4n w
With this, we can write the neutral pseudoscalar part of the kinetic terms as follows
9 2 (01" ?
ZDHD“H upa 9 2 +U—“ Gulu 4 97 ) (3.41)
2 Vg 2 Uy 2

Let us consider now the following change of basis for the pseudoscalar fields

pg = cos (a)p — sin ()x, py, = sin (a)p + cos (a)x
(3.42)
p = cos (a)p) + sin (@)pl, x = —sin (a)p] + cos (a)pl,

where « is the mixing angle between the two fields. For simplicity, the cosine and sine of this

angle will be referred to as just c and s respectively. Using this in Eq. 3.41 and expanding the
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squares, we find:

2 Vg 2 Uy,

2 2
va (C@m—saux L9 ZM) L v (M L9 Zu) (3.43)
Vg 2

2 2
Vg <3#PS+QZM> +v23 (@mg +3Zu>

2

Uy 2

2
v? 9 1 g
=9 ZuZ" + 5 (0upd''p + O x 0" x) + 52" [Oup (cva + svy) + Opx (cvy — sva)],

with v? = v2 + v2.

From this last equation, we can identify one of the combinations as the NGB eaten by the Z
boson, while the remaining one will become the axion. Let us consider a U(1) transformation
defined for the Z boson, which charge is Q7 = Is — Y. The two Higgs fields will be charged
under this transformation with Q7 (Hy) = —1 and Q7 (H,) = 1. In terms of the fields p and x
this means:

p Y02, s — e0g) 0, L0200 1 (svg + cva) 6. (3.44)

One of these particles, that will be identified with the axion, can be chosen neutral under
the U(1)z as it is orthogonal to the NGB absorbed by the Z boson. If p is taken to be neutral,

the mixing angle is found to be:

Qz(p)=0=tana = E, (3.45)

(%
so that the fields p and x can be rewritten in the following way:

0 0 0 0
(¥ +v (Y + v
upd . dpu , X dpdv upu . (3.4:6)

Following the same logic with the U (1) pg symmetry, with the axion being the one charged

and the other combination neutral, we find:

—dev?l + xHuvg

U()pq ) +0(de+xHu)vdvu \ Ulra, L g u,

Y

(3.47)

X
2
Ty v
Qpo(x)=0= —% = —=.
Vg



Chapter 3. The Strong CP Problem 55

Finally, we can identify p with the axion a and normalize the Higgs charges as x 7, + x5, =

1,obtaining the following PQ transformation for the axion:
U(l)pq Vd Uy

a —25% g 4 g4 (3.48)
v

From this equation it is straightforward to identify the axion decay constant f,. If the
Higgs fields VEVs are considered to be of the same order and equal to the usual EW Higgs
VEV v =~ 246 GeV, the result is:

£ = ”d:“ ~ 246 GeV. (3.49)

Such a value for the axion scale is currently ruled out, since that is the scale suppressing
the axion coupling to fermions and, with such a low value, the axion should have been ob-
served already. The necessity appears, then, for alternative models that make the axion a bit

more elusive: the so-called invisible axion models.

3.3.2 Invisible axions: the DFSZ and KSVZ frameworks

We will devote this section to the study of these alternative models that aim to salvage the
original idea by Peccei and Quinn. In order to do so, it is necessary to introduce a new scale
fa much larger than the EW one for the axion to escape experimental bounds. These models
received the name of invisible axion models [87, 88] and the classical proposals are classified in
two sets of models. These two frameworks differ from each other on their particle content and
the way in which the axion couples to gluons. The first of them takes the PQWW axion model
as a starting point and extends it with an additional EW singlet complex scalar that carries PQ
charge, whereas the second considers only a single Higgs doublet, singlet under U(1) pg, and
includes an additional complex scalar and a new heavy quark field, carrying PQ charge both

of these BSM fields and therefore coupling to gluons through the new quark species.

The first framework we will discuss is the so-called Dine-Fischler-Srednicki-Zhitnitsky
model [89, 90], or DFSZ for short, and it is a next step in the direction of the PQWW axion
model. In this scenario, the SM quark Yukawas contain two Higgs fields, H, and H, that

couple to up-type quarks and down-type quarks respectively, as shown in the equation below.

A D YuqrHyur + Yaqr Hyd, + hec.. (3.50)
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Additionally, a new scalar field ¢, full SM gauge singlet, is introduced. The two Higgs

doublets and the new scalar all transform under the U(1) pg symmetry as follows:

H, — % H, Hy— e%%H, ¢— 4. (3.51)

With this symmetry transformation, we can build the most general scalar potential as

shown here:

2 2 2
V (&, Huy Ha) = N (|H? = V2) +2a (|Ha? = VE) + 2 (16 = V?)
+ (a \H,|? +b |Hd|2) 16 + ¢ (H;eijﬂggb? + h.c.) (3.52)
, 12
+d ‘HZLEUH;’ +e ’HZHd’2 s
where ¢;; is the fully anti-symmetric tensor for 2 dimensions. Imposing PQ invariance in
this potential translates in the following condition for their PQ charges, normalized as in the

POQWW model:
Ty +xg=1=—2z4 (3.53)

This automatically defines the new scalar field charge to be z45 = —1. The VEV of this new

scalar field, v, is free, and can be chosen much larger than the EW scale so that:
vy > (/v + v = v~ 246 GeV. (3.54)

Analogously to the procedure followed in the PQWW model, we can write the fields as:

g L[ Y+ gy by ] ng + ing
u — ; d — 5
V2 ting V2 \og 4t + g (3.55)

0 v +” +i€%)

_ 1 (
V2
where n; and y; are all real scalar fields.

The NGB eaten by the Z boson is now found to be:

u d
y = Dbt~ vati (3.56)

[
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and when it is chosen to be neutral under the U(1) pg, the charges are:

(3.57)

The axion will now, however, be a combination of the previous PQ axion p and the

pseudo-scalar part of the new field ¢, n®. To find this, first its transformation under U(1)pg is:

o Ura, it o UWra, oo %9, (3.58)

and we can write the unitary transformation describing this combination in terms of the mixing

angle ¢:
a = cos (p) p—sin () €%, b=sin(p) p+ cos (p) £
(3.59)
p=cos(p)a+sin(p)b, €= —sin(p)a+ cos(p)b.
Finally, we study how these combinations transform under the PQ symmetry:
a M a+ (cos (p) Yd% | sin (gp)%) 0,
U(1) ) :}) 112 (3.60)
b — % b+ <sin (p) dvu — cos (@)?(b) 0,

from where we can identify the mixing angle ¢ by making b neutral, and the new axion a can

tinally be written in terms of the other fields and VEVs:

Qpro(b) =0 = tanyp = i ,
Uy Uq
. 20,04 (vufi’l + vdéi‘) — v¢112§¢ Vg >Vu,Vg g9 (3.61)

Uy /U2v<275 + 4v2v?
From egs. (3.60) and (3.61), the value of the new DFSZ axion scale is found to be:

2,,2 2,2
;= \/ V¥ +4qud Vg >vuvd Vg (3.62)

20 2"

Thus, with the addition of just one more scalar singlet the PQWW has been taken to a
much higher energy scale, well above the EW one and beyond current experimental bounds

for large enough fy.
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Let us look now into the second possibility, the KSVZ axion. In this case, Kim [91], Shif-
man, Vainshtein and Zakharov [92], considered the possibility of enlarging the SM particle
spectrum with a new EW singlet heavy quark, @, of mass m¢ and a complex scalar field o,
singlet of the whole SM gauge group. In this case, all SM particles are neutral under U(1)pg,

while the new fields carry PQ charge:
Q UM pq 671759627 o UD)pq 671‘290,7 (363)

forbidding the appearance of a bare mass term for the Q quark of the type QQ. However, one
can write a Yukawa involving both ) and o, together with a scalar potential, that respect the

PQ symmetry:

Ly = —YoQLoQr — Y5Q407QL,

9 (3.64)
V(H,0) = —pLHH — 1200 + Ay (HTH) )\ (070)? + Ao H Ho'o.
From here, the mass of the heavy quark, assuming real Yukawas, is deduced to be m¢g = Yfg/;" .

The axion is easy to identify in this case, as the angular part of the field o, that has a VEV

ve that lies way above the EW scale, so it is again an invisible axion.

o= (o) = 2T > v~ 246 GeV (3.65)

V2

Despite this axion not coupling at tree level to the SM fermions g, it actually does it via an

anomaly, as shown in Fig. 3.2:

+q

FIGURE 3.2: Effective coupling of a KSVZ axion to SM quarks.

With this, the KSVZ axion emerges as another possibility for an invisible QCD axion that
solves the Strong CP Problem and still has coupling to SM quarks, though further suppressed.

An interesting general prediction for all these QCD axion models is the relation between

its decay constant. As a consequence of the required axion-gluon coupling. This prediction
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can be evaluated to be [93]:

(3.66)

10° GeV
ma = 5.691(51) <Oe> meV.

Ja

Considering the usually large values, larger than 0(10° GeV), for f, required to escape
current experimental bounds as we will show in the next chapter, a common feature of all QCD

axions is their light mass, below the meV level.

We have shown in this section the staple of axions regarding the Strong CP Problem.
However, axions are a very interesting theoretical particle as they actually have potential in-
terest in many other sectors of HEP, and we will discuss a bit these other places where axions

can be relevant in the following section.

3.3.3 Axion ubiquity beyond the Strong CP Problem

Axions arose as a very compelling solution to the Strong CP Problem, but the current
interest in them is not limited to solving that fine-tuning problem. Axions are for starters
a general prediction of string theory [94-101], one of the best candidates for UV theory that

includes gravity together with the SM gauge forces.

But one of the most interesting features of axions, that actually came naturally as a sur-
prise, is the fact that they are a very interesting candidate for particle cold dark matter. Given
the low mass and greatly suppressed interactions expected from QCD axions, they are stable
by construction and, additionally, they may be produced non-thermaly through the so-called
misalignment mechanism or via the decay of topological defects (domain walls and cosmic
strings). These axions can indeed constitute all of the DM in a region of the parameter space

that is still allowed by experimental constraints [102].

The realization of this fact has given birth to a huge experimental and observational task
force looking for the axion through several ways. An example of a lab experiment looking
for axions are Light-shining-through-wall (LSW) experiments like OSQAR where the axion-
photon coupling is used in trying to convert photons from a laser into axions so that they go
through a wall, and then back into photons for detection. On the more astrophysical side,
helioscopes like CAST, that point a telescope under earth towards the sun, aim to detect axions

produced within our star; another probe are haloscopes like ADMX, which try to measure the
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axion dark matter halo in which we live if axions are indeed what constitute the DM in our

Universe.

These and many other collaborations are aiming to look for the axion within the band
expected from QCD axions, but also outside of it, since the idea of axion-like particles (ALPs)
has become increasingly relevant in the last years. These particles share the shift symmetry of
the axion, but are free from the restrictive relation between its mass and decay constant that

QCD axions must satisfy.

On the theoretical side, and besides string theory, axions are being used as tools to tackle
problems other than the Strong CP one. Some examples of this fact are models where the axion
is related to the inflaton, others where it is used towards Grand Unification, the so-called Ma-
xion models where the breaking of the PQ symmetry and lepton number (LN) give rise to a

majoron-axion mixture and flavoured axion models like the axiflavon or flaxion.

In this thesis we will deal with this last case, studying the possible interplay of the Strong
CP Problem and the Flavour sector as we propose a model where the axion is introduced within
the MFV framework in the following chapter, while in Chapter 5 we study the complementar-
ity between this MFV axion and a Majoron that helps alleviate the Hubble tension. Finally, in
Chapter 6 we will study one possible cosmological signature of axions where, in the case they
are produced thermally, can impact the effective number of neutrinos of our Universe, together

with its compatibility with a recent excess observed by the DM experiment XENON1T.



Chapter 4

A flavourful axion: The Minimal

Flavour Violating Axion

As we have argued already, the flavour sector of the SM asks for an explanation to its
hierarchies. If one rejects the anthropic proposal, one of the most appealing ways to tackle the

flavour puzzle is by introducing flavour symmetries.

In this chapter, based in the published paper of Ref. [103], we will present a flavour model
where we will follow the FN proposal, with an Abelian symmetry in order to explain some of
the hierarchies in the fermion masses of the SM. In order to protect our model from the BSM
Flavour Problem we will embed the Abelian flavour symmetry in the Minimal Flavour Viola-
tion framework. While in MFV NGBs are usually avoided by gauging part of the symmetry
group [20-24, 65, 104], in this work we tried to go in the opposite direction and use a NGBs
arising within MFV to address a different SM open problem: the Strong CP Problem, with
the axion arising from the Abelian part of the U(3)% symmetry in MFV, that we will call the
Minimal Flavour Violating Axion (MFVA).

The MFVA departs from the traditional QCD axion and from the so-called invisible ax-
ions [89-92] in the fact that its transformation properties under the PQ symmetry are deter-
mined by the flavour structure of the SM fermions. Its associated phenomenology will be
discussed in the context of astrophysics, collider searches and in flavour observables, with the

principal focus being on meson decays.

61
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The MFVA is also clearly different from the so-called Axiflavon or Flaxion [105, 106],
based on Ref. [107]. Whereas the Axiflavon is the NGB arising from a FN symmetry under
which every generation is charged differently, and therefore presents flavour violating cou-
plings to fermions, the MFVA appears from a symmetry which treats in the same way the three
generation, but differently up quarks, down quarks and leptons. This implies that the MFVA
will have flavour conserving, but non-universal, coupling to fermions, leading to a radically

different prediction in observables like meson decays.

Let us now start by discussing the fact that a PQ symmetry can easily be identified within
the MFV symmetry group, and then proceed by detailing the mechanism which will explain

part of the fermion mass hierarchies.

4.1 Peccei-Quinn symmetry within MFV

Let us remember that in the modern realisation of MFV [42, 58-60, 66], the SM fermionic
kinetic terms exhibit a U(3)° flavour symmetry. In this work we will make use of the fact that
the symmetry group can be decomposed into the product of an Abelian and a non-Abelian

factor, GR* x G2, as follows

GNA = SU(3)qy,  SU3)ur X SUB)ap % SUB), x SU)er @
GA =U(1)p x U(1)p x ULy x U(1)po X U(1)ey - '

In the previous expressions, B and L refer to the Baryon and Lepton numbers, Y to the Hy-
percharge, PQ to the PQ symmetry, while the last Abelian symmetry factor corresponds to

rotations on only the e, fields.

As we discussed in Chapter 2, the Yukawa matrices must become now spurions, ), that
transform under the non-Abelian part of the symmetry group. In previous work [108-111],
it was shown that the non-Abelian symmetry GN4 can deal exclusively with the explanation
of the inter-generation hierarchies, but is unable to predict the overall coefficients ¢;. In this
work, however, we will show how the ratios m;/m; and m;/my, i.e. ¢,/c; and ¢ /¢, in the
previous expressions, can be elegantly explained following the philosophy of the FN mod-
els: we will impose one of the symmetries within G4 as a true symmetry of the Lagrangian,
while its charges can be chosen such that the only renormalizable terms invariant under this

Abelian factor are the ones of the up-type quarks, while those describing down-type quarks
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and charged leptons are forbidden at dimension 4. These terms are written after rejecting
renormalizability, by including a new field, the flavon @, that transforms under this Abelian

factor, re-establishing the invariance under the symmetry.

The strategy of this work is to identify U(1)pg as the symmetry that®, among those in
G#, will explain the intra-generation hierarchies: Baryon and Lepton numbers and Hyper-
charge are fixed by definition, whereas U (1), could only explain the ratio m,/m;. Though we
could use two symmetries, in a sort of double FN mechanism, this would require two different
flavons. However, we will remain as minimal as possible, use only U (1) pg as a symmetry re-
spected by the Lagrangian, since all fermions can be charged under that symmetry and explain

the top-bottom and top-tau mass ratios.

Let us write the more generic Yukawa Lagrangian allowed by the PQ symmetry, without

considering first any specific charge assignment.

d O\ v » d \ Ld%a
Ly =—+— qrHYyug — | — GrHYidr+
Aq> A(I’

(I) Te—I] B
- () [LHYeer, (4.2)
As

where z; are the PQ charges of the i = u, d, [ field” and, without loss of generality, the charge
of the flavon ® has been fixed to —1.

The known Yukawa matrices are recovered after the flavon takes a VEV (®) = % and the

Yukawa spurions get their background values.

Yu = g¥uT% <yu> Yd = ghd™ % <yd>

4.3)
}/e = gle™ ¥ <yu> )
(V) = ctVCKMdmg <m7: % 1) (Vi) = cpdiag <mj %Z 1>
N (4.4)
e My
(Ve) = c,diag (mT . 1> ,

%In Ref. [112] was discussed a similar approach, with gauged non-Abelian symmetries and two distinct Abelian
symmetries explain the ratio between the third family quark masses. However, the phenomenology and spectrum
obtained there differs with respect to the one discussed in Refs. [20, 23] and here.

"The mixed use of a PQ flavon ® and of the Yukawa spurions ); may be puzzling. Indeed, at this level of the
discussion, it is equivalent introducing a dynamical flavon ® or treating its effects via a PQ spurion (see Ref. [60]
for the latter case). Similarly, the Yukawa spurions may be promoted to be dynamical fields (see Refs. [108-111]).
The discussion that follows and the results presented in this section are not affected by this choice. Instead, the
necessity to describe the breaking of the PQ symmetry through a dynamical flavon resides in the origin of the MFV
axion, as it will be explained in the Sect. 4.2.
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where ¢ = vg/ V2A4 and we have reminded there the spurions background value as

written in Chapter 2.

From here, we can read the ratios of the third-generation fermions in terms of the param-
eter € and the PQ charges:

my/my =~ T

(4.5)

my/my ~ g T Tut T

where we have neglected the ratios of the ¢; parameters since they are all expected to be O(1).

Considering the value of the top mass is given by Egs. 4.2, 4.3 and 4.4 to be ¢;g™ %4 %,
while the measured value is roughly %, we can see that ¢; ~ 1 and therefore no power of
¢ should appear in the top Yukawa. The simplest choice of charges for this to happen is the
following:

Tg =Ty =0 (4.6)

for the quark doublets and up-quark singlets PQ charges. Consequently, we can find the
remaining charges by imposing that the ¢ suppression accounts for the mass ratios of the

fermions in the third generation.

xq =~ log (mpy/my) (4.7)

ze — 1~ log (mr/my)

where ¢ is still unknown, and its value depends on the specific ultraviolet theory that gives
rise to the low-energy Lagrangian in Eq. 4.2. Considering that it should remain a perturbative
parameter, and that the value of v is not expected to be so much smaller than Ag (without a
dynamical mechanism to explain it), we will take ¢ in the range [0.01, 0.3], consistent previous
FN models [48, 49]. The logarithm in Eq. 4.7 relaxes the dependence on the exact value of «:

for ¢ inside its preferred interval, z4 and z. — ; must be in the interval [1, 4].

In order to give a benchmark that we can use in the phenomenological analysis, let us
consider the parameter to be order the Cabibbo angle, i.e. ¢ ~ 0.23, which translates in the

following charges for down quarks and charged leptons:

Tg=3 Xe—1x=3. (4.8)
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The charges z. and x; cannot be specifically determined beyond their difference exclu-
sively using charged lepton masses and quark mixings. However, by looking at the neutrino
sector we can find an additional condition: the PQ invariance of the Weinberg operator implies

that this operator is written with 2z; insertions of the flavon ®,

P ( o >2wl ) (Eﬁ) G, <ﬁTlL> o

Ay Ar ’

where A7, is the scale of lepton number violation and G, is the spurion field described in Chap-
ter 2, whose background value (G,) = g, contains the information of the neutrino mass eigen-
values and the PMNS mixing matrix (see Ref. [58, 66] for details). Considering that the eigen-
values of g, are not larger than 1 to ensure perturbativity (as for ¢; in Eq. 4.4), an upper bound

on Ay, can be identified:

2 2x;

~ <6 x 10M GeV x €21, (4.10)
2 Amgtm

2

where Amj,, is the atmospheric neutrino mass squared difference.

In Ref. [66] (see Fig. 1) it is shown that, for 2; = 0, there is some parameter space for this
model probed by the current data on the ;1 — e conversion in golden nuclei. Additionally, one
can easily see that for ; = 2 and € = 0.23 there is essentially no parameter space accessible by
current experiments or prospects in the near future. Considering this constraint, and in order to
maintain some predictability, we will consider only z; = 0 and z; = 1 in the phenomenological

analysis that follows. Summarising, two scenarios will be studied®:

S0: zg=0=1x, =2, Tg= 3= e,
(4.11)
Sl: rq=0=wy, =1, x9=3, x.=4.

8The stability of a generic choice for these charges under the renormalisation group evolution has been discussed
in Ref. [113], specially considering the impact on axion couplings, which will be the subject of the next section.
These effects could be relevant if the axion scale f, is relatively small, while for the values considered here they can
be neglected.
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4.2 The MFV Axion

Once all the symmetries and charges at play in our model have been established, we are
in condition to study the origin of the axion. Considering the flavon to be a complex scalar

tield, once it acquires a VEV it can be written in the following way:

- pj/;‘l’em/% : (4.12)

where p is the radial component and a, which is identified as the axion, is the the angular one.

The full scalar potential of the model presents three distinct parts:
V(H,®) = | HI* + AH[" = ji3 |9 + Ao @[ + Ao HI*| @ (413)

In a part of the parameter space, the pure -dependent scalar potential has a minimum corre-

sponding to a non-vanishing VEV for @, v = u2 /.

If vg is much larger than the EW scale, this may represent a problem for the EW symmetry
breaking (EWSB) mechanism: indeed the quartic |H|?|®|? coupling would contribute to the

quadratic term of the pure H-dependent potential,

p? = % = p? — Agevs . (4.14)
If no ad hoc cancellation between these two terms is invoked and for arbitrary values of Ay,
the new mass parameter ' resides at the same, large scale of vg. In order to reproduce the
expected value of the EW VEV, v = 245 GeV fixed through the W gauge boson mass, it is
then necessary to require a large value of the Higgs quartic coupling A, describing in this way
a strongly interacting scenario with a non-linearly realised EWSB mechanism. This is an in-
triguing possibility, especially considering the recent interest in non-SM descriptions of the
Higgs sector, such as composite Higgs models [114-122], dilaton models [123-130], or general
effective Lagrangians [55, 131-147].

On the other side, if vg is close to the EW scale, then no tuning is required and the EWSB
mechanism would work as in the SM (see for example Refs. [148, 149]). In the phenomenolog-

ical section, both the cases will be discussed.
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Through this chapter, v will be considered sufficiently large to consider the radial com-
ponent p as a heavy degree of freedom: it can be safely integrated out from the low-energy
Lagrangian, leaving the axion a as the only light degree of freedom remaining from ®. The
low-energy Lagrangian of the model can therefore be written as the sum of the following dif-
ferent terms:

1
L =M 4 5 Onad"a+ W2 H|? — NH|*+

. ei(xu—xq)a/vq,aLf_quuR _ ei(a:dfxq)a/v@qLHYddR_Ar

4 - ' - _ (4.15)
_ ez(mele)a/uplLHereR + 01(/5)62111 a/ve (liH*> (HTZL)
As ~apv FAa
+ QQCDQG f G,u,u .
where
5) — 2x </1/> _ 2
C,(j) =€ lTL = —v—zmy . (4:16)

Some comments are in order. The Yukawa matrices are the ones defined in Eq. 4.3, with
cl(,5) is the coefficient of the Weinbeng operator and m,, is the neutrino mass matrix in the flavour
basis. The specific choice of the PQ charges in Eq. 4.11 has not been implemented yet, to keep

the discussion general for now.

It is straightforward to rewrite the Lagrangian in the basis where the axion-fermion cou-
plings are derivative. The resulting Lagrangian consists of the SM Lagrangian modified by the

addition of interactions with the axion that read

1 B, a— S
0L =5 0ua0"a— CWQLGQVY“VW — M,e* ety (4.17)
va

where ¢ = {u, d, e} and the coefficients are
Cau = Lgqg — Ty

Cad = Lq — Xd (4.18)

Cage = T] — Te -

At the quantum level, the derivative of the axial current is non-vanishing as we showed

in Chapter 3, giving rise to the following effective axion-gauge boson couplings: in the physics
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basis for the gauge bosons

S
6$eff D — 771_ CagggGaﬂVGZV — 3 Ca'y'yfF v NV+
(% [ a ~
— 867:1 CaZZ?Z'u ZMV - Ca’ynguVZMl/—i_ (4:.19)
Qem _
- S CaWW7W+/’WW,uz/7

where X, = 8, X, — 0,X,, for F, Z,, and Wy, and G4, = 0,G% — 0,G% + g, f***GY,G¢, and

the coefficients have the following expressions:

Cagg = 3(Cau + Cad)a CaWW = (3 (Cau + Cad) + Cae) 5

&3 3
CazZ = 1 (17cau + 5¢ad + 15¢ae) + 422 (3(Cau + €ad) + Cae) , (4.20)
0 .
ty 3
Cayz = Z (17Cau + 5Cad + 15Cae) - Ttg (3(Cau + Cad) + cae) 5

Cayy = 2(4Cau + Cad + 30(16)7

with, for the sake of notation simplicity, ¢y = tanfy, sp = sin by and sgy = sin 20y, being Oy
the Weinberg angle. The coefficients of the anomalous terms contain the contributions from all

the fermions with a non-vanishing PQ charge.

The MFV axion solves the Strong CP problem in exactly the same way as the traditional
QCD axion: the fgcp parameter can be absorbed by a shift transformation of the axion. The
only condition that must be satisfied is that c,q, 7# 0, which is consistent with Eq. 4.11, that
explains the top Yukawa coupling of order 1 and the smallness of the bottom mass with respect

to the top mass.

Table 4.1 reports the values of the c,; coefficients of the axion couplings to fermions and
gauge field strengths in the physical basis for the two scenarios described in Eq. 4.11. As the
coefficients in Eq. 4.20 depend only on charge differences, the values for the anomaly couplings
are the same values for both the scenarios. Of particular interest is that the ratio between the
axion coupling to photons and that to gluons, which is typically a free parameter [150-155], is

exactly fixed to 8/3, as in the original DFSZ invisible axion model.
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Ty | Te || Cau | Cad | Cae | Cagg | Cayy | CaZZ | CayZ | CaWW
SO0 0| 3 0O |-3|-3] -9 | —-24| —-358] 88 —81
S1|| 1] 4 0O |-3|-3] -9 | —-24| —-358] 88 —81

TABLE 4.1: Values of the coefficients of the axion couplings to fermions and gauge boson
field strengths in the physical basis for the two scenarios identified in Eq. 4.11, where the
normalisation is defined in Egs. (4.17) and (4.19).

Notice that the common notation adopted in the literature makes use of effective cou-

plings that can be expressed in terms of the c,; coefficients as follows:

(4.21)

where i = {yv, ZZ, vZ, WW} and the traditional notation for the axion decay constant f,
has been introduced. In the QCD axion case, where it is light, a mixing with the n and 70
mesons arises below the QCD phase transition. This modifies the axion-photon coupling at

low energies, that can be redefined as follows [88, 156-159]

Qe 1

Gayy = gﬁ(cm —1.92(4)) . (4.22)

4.3 Phenomenological Features

In this section we will study the phenomenology of this Minimal Flavour Violating Axion,
starting with a review of the bounds on axion couplings to fermions and gauge bosons, identi-
tying the most relevant ones for our case, then we will proceed with a discussion regarding its
mass and conclude with a comparative analysis considering the Axiflavon as a benchmark for

other flavoured axion model.

Several studies have been performed to constrain the axion couplings to SM fermions and
gauge bosons [160-185]. Two recent summaries can be found in Refs. [186, 187]. These bounds
strongly depend on the axion mass, that also determines its decay length. The main results

will be reported in this section, translating the distinct constraints into limits on the axion scale

Ja-
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Coupling to photons:

Astrophysical, cosmological and low-energy terrestrial data provides the strongest bounds
on the axion coupling to photons (the latest constraints have been recently published in Ref. [184]):

the upper bounds on the effective couplings can be summed up as [186, 187]

|gary] S 7x 1071 GeV™! for me S 10 meV,

|9ar~y] S 10710 Gev ! for 10meV <m, < 10eV,
(4.23)

|gary| < 10712 GeV™? for 10eV < mg <0.1GeV,

|Gayy| S 1073 GeV ! for 0.1GeV <m, S1TeV.

Notice that the bounds for masses between 10 eV and 0.1 GeV, which include the so-called MeV
window, come from (model dependent) cosmological data [176]. On the other side, for masses

< 1TeV,

~

larger than the TeV, no constraint is present. Finally, for the mass range 0.1 GeV < m,
the bounds may be improved by two order of magnitudes with dedicated analyses on BaBar

data and at Belle-II [174, 181, 185].

These bounds can be translated in terms of f, through Eq. 4.21: taking aem = 1/137.036,

fa> 1.2x 10" GeV for me < 10 meV,

~

fa> 8.7x10°GeV for 10meV <m, <10eV,
(4.24)
fa> 8.7 x 10°GeV for 10eV <mg <0.1GeV,

fa 2 3GeV for 0.1GeV <m, S1TeV.

The first three bounds take into account the effects of the axion mixing with the 79 [159].

Coupling to gluons:

Collider mono-jet searches [173, 174, 178, 182] and axion-pion mixing effects [160, 162]

allows to extract bounds on the axion couplings with gluons:

|Gaggl S 1.1 x107° GeV~"  for Ma < 60 MeV,

~

(4.25)
|Gagg] S 107" GeV ™! for 60 MeV < m, <0.1GeV,
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that can be translated into constraints on f,,

fa > 1.7 x 10° GeV  for mq < 60 MeV,

~

(4.26)
fa 2 188 GeV for 60MeV <m, <0.1GeV,

taking s (M%) = 0.1184.

Couplings to massive gauge bosons (collider):

Considering LHC data with /s = 13 TeV, dedicated analyses on Mono-W (pp — aW (W —
pvy,)) and mono-Z (pp — aZ(Z — ee)) channels put bounds on axion couplings to two W's

and to two Z’s: for 0.1 < m, < 1GeV [182],

lgaww] < 1.6 x 1073 GeV L,
(4.27)

lgazz] S8x 1071 GeV ™1,

A complementary analysis on LEP data [188, 189] on the radiative Z decays leads to a bound
on the ayZ coupling [185]:
|garyz| < 6.4 x107° GeV ™. (4.28)

For both S0 and S1 scenarios, these bounds on the effective couplings translate into the fol-

lowing constraints on f,:

(aWW) fa 2> 6.4GeV,
(aZZ) fa 2 5.7GeV, (4.29)
(aZ~) fa 2 17.8 GeV.

The previous bounds hold for an axion that escapes the detector and therefore is con-
sidered as missing energy in the data analysis. If instead the axion mass is sufficiently large
and/or its characteristic scale f, is sufficiently low, the axion may decay within the detector

and the previous limits cannot be taken into consideration.

Considering the possibility of an axion decaying into two photons, that is typically the
dominant channel, LEP data [188, 189] on the decay Z — 3 has been used to constrain axion

couplings with the axion decaying inside the detector. A bound on ayZ coupling follows from
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Ref. [185]: assuming that a decays only into two photons,
garyz] S 6 x 1074 GeV 1, (4.30)

for axion masses in the interval m_o < m, < 10 GeV and

garyz| S2x 1074 GeV 1, (4.31)

for 10 GeV < m, S 91.2 GeV. Considering explicitly the values for the axion couplings, the

~

corresponding limit on f, reads

fa 2 1.8GeV for myo Smy S 10 GeV,
(4.32)

fa 2 5.3GeV for 10GeV <m, <91.2GeV.

~

A dedicated analysis with LHC data on the same observable may improve these bounds by

one order of magnitude [186].

Couplings to fermions and W’s (flavour):

Studies on Compton scattering of axions in the Sun, axionic recombination and de-excitation
in ions and axion bremsstrahlung [168] set very strong bounds on axion couplings to electrons
for masses below ~ 80 keV. Similar constraints are inferred from Compton conversion of so-
lar axions [165] for masses up to ~ 10 MeV. Considering these, the following bound on the

axion-electron coupling is found:

o <59%108GeV™L for 1eV <my,<10MeV. (4.33)
Caggfa

Even more stringent limits arise from observation of Red Giants [170, 190, 191], but for a

smaller range of masses:

e <86x10710GeVl for me <1eV. (4.34)
CaggJa
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When considering the explicit value of the c,. coefficient, which is the same for the two PQ

charge scenarios, these constraints translate into bounds on the axion scale:

fa>3.9%x10%GeV for me < 1€V,
(4.35)

fo>64x10°GeV  for 1eV <mg < 10MeV.

Rare meson decays provide strong constraints of axion couplings to quarks and to two W
gauge bosons. For masses below ~ 0.2 GeV, the most relevant observable is K+ — nta(a —

inv.), whose branching ratio is limited to be [164]:
BK—Q—*HT-Q—GI(O‘*HHV.) <7.3x107M. (4.36)

For larger masses up to a few GeVs, the BT — K*a(a — inv.) decay provides the most strin-
gent bound [167]:
Bp+ K+ a(asiny) < 3:2x107°. (4.37)

As the axion does not couple to up-type quarks (c,, = 0), the two decays K+ — 77a and
Bt — K™a can only occur at 1-loop level with the axion arising from the interaction with the

internal W propagator. The constraints that can be inferred on g, reads [181]:

lgaww| < 3x107¢GeV™!  for me S 0.2GeV,
(4.38)
lgaww| < 1074 GeV ! for 0.2GeV <m, <5GeV,
that can be translated in terms of f,, expliciting the value of c,w,
fo 2 3.5 x 10° GeV  for mq < 0.2 GeV
(4.39)
fa 2 105 GeV for 0.2GeV <m, <5GeV.

Focussing now on processes that receive 1-loop contributions with down-type quark in
the internal lines, such as D-meson hadronic decays, no interesting bound can be extracted.
The D™ — nta(a — inv.) and D — K*ta(a — inv.) decays are proportional to a combination

of ¢qq and coww . However, for f, 2

~

105 GeV as identified above, the branching ratios of these

processes are smaller than 10712, impossible to probe experimentally in the near future.
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Finally, a recent bound from T — a+y has been extracted considering bounds from BaBar
and Belle [192-194]. Considering that go,y < cqq, @ bound on cqq/ fo can be extracted as re-
ported in Ref. [195]:

_Cad <4 %1074 GeV L, (4.40)
Caggfb

for an axion of m, = O(1) GeV. This limit can be translated in terms of f, as

fa > 830 GeV . (4.41)

The previous bounds are valid only for a stable axion at detector size. If instead the axion
further decays, present data from b — sg or b — sqq from CLEO collaboration [196] allows to

put a bound on axion couplings to b quarks:

Cad <5 %1074 GeV L, (4.42)
Caggjb

for 0.4 < my < 4.8 GeV. This constraint translates into a bound on f, that reads

£ > 667 GeV. (4.43)

Similar bounds can be inferred with a future analysis on B¥ — K*a(— 27) at Belle-
IT [181]. In the case the branching ratio for this observables is measured at the level of 107,

values of f, as large as 550 GeV in the aWW coupling could be tested.

Axion flavor conserving couplings to third generation quarks:

Stellar cooling data imply bounds on axion couplings to top and bottom quarks [197].
In general, this constraint applies on the effective axion coupling with electrons, which is the
sum between the tree-level coupling with electrons and the loop-induced contributions pro-
portional to the axion couplings with any other fermion. Under the assumption that only one
coupling is non-vanishing at a time, and in particular the tree level coupling with electrons is
zero, then

Caggfa 5 1 5 109 Gev Cagala > 614 10° GeV, (4.44)
Ct Cb

for axion masses in the range m, < 10 keV. Since our model has vanishing coupling to up-

~

quaks, we can only extract a limit from the bound on the bottom coupling, which translates
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to:

fa =2 x10° GeV. (4.45)

Axion couplings to nucleons:

Neutron star and Supernova 1987A cooling data provide bounds on axion coupling with
neutrons and nuclei. The physical process consists in the neutron or nucleus bremsstrahlung,

respectively, and the corresponding bounds read

CaggJa >1.21 x 10° GeV [198, 199] _ Caggfa > 1.67 x 107 GeV [200,201], (4.46)
Can \/Cap + Con
Caggfa > 1.03 x 10° GeV [202], (4.47)

\/cgp +0.61c2,, + 0.53CqpCan

where ¢, and ¢, stand for the effective coupling of axion to neutrons and protons and are

expressed in terms of the axion-quark couplings as follows:

Can = —0.02¢4gg 1+ 0.88¢cq — 0.39¢,, — 0.038¢cs — 0.012¢, — 0.009¢; — 0.0035¢, (448)

Cap = —0.47cqgg + 0.88¢, — 0.39¢q — 0.038¢s — 0.012¢. — 0.009¢, — 0.0035¢;.

The first terms refer to the axion coupling to gluons, while the others to the corresponding
axion-fermion couplings. These bounds are rather strong, but should be taken with caution:
from one side they are model dependent and from the other hold under the current knowledge
of the complicated Supernova physics and neutron stars. In our model, these bounds translate
respectively into

fa = 3.12 x 108 GeV, fa = 1.15 x 10° GeV, (4.49)

fa 2 6.23 x 10° GeV . (4.50)

Axion flavor violating couplings to third generation quarks:

While our model is flavour conserving and these bounds do not apply, it is interesting to
review the limits set on flavour-violating axion couplings for the sake of completeness. These
couplings are strongly constrained from processes like rare decays or meson oscillations. An

example of these processes are Bt — 77 a decay and BY — B? oscillations, from where a bound
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can be obtained on the vector and axial axion coupling, respectively, to bottom and down

quarks [203-205]:

Caggf“ > 1.1 x 10° GeV Caggf“
de de

> 2.6 x 10° GeV. (4.51)

Analogously, from the processes BT? — K+9g and B+? — K*"q bounds on the vector and

axial couplings to bottom and strange quarks can be obtained [167]:

Cagg Ja
Cb

Cagg Ja
Cb

> 3.3 x 10% GeV > 1.3 x 10% GeV. (4.52)

S S

Bounds of flavor violating couplings involving the top quark are obtained in the same fashion
as for the flavor conserving ones: considering the contribution at one loop to the process K+ —

nta of a top-up and top-charm coupling it is possible to extract the following bounds [164]:

Caggfa _ 3 108 Gev Cagg fa
Cty Cte

> 7 x 108 GeV. (4.53)

The axion mass and the ALP scenario:

Without an explicit soft breaking source of the shift symmetry, a mass term for the MFV
axion may arise, as for the traditional QCD axion, from non-perturbative dynamics: the axion

mixing with neutral mesons induces a contribution which is estimated to be [92, 206, 207]

1 12
OGeV) , (4.54)

mg ~ 6 ueV
: ( fa

and not much larger than a few eV. Additional contributions may arise a la KSVZ axion in
the presence of exotic fermions that couple to the axion. Exotic fermions are typically present
when constructing the underlying theory originating the effective terms in Eq. 4.2 (see for ex-
ample Ref. [208]) or are required from anomaly cancellation conditions in models with gauged
flavour symmetries [20-24, 65, 104]: the largest mass contribution originated in these cases is
of hundreds of eV, for values of the axion scale f, close to the TeV. Even considering possible
contributions of this kind, one can safely conclude that the MFV axion mass is smaller than the
keV, unless explicit shift symmetry breaking sources are introduced in the scalar potential. For
these mass values the strongest constraints arise from the axion coupling to photons, Eq. 4.24,
and to electrons, Eq. 4.35: the axion scale is necessarily larger than ~ 101 GeV and ~ 10° GeV,

preventing any possibility to detect the MFV axion at colliders or in flavour searches.
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On the other side, if a signal of detection that may be interpreted in terms of an axion
is seen, it may be compatible with the MFV axion at the price of invoking an explicit break-
ing of the shift symmetry (gravitational and/or Planck-scale effects [209-212] are examples
of unavoidable explicit breaking sources, but the corresponding mass contributions are tiny):
in this case, the relation between the axion mass and its scale gets broken and the bounds
aforementioned may be avoided. In the common language, this eventuality is refereed to as
Axion-like-particle (ALP) framework, that received much attention from the community in the

last years.

In what follows, this last scenario will be considered, assuming a MFV axion mass much
larger than the eV region. For masses of the order of the GeV, the stringent bounds from the
ayy and aee couplings are easily evaded, and the next most sensitive observables are those

from collider and flavour. For even larger masses, no bounds at all exist at present.

By increasing the axion mass and/or lowering the scale f,, however, its decay length
decreases, and the axion may decay within the detector: in this case, some of the previous
listed bounds cannot apply anymore. The distance travelled by an axion after being produced
can be expressed in the following way [182]:

10* [ MeV\* /' fu \? [ |pdl
i=y () (L) (L) m (459

ai

where the typical momentum considered is of 100 GeV. Selecting a benchmark region with
mg ~ 1 GeV and f, = 1 TeV, the axion may decay into two photons, two gluons, or two light
fermions. Once considering the values for c,; as reported in Tab. 4.1, the dominant channel is
the radiative one (seei.e. Ref. [187] for the relevant expressions of the axion decays). The decay
length for this benchmark axion turns out to be slightly larger than 1 mm. The most sensitive
observables to the this ALP is b — sg from CLEO collaboration and Z — 3~ from LEP and

LHC experiments: indeed, these processes are sensitive to values of f, up to ~ 1 TeV.

Comparison with the Axiflavon:

The Axiflavon [105, 106] is the axion arising in the context of the FIN mechanism and
has flavour violating couplings, in the mass basis for fermions, predicted in terms of the FN
charges, up to O(1) uncertainties. This represents a major difference with respect to the MFV

axion: the presence of flavour violating couplings induces tree-level flavour changing neutral
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current processes, such as the meson decays described in the previous section. To satisfy the
present bounds on K and B decays, the axion scale f, needs to be of the order of 1010 GeV [106],
that approximatively coincides with the values necessary to pass the very strong bounds on
the ayy and aee couplings. The Axiflavon is therefore an example of visible QCD axion, as
it predicts low-energy flavour effects, despite the very large value of the axion scale f,. On
the other side, no signals are expected at colliders, as indeed effects in mono-W and mono-Z
channels, and in the Z boson width are expected to be tiny and not appreciable neither in the
future phases of LHC nor in next generation of linear/circular colliders. A final comment that
helps distinguishing between the MFV axion and the Axiflavon is the prediction for the ratio
between the axion coupling to photons and that to gluons: in the first model this ratio is strictly

predicted to be 8/3, while in the second one it may vary within the range [2.4, 3].

In this chapter we have presented a model with an axion, that solves the Strong CP Prob-
lem as the usual QCD axion, which has flavour non-universal but conserving couplings to SM
fermions. This axion arose as the consequence of a PQ symmetry embedded in the MFV sym-
metry group, with the mass ratio of the third generation fermions explained via this Abelian

symmetry while the MFV framework protects the model from the BSM flavour problem.

In the case this MFVA is a QCD axion, its main phenomenology coincides with that of
invisible axions: astrophysical and cosmological observables give interesting limits on the ax-
ion coupling to photons and electrons. If, on the other hand, an explicit breaking of the axion
shift symmetry is considered, we would be talking about a Minimal Flavour Violating ALP,

that may result in relevant phenomenology at colliders and flavour searches.

Though this model deals with the Strong CP Problem and (part of) the quark flavour
puzzle in a very minimal and natural way, the lightness of neutrino masses is not discussed
here. In the next chapter based on the publication from Ref. [213], however, we will show a
model with a Majoron, also embedded in the MFV scheme ad therefore compatible with the
axion shown in this chapter, that not only provides a dynamical explanation for the light neu-
trino masses and helps alleviating the interesting cosmological anomaly related to the Hubble

parameter.
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A MFV Majoron: Neutrino masses and

the H( tension

There is nowadays a considerable tension between late-time, local probes of the present
rate of expansion of the Universe, that is the Hubble constant Hy, and its value inferred through
the standard cosmological model ACDM from early Universe observations. Local measure-
ments, from type-la supernovae and strong lensing, tend to cluster at similar values of Hy,
significantly larger than those preferred by cosmic microwave background (CMB) and baryon
acoustic oscillations probes. The strongest tension, estimated at the level of 4 — 6 o [214, 215]
depending on the assumptions performed, is between the P1anck inferred measure from the
CMB spectrum [13] and the one obtained by the SH(ES collaboration [216] from supernovae

measurements.

Although the solution to this discrepancy might be related to systematics in the measure-
ments (notably the callibration of the supernovae distances) or, more interestingly, point to a
modification of the cosmological model, it may instead be provided by particle physics, as al-
ready discussed in the literature (see for example [217-230]). In particular, Ref. [226] suggests
that a Majoron that couples to light neutrinos could reduce the tension in the determination of
Hy. It is then interesting to investigate whether this setup is compatible with possible explana-
tions of other open problems in the Standard Model of particle physics (SM): the focus of this
paper is to study the compatibility with Type-I Seesaw mechanism to explain the lightness of
the active neutrinos, with specific flavour symmetries to describe the flavour puzzle and with

the presence of an axion to solve the Strong CP problem.

79
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The Majoron, called w hereafter, is the Nambu-Goldstone boson (NGB) associated to the
spontaneous breaking of lepton number (LN) [231-234], which is only accidental within the SM
and breaks down at the quantum level. It naturally arises in the context of the Type-I Seesaw
mechanism, where the Majorana mass term, instead of being a simple bilinear of the right-
handed (RH) neutrino fields N, is a Yukawa-like term that couples Ny to a scalar field that
carries a LN charge, labelled as x in the following. Once this scalar field develops a vacuum
expectation value (VEV), then LN is spontaneously broken, a Majorana neutrino mass term is

generated and the Majoron appears as a physical degree of freedom of the spectrum.

If a Dirac term that mixes N and the left-handed (LH) lepton doublets I, is also present
in the Lagrangian, small masses for active neutrinos are generated at low energies, according

to the Type-I Seesaw mechanism.

Atlow-energies, the Majoron w acquires a coupling with vz, labelled as A,,,.,. For Majoron
masses

my € [0.1, 1] eV (5.1)

and )\, in the range

Aoy €[5 x 1071, 10712], (5.2)

the tension on the Hubble constant is reduced [226]. Indeed, for such small Majoron-neutrino
mixings and Majoron masses, Majorons only partially thermalize after Big Bang Nucleosyn-
thesis (BBN) or never thermalize [235], enhancing the effective number of neutrino species Neg
by at least 0.03 and at most 0.11, values that may be tested with CMB-54 experiments [236].
Moreover, a non-vanishing A, would reduce neutrino free-streaming, modifying the neu-
trino anisotropic stress energy tensor [237]. This has an impact in the CMB that results in mod-
ifying the posterior for the Hubble constant: as shown in Ref. [226], the inclusion of Majoron-
neutrino interactions slightly shifts the central value of Hy, but largely broadens its profile
reducing the Hj tension to 2.50. For larger couplings, Ay, > 10712, these effects are too large

and excluded by the same P1lanck data.

Interestingly, Ref. [226] found that the best x? in a Markov Chain Monte Carlo corre-
sponds to Majoron mass and coupling as in Egs. 5.1 and 5.2 and ANgg = 0.52 £ 0.19. The un-
certainty in the last observable is very large and AN = 0 is compatible within 30. However,

values close to the central one can be achieved if a thermal population of Majorons is produced
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in the early Universe and is not diluted during inflation. This may occur if the reheating tem-
perature is larger than the RH neutrino masses [226]. Alternatively, other relativistic species,
such as axions [238-241], may contribute to AN and their presence may justify such a large

value.

The existence of both Majorana and Dirac terms, the achievement of the correct scale for
the active neutrino masses and at the same time the alleviation of the Hubble tension via the
Majoron strongly depend on the LN charge assignments of /;,, Nr and . In particular, fixing
the LN of [, to unity, then the LN of the RH neutrinos needs to have opposite sign with respect
to the LN of the scalar field x. This model presents interesting phenomenological features. On
one hand, the heavy neutrinos are expected to be relatively light, with masses at the MeV or
GeV scales, opening up the possibility to be studied at colliders. Moreover, the presence of
the Majoron may also have other consequences distinct from the Hubble tension. In particular,
its couplings to photons and electrons are constrained by CAST and Red Giant observations,
respectively, while, due to its coupling to the Higgs, the Majoron may contribute to the invisible

Higgs decay, strongly constrained by colliders.

Sect. 5.1 illustrates the mechanism to produce a Majoron that alleviates the H tension
together with a correct scale for the active neutrino masses. In Sect. 5.2, this mechanism is
introduced in a setup that correctly describes the flavour puzzle of the SM and at the same
time produces a QCD axion that solves the Strong CP problem, while Sect. 5.3 gathers the

phenomenological signatures of this model.

5.1 The Majoron Mechanism

To produce a Majoron and explain the lightness of the active neutrinos, one can con-
sider a Type-I Seesaw mechanism where the Majorana mass is dynamically generated by the
spontaneous breaking of LN. The SM spectrum is extended by three RH neutrinos  and a sin-
glet scalar field x that only transforms under LN. The LN charge assignments can be read in
Tab. 5.1, where [;, Nr and x have already been defined, and ep refers to the RH charged lep-
tons. Notice that L, and Ly are integer numbers and are not completely free, but must obey a

series of constraints that will be made explicit in the following.

°The case with only two RH neutrinos is also viable, and correspondingly the lightest active neutrino would be
massless.
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Field | U(1)r, Charge

l;, er 1
Ngp —Ln
X Lx

TABLE 5.1: LN assignments. Fields that are not listed here do not transform under LN.

The most general effective Lagrangian in the neutrino sector invariant under LN is the

following '’

+Ly 2Ly —Lx

Ly _ ~ 1 L _
— %, = <X> Y LLHY,Np + - <X> * YN&YyNg +he., (5.4)

Ay 2 \ A,
where H is the SM Higgs doublet, H =ioyH*, A, is the cut-off scale up to which the effective
operator approach holds, and ), is a dimensionless and complex matrix, while Yy is dimen-

sionless, complex and symmetric. A first condition on Ly, arises from requiring that all the

terms are local:
1+ Ly 2Ly — Ly
Ly ’ Ly

eN. (5.5)

In the LN broken phase, the field x can be parametrized as

0+ Uy i
= —e '”X7 56
X=—7% (5.6)
where the angular part w is the NGB identified as a Majoron, o is the radial component and
vy is its VEV. Notice that the scale appearing in the denominator of the exponent is also v, in

order to obtain canonically normalized kinetic terms for the Majoron. A useful notation that

"Other terms can be added to this Lagrangian inserting x' instead of x. However, once the terms in Eq. 5.4 are
local, then their siblings with x" would not be local and therefore cannot be added to the Lagrangian. The only

exception is the term
2L N +Ly
1 X Lx e
| = N N, .
Z(AX> X' NrYNNr, (5.3)

that however only provides a suppressed correction with respect to the Majorana term written in Eq. 5.4 and for
this reason it can be neglected.
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will be employed in the following is the ratio of the x VEV and the cut-off scale:

Ux
&y = . 57
XTV2A, 5.7)

This parameter ¢, is expected to be smaller than 1 in order to guarantee a good expansion in
terms of 1/A,.. Consequently, the x VEV, which represents the overall scale of the LN break-
ing, is expected to be smaller that the scale A,, where New Physics should be present and is

responsible for generating the expression in Eq. 5.4.

Once the electroweak symmetry is also spontaneously broken, i.e. after the SM Higgs

develops its VEV that in the unitary gauge reads

_h+tvw
H_—\/§ , (5.8)

where h is the physical Higgs and v ~ 246 GeV, masses for the active neutrinos are generated

according to the Type-I Seesaw mechanism:

24 Ly
] 1 Ex
L0 siemyvi+he  with  m, = gxf yVleyT (5.9)
2vy

In the basis where the charged lepton mass matrix is already diagonal, the neutrino mass ma-

trix can be diagonalized by the PMNS matrix U:
m, = diag (m1, ma, ms) = Utm, U*. (5.10)

The overall scale for the active neutrino masses can be written in terms of the parameter ¢,,

the ratio of the VEVs and the product J, V' V1"

24 Ly
L

\[UX yVleyT |Amatm| (511)

where Am2,,, = 2.5147505% x 107 eV? for the Normal Ordering (NO) of the neutrino mass

spectrum and Am2,, = —2.497 +0.028 x 1073 eV? for the Inverted Ordering (I0) [17].

atm
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The heavy neutrinos, that mostly coincide with the RH neutrinos, have a mass matrix that

in first approximation can be directly read from the Lagrangian in Eq. 5.4,

2L —Ly

My ~ey ™ %yN. (5.12)

The overall scale for the heavy neutrinos must be larger than the overall scale of the active

neutrinos, in order for the Seesaw approximation to hold:

2L —Ly

e %yN>> |Am2,|. (5.13)

On the other hand, the electroweak and LN breakings give rise to the Majoron Lagrangian

that can be written as follows:

1 1 1+Ly 28 v
L ==0,wiw + —miw? —i gy X Y, Npw+
w 2 ”w 2 w -LX1 b% \/QUX LJYVIVR
2L —Ly (5.14)
LN €X Ex s
NS NeyyNpw + he.
Ly V2 RENEIR

where the m? term parametrizes the Majoron mass introduced here as an explicit breaking of
its corresponding shift symmetry. Atlow energy, a direct coupling of the Majoron to the active
neutrinos emerges after performing the same transformations that gave rise to the mass matrix

in Eq. 5.9:

my

- A
glow-energy i—g’”wDLl/z +h.c!! with Awvy = 2 (5.15)

Lyvy
From the results in Ref. [226], shown in Eq. 5.2, it is then possible to infer a bound on the

product L,v,, once taking \/Am2,, as the overall scale for the neutrino masses:

atm

2\/[Am?
Loy, =~ V1AMl ¢ 101 9 Tev | (5.16)

)\wyy

Adopting this relation and substituting it within the expressions in Egs. 5.11 and 5.13, new

conditions can be found:

2+Lx 2
2v/2 |A ,
|Ly|ex™ VY VT ~ A‘[W;m" €1.2x10713, 2.4 x 10717], (5.17)
vv v
2L —Ly ¢
X s N ga g (5.18)
| Ly| V2

UThis expression coincides with the one in Ref. [226] once identifying w with ¢ and A, with A.
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The following choice of charge assignments leads to a completely renormalizable La-

grangian and thus deserves special mention:

CASER: Ly=-1 and L,=-2, (5.19)

such that the powers of the ratio x/A, in Eq. 5.4 are not present in either the Dirac and the

Majorana terms. The relation in Eq. 5.16 and the two conditions in Eqgs. 5.17 and 5.18 further

simplify:
Eq.5.16 — v, ~ |fm§tm| € [0.05, 1] TeV, (5.20)
Eq.5.17 — VYNVl ~ Afy% €[1.2x10713, 2.4 x 10717, (5.21)
Eq.5.18 — Yy > 2 vv 710713 (5.22)

V2

The first expression fixes a range of values for v,. While the third expression represents a lower
bound on the overall scale of Yy, the second one implies that the product yyyg,ly,,T should be

tuned to a very small value in order to reproduce the lightness of the active neutrinos.

For values of Ly, different from the previous ones, the Lagrangian is necessarily non-
renormalizable. An interesting question is whether the extremely small values of the product
VY5 VI can be avoided exploiting the suppression in e, from the new physics scale A,,
similarly to the Froggatt-Nielsen approach to the flavour puzzle [46]. Considering first the

case in which Ly, > 0, then the only available possibilities are

CASE NRI1: Ly=1 and L, =1,
(5.23)
CASE NR2: Ly=1 and L,=2.

The corresponding values for v,, €, the overall scale for the heavy neutrinos (My) and the

cut-off scale A, are reported in Tab. 5.2.

LN LX UX EX (MN> AX

CASENR1 | 1 | 1 | [0.1,2]TeV | [0.49,1.4] x 10~ | [3.5,200] MeV | [1.4 —11] x 10 TeV

CASENR2 | 1 | 2 |[0.05,1]TeV | [2.4,11] x 10~7 | [35.4,707] GeV | [1.4 — 6.5] x 10° TeV

TABLE 5.2: Parameter ranges in the two phenomenologically interesting scenarios.
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From Eq. 5.17, it can be seen that ¢, gets smaller for larger values of L, (unless tuning
the product ), V5" V! as in CASE R discussed above, a possibility to be avoided in the present
discussion): although this is not a problem by itself, it hardens the constraint in Eq. 5.18. It
follows that for larger values of Ly and L, satisfying the locality conditions in Eq. 5.5, the
overall scale of the heavy neutrino masses would be as small as the one of active neutrinos and

therefore the expansion in the Type-I Seesaw mechanism would break down.

In the case when Ly > 0 and L, < 0, it is possible to obtain the same results listed above
substituting x by x in the Lagrangian in Eq. 5.4: in this case, the signs in the denominators
of the exponents would be flipped, compensating the negative sign of L,.. The opposite case,

Ly < 0and L, > 0, is not allowed by the locality conditions.

For Ly, < 0, besides the possibility of CASE R, only another choice is allowed by the
locality conditions: (Ly = —1, L, = —1). However, this case would require ¢, > 1, leading to

an even more extreme fine-tuning than in CASE R without the appeal of renormalizability.

The condition in Eq. 5.16, corresponding to Eq. 5.2, is only one of the ingredients necessary
to lower the Hj tension. A second relevant requirement is Eq. 5.1, regarding the Majoron mass.
For the sake of simplicity, it has been introduced directly in the Majoron Lagrangian in Eq. 5.14
as en effective term. Its origin has been widely discussed in the literature and constitutes in
itself an interesting research topic. Any violation of the global LN symmetry would induce
a mass for the Majoron. An obvious example are gravitational effects, which are expected to
break all accidental global symmetries. Estimations of their size from non-perturbative argu-
ments via wormhole effects [212] fall too short of their required value. Conversely, their size
from Planck-suppressed effective operators [242] would result in too large a mass, although
several possibilities have been discussed that could prevent the lower dimension operators
from being generated [243-250]. These options were originally introduced as a solution to the
axion quality problem. A simpler possibility, given the singlet nature of the Ng, is an explicit
breaking of LN via a Majorana mass term at the Lagrangian level. The Majoron would thus de-
velop a mass slightly below this breaking scale from its coupling to the Ny through self-energy
diagrams. In this work we will remain agnostic to the origin of the Majoron mass, and a value

consistent with Eq. 5.1 will be assumed.
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Besides the Majoron, also the radial component of  is present in the spectrum and does
play a role modifying the Higgs scalar potential. Indeed, the most general scalar potential

containing H and x can be written as
2
V(H,X) =~ HUH + X (HUH) " = 20+ A 0O + gHTHY . (5.24)

The minimization of such potential leads to VEVs for the two fields that read

o _ A’ — 2913 2 ANy, — 2g18°

= 2
AN — g% X 4AN — g2 (525

The parameters of this scalar potential need to be such that v takes the electroweak value and

v, acquires the values in Tab. 5.2.

Due to the mixed quartic term, the two physical scalar fields ~» and ¢ mix in the broken

phase and the mass matrix describing this mixing is given by

2 \v? gu vy

M2 = (5.26)
guuy, 2 vi
The two eigenvalues that arise after diagonalising this mass matrix are the following
M7, = M® + A2 £ (Av® = \0d) V1 + tan? 20, (5.27)
where
tan29 = — 20 (5.28)

Avd = w2’
The lightest mass in Eq. 5.27 corresponds to the eigenstate mainly aligned with the SM Higgs,
while the heaviest state is mainly composed of the radial component of x. Its mass can be
as small as a few hundreds GeV or much larger than the TeV. From the relation between the

mixed quartic coupling g and the physical parameters,

M2 — M?
g=—2—""gin29, (5.29)

200y

it is possible to straightforwardly study the dependence of M, with the other model parame-

ters. Notice that the mixing parameter ) is constrained by LHC data to be [251]

sin?®¥ <0.11, (5.30)
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from a /s = 13 TeV analysis of Higgs signal strengths with 80 fb~"! of integrated luminosity.

100: ‘ : ‘ ‘ ‘ ‘ ‘ ‘
i v, =50 GeV © v,=100 GeV] v, =2 TeV

FIGURE 5.1: M, vs. g parameter space, fixing v = 246 GeV, M}, = 125 GeV and taking three

values for LN breaking scale, v, = {50 GeV, 100 GeV, 2 TeV}. The white area is the one

allowed by the bound in Eq. 5.30, while the green region is the excluded one. The dashed line
correspond to the bound in Eq. 5.48, being the area above such line allowed.

As shown in Fig. 5.1, M, can reach very large values, without requiring any fine-tuning
on g. On the contrary, very small M, can only be achieved for g close to zero. It is then natural
to focus on the case in which ¢ is massive enough to be safely integrated out. This will be the

case in the rest of the chapter.

The mechanism illustrated in this section allows to soften the H tension explaining at the
same time the lightness of the active neutrinos. In the next section, this mechanism will be em-
bedded into the same flavour framework as the model in Chapter 4, that allows to account for
the Flavour Puzzle, without violating any bounds from flavour observables, and also contains

a QCD axion that solves the Strong CP Problem.

5.2 The Majoron arising from MFV

In Chapter 2 we discussed the power of the Minimal Flavour Violation ansatz, that pro-
tects NP models from the BSM Flavour problem. In Chapter 4 we showed that an axion can
in fact arise within that framework naturally, solving the Strong CP Problem with additional
interesting Phenomenology. In this section we will discuss how a Majoron can also arise nat-

urally together with the MFVA. Let us remember that, with the inclusion of RH neutrinos, the
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MFV symmetry group is
Gr=U(3), (5.31)

whose Abelian subgroup can be rearranged, provided that the new combinations are still lin-
early independent, identifying among them Baryon Number, LN, weak hypercharge and the

Peccei-Quinn symmetry:
Gp=UN)pxU1) xUL)y xU(l)pg x U(1)ep x U(1) Ny - (5.32)

In the model described in this section, fermion charges under baryon number and hypercharge
are assigned as in the SM, while the LN charges are given in Tab. 5.1, while PQ charges are those
described in the two scenarios of Eq. 4.11. Finally, the last two symmetries in Eq. 5.32 do not
play any role in this model and are explicitly broken. The LN appearing within this Abelyan

subgroup is imposed on the Lagrangian, with the consequent Majoron appearing after its SSB.

As discussed in Chapter 2, MFV in the lepton sector requires for modifications to the
initial U(3)% in order to recover predictability. The solutions that have been proposed are to
assume Yy o< 1 [58, 59] or to consider ), as a unitary matrix [60]. In the following we will
recapitulate briefly these approaches, and show the expression for light neutrino masses in
each of these two scenarios when the Majoron mechanism described in this chapter is also

considered.

I): GNA — SU(3);, x SU(3)ey, x SO(3)n,, x CP [58,59].

Under the assumption that the three RH neutrinos are degenerate in mass, i.e. Yy o 1,
then the non-Abelian symmetry associated to the RH neutrinos, SU(3)y,, is broken
down to SO(3) y,. With the additional assumption of no CP violation in the lepton sec-

tor, forcing Y, to be real, the expression for the active neutrino mass in Eq. 5.9 simplifies

to
24 Ly
Lx 2
Ex Y T
ml/ = y v y v 533
o (5.33)
and all flavour changing effects involving leptons can be written in terms of Y, )l and
Ye.

Diagonalising m, corresponds to diagonalising the product (,)(),)? and, given the
fact that the the lepton mixing angles are relatively large, then no hierarchies should

be expected among the entries of (),)(),)7, contrary to what happens in the quark case.
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I0):

Note that some setups, such as the so-called sequential dominance scenarios, obtain large
mixing angles even if there exists a strong hierarchy among the Yukawa couplings [252].
However, this possibility is disfavoured by the general philosophy of MLFV. In the same
spirit, the overall scale of this product is of O(1), as any explanation of the neutrino

masses should reside in the model itself, and not be due to any fine-tuning.

GNA 5 SU(3)1, + Ny X SU(3)ey, [60].

Assuming that the three RH neutrinos transform as a triplet under the same symmetry

group of the lepton doublets,
lp, Nr ~ (37 1)QJLVA €R ~ (17 S)QJLVA ) (534)

then Schur’s Lemma guarantees that ), transforms as a singlet of the symmetry group.
Then, Y, is a unitary matrix [61, 62], which can always be rotated to the identity matrix
by a suitable unitary transformation acting only on the RH neutrinos. The only meaning-
ful quantities in this context are ). and Yy, so neutrino masses and lepton mixings are

encoded uniquely into Yy,
2+LX
Lx .2
e YW

m, =
V20,

Iyt (5.35)

As for the previous case, the diagonalisation of the active neutrino mass coincides with
the diagonalisation of (V) !, that therefore does not present any strong hierarchy among
its entries. Moreover, its overall scale should be O(1) according to the MLFV construction

approach.

Summarising, the Majoron together with axion constitute the natural Abelian completion

of MFV scenarios. The Majoron does not affect (at tree level) the physics associated to the ax-

ion and the quark and charged lepton flavour physics. Thus, this model, besides describing

fermion masses and mixings and solving the Strong CP problem, is able to alleviate the Hubble

tension with the only inclusion of three RH neutrinos and two extra singlet scalars. In partic-

ular, as no fine-tuning is allowed within this approach on (),) or (Vy), then only CASE NR1

and CASE NR2 are viable in the MFV framework. In the following section, the analysis of this

model will be completed with the study of its phenomenological signatures.
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5.3 Phenomenological Aspects

The only tree-level coupling of the Majoron is to neutrinos. However, at quantum level,

couplings to gauge bosons, other SM fermions and the Higgs are originated.

Coupling to photons

The searches for very light pseudoscalars, usually addressed to axions, can also apply to
Majorons. In the range of masses in Eq. 5.1, the strongest constraints on the effective coupling

to photons are set by CAST [184], which establishes the upper bound
Aoy S10710GeV (5.36)

where )., is defined as

- 1 ~
gul}ow energy D) Z /\w'yfy w FMVF;J,U (537)
with Foy = Loy FF°.

As the Majoron does not couple at tree-level to charged particles, then the process w —
77y occurs only at two loops. Ref. [253] provides an estimate for its decay width: under the

assumption m,, < me,

a2 m7 mDmTD ?
Ty = —r _ Mw (o .
“TT T 1536277 v2md ' VU (5-38)

where o = €2 /471 and with mp the Dirac neutrino mass matrix.
Computing the same process by means of the effective couplings in Eq. 5.37,

Ay
FUJ—)’Y’Y — ;;ﬂ_ (539)

it is then possible to match the two expressions for the w — ~y decay width providing the

expression for the A, coupling:

2 2+2L

am T
Moy = —— M By (yyy;) . 5.40
7 3844213 muy, 540
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Tab. 5.3 shows the numerical estimations for the predicted values of the Majoron cou-
pling to photons, assuming that the trace gives an O(1) number, as already discussed: the

experimental bound is still far from the theoretical prediction.

Awryy Awee Awvw
CASE NR1 [10739,10736] GeV~! | [1072%,107% 1014, 1012
CASE NR2 [10734,1073%] GeV ! 10-20
Exp. Upper bounds 10710 GeV ™! 10713 1075

TABLE 5.3: Predictions for the Majoron effective couplings to electrons, photons and neutrinos,
for the window of the parameter space where Hubble tension is alleviated. In the last line, the
corresponding experimental upper bounds.

Coupling to electrons.

Astrophysical measurements can also constrain Majoron couplings. Ref. [170] provides

an upper bound on the Majoron effective coupling to electrons
LIWEIEY i N vee WEE, (5.41)
based on observations on Red Giants:

Aee < 4.3 x 10713 (5.42)

The decay width of the Majoron to two electrons reads [253]

1
Liee >~ |)\wee‘2 my , (543)
8w

T T
1 e 1
Aoce ~ —= e (DD ) ey (MDD ) (5.44)
872 v VUy " 2 VUy

with (...);; standing for the (1, 1) entry of the matrix in the brackets. Substituting explicitly

where

the expression for mp, the coupling becomes

242L
1 N

Moo = oo ™ ((0)), =T (00)) (5.45)

2 X
1672 v, 11
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Assuming as before that the elements of the product Y,V are O(1) numbers, also the Majoron-
electron coupling is predicted to be much smaller than the corresponding experimental bound,

as shown in Tab. 5.3.

Coupling to neutrinos. Majoron emission in O3 decays.

The tree level coupling of the Majoron to neutrinos does not have an impact only on
cosmology, but may be relevant for low-energy terrestrial experiments. In particular, searches
for neutrinoless-double-beta decay could also be sensitive to processes in which Majorons are

produced, such as in KamLAND-Zen [254] and NEMO-3 [255] experiments.

Current measurements set a lower bound on the half-life of the neutrinoless-double-beta

024

decay of the order of 10°* years. In the particular case discussed here, where the Majoron

could only be produced by the annihilation of two neutrinos (see Fig. 5.2), this bound can be

translated into a constraint on the Majoron-neutrino coupling [256], such that
Aoy < 1075, (5.46)

where A, is defined in Eq. 5.15.

FIGURE 5.2: Feynman Diagram for the neutrinoless-double-beta decay with the emission of a
Majoron.

The predicted value of the Majoron-neutrino coupling can be read out in Tab. 5.3 and it
is much smaller than the corresponding experimental value and the bound from Planck [226]

A < O(10712)).
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Coupling with the SM Higgs. Higgs invisible decay.

The Majoron-Higgs coupling follows due to the mixing between the radial component of
x and the physical Higgs, as described at the end of Sect. 5.1. Indeed, expanding the kinetic
term of the field x, a cww coupling arises that induces an effective coupling hww, via the mixing
Y. This coupling opens up a new decay channel for the Higgs that contributes to the Higgs

invisible decay observable. The width of this process is given by

27713

M
T s = ;g b <0.8MeV, (5.47)
v
X

where the last inequality has been obtained considering that the invisible Higgs decay width

may constitute at most the 19% of its total width [257].

This result can be translated into a strong bound on v,, that reads

I > 5Ty (5.48)
|sv]

For a light o, the mixing would be close to its current upper bound, Eq. 5.30, and v,, should
be larger than ~ 1.5 TeV, which would exclude CASE NR2 and part of the parameter space
of CASE NRI, see the dashed line in Fig. 5.1. However, as stated at the end of Sect. 5.1, the
assumption made here is that o is sufficiently heavy to be integrated out and this corresponds

to much smaller values of the mixing angle 1, relaxing in this way the bound on v,.

Heavy Neutrinos

In both cases discussed in Sect. 5.1, the heavy neutrino masses lie in ranges that may lead
to detection in various experimental facilities. Neutrinos with masses ranging from tens to
hundreds of MeV can be probed and potentially detected at beam dump or even near detec-
tors of neutrino oscillation experiments [258-265], such as DUNE or SHiP, whereas those with
masses in the range of tens to hundreds of GeV have interesting prospects of being produced

at the LHC or future colliders [259, 266-272].

On the other hand, given their extremely small couplings, the heavy neutrinos produced
in the early Universe would not be Boltzmann suppressed when decoupled from the thermal
bath, leading to an unacceptably large contribution to the relativistic degrees of freedom of the

Universe after their subsequent decay [273-277]. If their decay takes place before the onset
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of BBN, the decay products would quickly thermalise and BBN would then proceed as in the
standard ACDM scenario. However, if the decay of the heavy neutrinos happens after BBN
and neutrino decoupling, their contribution to the effective number of neutrinos would be too
high and ruled out. If the decay takes place during BBN, the decay products could also alter
the production of primordial helium and strong constraints also apply [278-281]. This would
be the situation of CASE NR1, for which the neutrino masses and mixings predict decay rates
comparable to or larger than the onset of BBN. Conversely, the larger masses that characterize
CASE NR2 lead to decays faster than BBN, eluding these cosmological constraints. Hence,
BBN and CMB observations disfavor CASE NR1 unless the heavy neutrino decay is faster than
BBN in some part of the parameter space or some other modification of the standard ACDM
scenario is considered. Indeed, if the heavy neutrinos decay after BBN, for heavy neutrino

masses in the range [3.5, 200] MeV, then the bound on the mixing is [277]:

(my,)

(Mn)

sin? 0, = <107 —10717, (5.49)

much smaller than the expected value that can be read in Tab. 5.4.

(Mn) sin® 0 IR IR 30
CASENRI || [3.5,200] MeV | [2.5 x 10719, 1.4 x 107%] || O(10738) | O(10758)
CASENR2 || [35.4,707] GeV | [7.1 x 10714, 1.4 x 107'2] || O(10727) | ©O(10756)

TABLE 5.4: Expectation for the heavy neutrino mass and mixing between heavy and active
neutrinos.

In this chapter we have presented a model where a Majoron, the NGB of LN, can help al-
leviate the Hubble tension, from 4.4¢ to 2.50, while explaining the smallness of active neutrino
masses at the same time. This Majoron mechanism is very generic, and can be embedded in

several flavour models.

In this thesis in particular we have shown that this Majoron can be found within the MFV
framework, and cohexist in fact with the Minimal Flavour Violating axion, the NGB of a PQ
symmetry that also deals with the mass ratios of top and bottom quark and the tau charged
lepton. In addition to the phenomenology of the MFVA, the existence of this Majoron carries

its own phenomenological features.

Though the Majoron couples to neutrinos at tree level, and to electrons and photons at one
and two loops respectively, its couplings happen to be so small that it is well below current lim-

its coming from neutrinoless double-beta decay, Red Giant observations and CAST. However,
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the extra scalar and the (not so) heavy neutrinos that come together with the Majoron present
interesting phenomenology. In particular, the scalar could have masses at the order of tens of
TeVs, escaping the bounds from Higgs invisible decay and scalar mixing but light enough to
expect it in future colliders, while the heavy neutrinos can be found in the MeV or GeV range,
depending the case. Those masses could imply a possible detection in DUNE or SHiP, but also

imply cosmological constraints.

These constraint comes from the effective number of neutrinos in the Universe, which is
relevant also for the partial solution of the Hubble tension. Though we have discussed the
impact on this observable by heavy neutrino decays and the Majoron, we have not discussed
the possibility of thermal axions contributing to it. The next chapter will be dedicated to this
analysis: we will study the possibility of axions being produced thermally and obtain its im-
pact on the number of relativistic species, as well as its compatibility with the recent anomaly

observed by the XENONIT experiment.



Chapter 6

Axion Dark Radiation and AN, ¢

To close this thesis, we will change gears a little bit and study the synergy between parti-
cle phenomenology and cosmology through the relativistic degrees of freedom, parametrized
by the effective number of neutrinos N.¢s. We will consider in the first part, based on the
publication of Ref. [282], the possibility of axions produced thermaly and its impact on Ny,
performing a model independent analysis as well as providing predictions from several phe-
nomenologically interesting axion models. Then, the second half, whose content was pub-
lished in Ref. [241], will be devoted to the compatibility between this same observable and the
anomaly compatible with solar axions observed by the XENONT1T collaboration [283]. Finally,
we will close the chapter with a reflection on what can be learnt through this observable and

the results obtained here.

6.1 Production of thermal Axions across the ElectroWeak Phase Tran-

sition

As we have extensively through this thesis, the axion is a very well motivated extension to
the SM as it can handle the Strong CP Problem and, at the same time, can become a candidate

for the cold DM in our Universe.

The focus of this chapter, however, is on a different and distinct cosmological imprint:
scattering and/or decay of particles in the primordial plasma produce relativistic axions [238,
284]. Current bounds on f, implies that m, must be roughly below the eV scale. Axions pro-
duced at early times are still relativistic at matter-radiation equality and, for m, < O(0.1) eV as

97
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we consider by neglecting the axion mass, also around recombination. In this case, they would
manifest themselves as an additional contribution to the amount of radiation at the time of
CMB formation. Upcoming CMB-54 surveys [236, 285] will improve bounds on this quantity,
historically parameterized as an effective number of neutrino species IV, s, and can potentially
discover a deviation from the SM. The forecasted sensitivity allows to detect the effects of a
relativistic species which decoupled at high temperatures, as high as the ElectroWeak Phase
Transition (EWPT), making this a new probe of high-energy physics. Motivated by forthcom-
ing data, recent works revisited axion production through various channels and the resulting

prediction for N, s [220, 239, 240, 286, 287].

There are, broadly speaking, two classes of axion interactions with visible matter

1 leY ~ _
Laxion—int O E [CL CX% XaMVXﬁV + 8ua Clﬁwfyuqv/}} . (61)

Operators with gauge bosons X = {G, W, B}, present if the PQ symmetry is anomalous under
the associated gauge group, are suppressed by a loop factor. We need a coupling to gluons in
order to solve the strong CP problem, and we set c; = 1 consistently with Eq. 3.30. Anomalies
under the electroweak group are possible but not mandatory. We consider the high-energy
theory where SM fermions, ¢ = {qr,ur, dR, (1, er}, have well defined gauge quantum num-
bers and their interactions with the axion preserve the shift symmetry a — a + const. Other

dimension 5 interactions can be redefined away as explained later in the chapter.

Axion production is efficient when the interaction rate exceeds the Hubble rate H. The
latter, assuming an early universe dominated by radiation with temperature 7', scales as H o
T?/Mp;. Hot axions can be produced either via scatterings or decays. Interactions with gauge
bosons, the first kind in Eq. 6.1, cannot mediate decays. Coupling to SM fermions, the second
kind in Eq. 6.1, could in principle be responsible for production via decays if the fermion bilin-
ear couples fields belonging to different generations. In other words, we need flavour violation

in order to have production via unsuppressed tree-level bath particles decays to axions.

Regardless of the production details, the highest value for N, is reached when axions
achieve thermalization with the thermal bath. The resulting abundance in this case depends
only on the plasma temperature when they lose thermal contact, and its value is suppressed by
the total number of the entropic degrees of freedom g., at decoupling. If this happens above

the EWPT then the resulting IV, ;s is barely within the reach of future surveys [286].
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Rates for scattering mediated by interactions with SM gauge bosons scale at high temper-
atures as 'y ~ ajg;(T:” /f2, and these processes are never in thermal equilibrium at the EWPT
for f, > O(10%) GeV [238, 239]. If axions never thermalize, the prediction for N, # is sensitive
to the initial abundance that is presumably set at the stage of reheating after inflation; an accu-
rate calculation requires a treatment of thermal effects at high temperature [239]. Either way,

the associated N,y is at the edge of what we can test.

Once considering interactions with fermions, for flavour conserving couplings, the only
way to produce hot axions is via scattering. We consider 2 — 2 collisions, and these processes

always involve two SM fermions and one SM boson besides the axion itself.

At temperatures above the EWPT, we have two options for the SM boson involved. On
the one hand, it can be any of the four real component of the Higgs doublet H > and the
scattering rate in this case scales as T'y/y =~ ¢y T°/ f7 [239] with y,, the SM fermion Yukawa
coupling. For heavy SM fermions, this is larger by a factor ciyi /a3 compared to scattering
mediated by the axion-gauge boson vertex. On the other hand, it can be a transverse gauge
boson. The scattering rate in this case is proportional to the mass of the fermion, since there is
a chirality flip needed in the process, and this contribution is vanishing because all fermions

are massless above the EWPT.

The SM boson involved in the scattering with fermions can be a gauge field only below the
EWPT. The associated rate scales as 'y, x ~ « Xcim?pT /£2 for temperatures above the fermion
mass, where m?/} reflects the fermion chirality flip mentioned in the paragraph above, and it
is exponentially suppressed at lower temperatures. In this case, at temperatures above the
fermion mass, the scattering rate grows with the temperature slower than the Hubble rate and
thus axion production is saturated when the ratio between interaction and expansion rates is
maximal. This happens at temperatures around the fermion mass, and such a ratio is approx-
imately L'y x /H|p—m, ~ axcymyMp/f3. If this quantity is larger than O(1) thermalization
is achieved, and the final abundance is not affected by our ignorance about the thermal his-
tory (assuming reheating above the weak scale) and possible new degrees of freedom and/or

interactions at high energy.

Decays of SM fermions provide an additional axion production channel, often the dom-

inant one, if we have flavour violating couplings. The interaction rate is given by the rest

2Namely the Higgs boson and what would become the longitudinal components of the weak gauge bosons
below the EWPT scale.
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frame width of the decaying fermion times a Lorentz dilation factor accounting for the bath
kinetic energy, and it scales as I'y, ~ cimfp /(f2T). Axion production is saturated at tempera-
tures around the fermion mass also in this case, and we achieve thermalization if the condition

Ly /H|r=m, ~ cymyMpy/f3 is satisfied.

After this comparison among different production channels, we decide to focus on axion
production mediated by its interactions with SM fermions. We analyze processes with third
generation quarks. Production via leptons has been studied in Ref. [220], and such an axion
abundance can alleviate the current tension in the measurement of the Hubble parameter [288].
A full calculation via the first two quark generations would require a careful treatment of the
QCD phase transition (QCDPT) and it is beyond the scope of this thesis. Previous studies have
considered production well above [239] and well below [240] the EWPT. We improve earlier

treatments by providing a continuous and smooth prediction for N across the EWPT.

We introduce the theoretical framework in Sect. 6.1.1, and we describe axion effective
interactions considering both flavour conserving and violating couplings. We collect there
too all the processes contributing to axion production, and we provide explicit expressions
for cross sections and decay widths. In particular, we compute cross section both above and
below the EWPT and we match them at this threshold. We feed Boltzmann equations with
these quantities and we solve them numerically, presenting predictions for N, as a function
of the fermion couplings in Sect. 6.1.2. We consider both effective interactions as well as explicit
UV constructions leading to flavour conserving couplings. Remarkably, our predictions are
within the reach of future CMB surveys inside the low-f, part of the experimentally allowed
region. It is to be noted that, in the absence of no big hierarchy in the dimensionless coefficient
describing the coupling to photons, we find that the same parameter space will be probed by

future terrestrial searches.

6.1.1 Effective Interactions and Production Processes

Axion interactions with SM fields can be written compactly as follows

L@ = Lo+ L) 6.2)

matter »

where .,ng(gl)lge and .i”éf;)tter describe couplings with SM gauge bosons and matter fields, respec-

tively. The entire focus of our work is on axion couplings with SM quarks. However, there
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are usually relations among different axion interactions once one considers UV complete mod-
els. For this reason, we provided an overview of all axion couplings and we summarize their
bounds in Sect. 4.3 where one could visualize which parameter space region is not excluded

experimentally.
The axion has anomalous couplings to gauge bosons

a (o = aw . ay _

g(a) - _ (iGa Gerv 4 Y we wer 4 B B;u/) , 6.3

ganee fo \87 H Wign Bgg (63)

where W, B and G are defined as below Eq. 3.1. These operators should be interpreted as the

effects of the presence of any fermion that couples to the axion and are associated to quantum

level contributions. As already mentioned in the beginning of Sect. 6.1, the gluon term does

not present any free coefficient, in contrast with the EW terms, in order to match with the

traditional definition of f,. Once we integrate-out weak scale states and heavy quarks, the
Lagrangian contains axion couplings only to gluons and photons

(a) a (g A Qlem =

ZLgauge O A <87GZVGGW + Caw87F;wF’W> : (6.4)

where ¢, = cp cosb3, + cw sin b3, being Oy the Weinberg angle. This expression is valid

above the scale where strong interactions confine and therefore before the axion mixes with

the  and 7° mesons. However, experimental searches probe the axion-photon coupling at

much lower energy scales and therefore this mixing is to be taken into account. We define this

coupling as follows:

Qe 1

Gori = G (cary = 1:92(4)) | (6.5)

where the second term in the parenthesis is the model-independent contribution arising from

the above mentioned axion mixing with the n" and 7% mesons [88, 156-159].

We present matter couplings for the case of quarks, but the discussion is analogous if
we consider leptons. Axion couplings to quarks can be expressed in different field bases and
physical results cannot depend on such a choice. However, the statement that the axion couples
without flavour violation is not true in an arbitrary basis. We specify axion couplings to quarks
in the “primed basis” defined in App. A where the fields appearing in the Lagrangian are the
SU(2) 1, quark doublets ¢}, and the SU(2), singlets v, and d/,, and where Yukawa interactions
take the form of Eq. A 4.
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We distinguish between two cases, and we begin from flavour conserving axion-quark

interactions

3
a,a —_ —_ —_
L D ga(i)F.c. = fL Z (Cq Q" qL; + cu Wy g + ca dﬁﬂ“d/m) : (6.6)
¢ =1
where the free coefficients {c,, c,, cq} are typically of the same order of magnitude. The uni-
versality of quark-axion couplings guarantees that no flavour-changing interactions arise when
moving to the quark mass basis. We can see it explicitly after performing the rotation to get
mass eigenstates given in Eq. A.5, the unitarity of the CKM matrix ensures that in the mass

eigenbasis the fermion couplings are still flavour conserving.

The most general flavour violating part of the Lagrangian above the EWPT can be written

in an analogous way to the flavour conserving one as follows

a a oua i) T i) 7 ij
gn(m)tter ) "g&g—)F.V. = fL Z (C(g J) qlLi’Y“q/Lj + Ci(LJ) ule"yHui‘Bj + Cglj) lez”y“d;%j> 9 (67)
,J

where the matrices of coefficients {cgij ), e ), c((;j )} have a generic structure in flavour space.
Unless we tune the entries of these matrices consistently with CKM factors, couplings are still

flavour off-diagonal once we go to the mass eigenstate basis.

We complete this overview on axion couplings by discussing the remaining options. The
case of coupling to leptons is analogous, and Ref. [220] exploited their cosmological conse-
quences. Besides interactions with leptons, no other matter couplings can be present in the

Lagrangian as an independent operator. The Higgs-axion interaction

d
i%ﬂH@%ﬁ 6.8)

a

<~
where HIDFH = HY(D*H) — (D*H)'H is redundant at lowest order in 1/ f, as can be shown

via a field redefinition. Moreover, axion couplings to pseudo-scalar fermion currents such as

i%@Hw, (6.9)

can be proved to be also redundant.

Multiple processes contribute to the production of hot axions in the early universe, and we

list all of them in this section. Binary scatterings control production for the flavour conserving
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case since decays are loop and CKM suppressed. We provide the associated scattering cross
sections above and below the weak scale, and we match our results across the EWPT. If axion
couplings are flavour violating then tree-level decays dominate the production rate, with their

associated decay widths shown here as well .

Axion couplings to quarks are a crucial ingredient for our calculations, and we remark
how we define them in the “primed basis” where the SM Yukawa interactions take the form
in Eq. A.4. One of our main goals is to provide a smooth treatment of production through the

EWPT, hence it is convenient to work in the mass eigenbasis.

Cross sections

We start from flavour conserving axion couplings defined in Eq. 6.6 and quantified by
the scale f, and the three dimensionless coefficients {c,, ¢, cq}. As it turns out, scattering cross
sections depend only on two linear combinations of them. This can be checked through explicit
calculations or via a change of basis. We perform the following rotations where we redefine

quark fields by an axion-dependent phase
! icq - 1 / icy g ! ! icafe g
dr;q — € qfa’qLi ) URJ — e fauRj y Rj — € fade . (610)

These chiral rotations modify several couplings in the Lagrangian. First, they are anomalous
and the dimensionless coefficients of axion couplings to gauge bosons in Eq. 6.4 are affected;
as already stated above we do not consider these interactions for our processes and we do not
need to worry about this effect. Second, we generate new axion derivative couplings equal and
opposite to the ones in Eq. 6.6 once we plug the new quark fields defined above in the kinetic
terms. Thus axion derivative couplings are not present anymore in the Lagrangian. Third, and
crucially for us, the axion field appears in the Yukawa interactions after we plug these field
redefinitions into the SM Yukawa Lagrangian, whose explicit expression is given in Eq. A 4,

and we find

_ gi(/(le.C. _ ei(Cufcq)%aig VU, + ei(ccﬂq)f%gﬂ Verm Y dy + hee. . (6.11)
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As anticipated, although there are three different couplings in the theory only two linear com-

binations of them can appear in scattering amplitudes

¢t = —Cqg+cy, (6.12)

ch= —Cqtcq- (6.13)

We label them with the top and bottom quark because we only focus on the third quark gener-
ation as explained in the Introduction. The hatted matrices Y are diagonal in flavour space,
and axion interactions are flavour conserving once we switch to the mass eigenbasis via the

rotations given in Eq. A.5.

Scattering cross sections above EWPT

We focus on third generation quarks {tr,br,tr,br} = {urs,dr3, urs, drs} where we as-
sign new names to left- and right-handed fields. In order to write explicitly their interactions,

we parameterize the complex components of the Higgs doublet as follows

H= , H =ioy(HNT = , (6.14)
X0 —X—

where we define y_ = Xl and x§ = XS' Once we focus on third generation quarks and we

consider the Lagrangian in Eq. 6.11 in the mass eigenbasis, namely without the CKM matrix,

we find the following axion interactions

(a c

y,)F,C, = gy [XGtLtr — x—brtr] + ub e Ta [X+tLbr + X0 brbr] +

- T o (6.15)
+yre “Ta [xotrtr — X+ tROL] +ype PTa [x— brtr + XGbrbL] -

The processes we are interested in have only one axion field in the external legs, thus we can
Taylor expand the exponential functions appearing in the above Lagrangian and only keep

terms up to the first order.

In the unbroken electroweak phase, the Higgs VEV is vanishing and all particles are mass-
less. We want to consider processes producing one axion particle in the final state, so the most
general binary collisions involve two fermions fields. The other boson in the process can be

either a component of the Higgs doublet or a SM gauge boson. However, if we look at the
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axion interactions in Eq. 6.15 we see that only the former is possible. There is no 2 — 2 scatter-
ing with SM gauge bosons; this is manifest in the basis we choose to describe axion couplings.
Alternatively, if we insisted on working in the basis where axion is derivatively coupled to SM
fermions the amplitude for a 2 — 2 is vanishing as it requires a fermion chirality flip that is not

possible in the absence of a mass term for the fermion itself.

Axion Production Above EWSB
Process | CP Conjugate | 0y X 647 f2
tt — xoa tt — xGa ciy?
bb — xoa bb — X6a cgyg
th — x41a bt — x_a iyt + clyp
txo — ta tx§ — ta ciy?
tx§ — ta txo — ta ciy?
bxo — ba bx§ — ba c%yg
bxg — ba bxo — ba cgyg
txy_ — ba txs — ba cy? + cly?
bx+ — ta bxy_ — ta iyt + cly?

TABLE 6.1: Scatterings producing axions above the EWPT. In the first two columns we list the
process and its CP conjugate. They have the same cross section, listed on the third column.

We only have processes with the components of the Higgs doublet in Eq. 6.14. The two
fermions in the scattering can be either both in the initial state or one in the initial state and the
other one in the final state. We classify all possible cases according to where fermions appear.
If we consider the first case, we have fermion/antifermion annihilations producing and axion
and any of the components of the complex Higgs doublet. The possible processes are listed
in the first block of Tab. 6.1; we show the associate CP conjugate on the same row, and we
correctly account for both in our numerical analysis. Another possibility is to have just one
fermion in the initial state, and the other particle would be a component of the Higgs doublet.
The associated processes are listed in the second block of Tab. 6.1. For each process we also
provide the scattering cross section. Our contribution proportional to y? agrees with what was

found in Ref. [239].
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Scattering cross sections below EWPT

Once the electroweak symmetry is broken, the Higgs field gets a VEV which gives mass
to SM particles. We work in unitarity gauge where the Higgs field is parameterized by the

following field coordinates

0 v+h
H = , H=ioomDT = | V2|, (6.16)
v+h 0
V2

where v and h are the VEV and the physical Higgs boson, respectively. In such a gauge, the
three remaining (Goldstone) components of the Higgs doublet are eaten up by the massive Z
and W bosons. The mass spectrum as a function of the Higgs VEV results in

Vei+g? A yf}v

g
J Z 17
{mw,mz,mp, ms} = {2, 5 V3 s (6.17)

Here, g and ¢’ are the SU(2);, and U(1)y gauge couplings, respectively. The Higgs quartic

coupling ) is normalized in such a way that the potential term is \(HTH)>2.

Axion Production Below EWSB
Process CP Conjugate | 0k Process CP Conjugate | 0jka
tt — ga Same tg — ta tg — ta
_ Eq.B.1 _ _ Eq.B.6
bb — ga Same bg — ba bg — ba
tt — ha Same th — ta th — ta
_ Eq.B.2 _ _ Eq. B.7
bb — ha Same bh — ba bh — ba
tt — Za Same Eq.B3 || tZ —ta tZ — ta Eq.B.8
bb — Za Same Eq.B4 || bZ — ba bZ — ba Eq.B.9
_ _ tW= —ba | tW'T —ba | Eq.B.10
th - Wta bt - W-a Eq.B.5 _ B
bW+ — ta bW~ — ta Eq. B.11

TABLE 6.2: Scatterings producing axions below the EWPT. We give the process (left column),
the CP conjugate (central column) and the reference to the equation with the explicit analytical
expression for the scattering cross section.

We list in Tab. 6.2 all processes contributing to axion production in the phase where the

electroweak symmetry is broken. As done already above, we provide also the CP conjugate
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process as well as the scattering cross section. The explicit expressions are too lengthy to be

displayed directly in the table and we give their explicit analytical expressions in App. B.

Matching at the EWPT

We complete our discussion of production via scattering by showing how processes in-
volving the four components of the Higgs doublet, three of which are the longitudinal com-
ponents of the Z and W bosons below the EWPT, match at the point of electroweak symmetry
breaking. For this reason, the Z and W components involved in the following processes are
the longitudinal ones and will be denoted with an index L in the rest of this subsection. In
the following, we will take the cross sections for the different processes, express all masses in
terms of the Higgs VEV and run towards v — 0. The processes that will match are shown in

Tab. 6.3.

Processes Above EWPT

Processes Below EWPT

tt — xoa + tt — x§a
th — X+a
bt — x_a
txo — ta + txg — ta
txo — ta + tx§ — ta

tt — ha + tt — Zra
tl_)—>WZ“a
bt = W, a
th —ta + tZ;, — ta
th — ta + tZ;, — ta

tx— — ba tW; — ba
txs — ba tW,} — ba
bx+ — ta bWZ — ta
bx_ — ta bW, — ta

TABLE 6.3: Scatterings producing axions involving the Higgs doublet above and below the
EWPT. We consider the four components of the Higgs doublet above, and we work in unitary
gauge below with the Higgs boson h and the longitudinal components Z;, and W7, of the weak
bosons.

o Neutral annihilations: tt — xoa,

tt — x§a; tt— ha, tt— Zpa.

When considering the limit in which the Higgs VEV vanishes, the cross sections below

EWPT coincide exactly with those above, as expected:

Ott—xoa + Ott—+x§a = Oti—ha + Ott—=Zra = 327Tf2 .
a

2.2
Ct Yy

(6.18)
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* Neutral scatterings: txo — ta, tx§5—ta; th—ta, tZp — ta.
txo = ta, tx§—ta; th—ta, tZ; — ta.

In this case, the matching can be expressed as:

Otxo—ta T Otxg—ta = Oth—ta + OtZy—ta =

22 (6.19)
=Oixe—ta T Otxg—sta = Oth—ta T 01z, —la = 327 /2’
where the CP conjugates give indeed the same contribution.
e Charged annihilations: tb — x+a, bt — x_a; th—W/a, bt — W, a
Analogously to the neutral case, the charged annihilations can be matched as:
2,2 1 2,2
i _ _ _ G+ GY
O'tb*)X.)'_a + Obt—x_a = O-tl_aﬁ\WELa + O-bfﬁ\WL’a = 327Tf2 . (620)
a
e Charged scatterings: tx_ — ba, bxy —ta; tW; —ba, bW, —ta.
tx+ = ba, bxy_ —ta; LTT/VIJIr — ba, l_)WL_ — ta.
Finally, these set of processes match their cross sections as follows:
Tix——ba + Obxy—ta = Oy pa T Opwi —sta =
(6.21)

2,2 1 2,2
=0y e T 0% 7, = Op+ 7, + Orpr— o7, zictyt—i_cbyb
tx+—ba bx——ta W —ba bW, —la 327 f2

Decay widths

The crucial ingredient for axion production via quark decays is the Lagrangian with
flavour violating interactions whose explicit expression is given in Eq. 6.7. This channel is ac-
tive only below the EWPT because it is kinematically forbidden at higher temperatures where
all quarks are massless. For this reason, we find it convenient to rewrite it in terms of Dirac

quark fields v = (ur, ur) and d = (d, dr) in the mass eigenstate basis

,,Efa(a_)F_V_ = 8;: Z [ﬂfy“ (cgj) 54])’}/5) uj + diy" (cg/j) + c( ]) > dj,} , (6.22)
0]

where we identify the following combinations

{C& )’654{) C&/g) 0542)} 5 % {C&ZJ) + C((]”),Cgfj) _ Ct(zl])7c((1j) + Ct(JZJ)’CEl]) _ Ct(]l])} ) (623)
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The decay process ¢; — g;a and its CP conjugate ¢; — g;a, which can happen for both up- and

down-type quarks, have the following decay width

3
mi () ()2 m;
Tgqja = Tom 2 <cvj +ey ) 1— m—; : (6.24)

Here, the ratio % can safely be neglected as it leads to non observable changes in AN,;s. The

decays relevant to our analysis and their CP conjugates are displayed in Tab. 6.4 with their

corresponding decay widths.

Axion Production Above EWSB

Process | CP Conjugate | I';_,jq x 167 f2/m3

_ 2 2
t— ca t — ca c&f) + cg?

_ 2 2
t — ua t — ua c%ﬁ:) + CEX:)

_ 2 2
b— sa b— sa Cg)ds) + cg?j)

_ _ 2 2
b—da | b da " 4 Y

TABLE 6.4: Quark decays producing axions. In the first two columns we list the process and
its CP conjugate, and they both have the same decay widths listed on the third column.

6.1.2 Impact of thermal axions on AN,

The physical observable of interest in our work is the effective number of neutrinos N,y
induced by hot axions. Big bang nucleosynthesis [289] and CMB experiments [13, 236] probe
this quantity, and we focus on the latter case as it is the most sensitive. Here, we first review
briefly how to compute N,s; from a given axion production source and then we quantify the

Ncry generated from all processes analysed in the previous section.

The effective number of neutrinos is related to the radiation energy density p,q as

7 (T,
Prad = P~ (1 + é (T) Neff) ) (6.25)
v

where p,, is the photon energy density. Any relativistic particle with a non-negligible energy

density, like neutrinos or axions, will contribute to N.;¢. In particular, we are interested in
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deviations from the ACDM value caused by axions

_ acom 8 (112 p,
ANepp = Negr — Negp - = | -, (6.26)
7T\ 4 P~y

with N E/}CfDM = 3.046 and where p,, is the axion energy density.

In order to connect with the numerical solutions of Boltzmann equations, we find it con-
venient to rewrite AN,y in terms of the comoving axion abundance Y, = n,/s. Here, n, is
the axion number density and s = 272g,T° /45 is the entropy density with g.s the number of

entropic degrees of freedom. The photon energy density can also be expressed as follows

72 [ 455 3
=2 X — 6.27
p’}’ X 30 <27_‘_29*s) ) ( )

whereas the axion energy density is related to the number density via

w2 (12n, 4/3
”“:30<<<3>> ‘ (6:28)

We combine these two equations and find
AN =~ T4.85Y3 (6.29)

where we used the value of g.s at recombination g.s = 43/11.

We determine the asymptotic value of the axion number density by solving the associated

13

Boltzmann equation'”. The differential equation describing how the axion number density

evolves with time reads

d _ _
%na +3Hn, = [Z T's + Z FD] (nfﬂ — na) . (6.30)

S D

Here, H is the Hubble parameter quantifying the expansion rate of the universe and the su-
perscript “eq” for number density denotes expressions valid when particles are in thermal
equilibrium. The two terms on the right hand side denote, respectively, the sum over ther-

mally averaged scattering and decay rates involving the axion and their explicit expressions

13The lowest temperature considered when solving the Boltzmann equation can be dangerous if chosen too close
to the QCDPT. The effect on the final result due to this parameter is briefly discussed in App. C.
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read

»

= Gigj L Almamy) NG
Fo = gttt [ 4250 e (081 (). 621

€eq mg
KGR (6.32)

b= T
R ()

The function )\ is defined as follows

A(w,y,2) = [fv ~(y+ 2)2} [fﬂ —(y— 2)2} , (6.33)

whereas the minimum center of mass energy is s,,;, = Max ( (m; + mj)2 ,mz) The general

expression for the equilibrium number density is
eq _ M my
nil = gig 5 TKy ( ) , (6.34)
where g; stands for the degrees of freedom of the particle i and K, (z) are the modified Bessel
function of the second kind.

We find it convenient to switch to dimensionless variables. We define z = m/T, where m
is taken to be the mass of the heaviest particle in the process, and the Boltzmann equation for

Y, reads

dyY, 11In gys Y,
=(1-:2 1— -2 :
sHi— ( R ) (ZSJVSJFZD:WD) < Y:q> , (6.35)

where vp ¢ = nel T’ p,s- We solve now the equation numerically for the different axion produc-
tion processes. Analytical approximations can be found for the cases below thermal abundance

and at large f,, leading to AN.¢r o< fo 8/3 [240].

Model Independent results

We first perform a model-independent operator analysis. For flavour conserving cou-
plings, we switch on separately the top-axion vertex c; and the bottom-axion vertex c;, whereas

we account for the decay of each quark for flavour violating interactions.

We begin with scatterings and we set ¢; = 1 throughout this section; this is equivalent
to interpreting f, as f,/c; for each specific coupling. One of our main results is a smooth

treatment of the EWPT, and this is relevant once one accounts for axion production controlled
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by processes with the top (anti-)quark on the external legs. We show in Fig. 6.1 the contribution

to AN,y from each one of these processes as a function of f,.

ci=1
0.05 T T T
20 CMB-54
0.04f
0.03}
ttag
. 10 CMB-S4 ttaH
= ttaz
< 0.02} ] taxo
\ tbaw
Y Bl ttay:
10 futuristic ! :
0-01 1 1 : :
104 108 108 100
f,(GeV)

FIGURE 6.1: Contribution to AN.f; from individual binary scatterings with the top quark

involved. The dimensionless coupling is set to ¢; = 1. Each line denotes all processes with the

external legs denoted in the legenda. The initial temperature here is set to 7y = 10* GeV and
the initial axion abundance has been assumed to be zero.

Production via scatterings with gluons is not altered by this threshold. However, pro-
cesses with longitudinal weak gauge bosons feel this transition since they become massive
below the EWPT. Dashed lines correspond to calculations in the electroweak symmetric phase
whereas solid lines hold below the EWPT. Our lines for each individual process, with the rel-

evant degrees of freedom at the associated temperature, are indeed smooth across the two

phases.

The physical observable is actually the combined effects of these individual lines. We add
them up and we show our prediction for AN, in Fig. 6.2 together with the associated quan-
tity from the bottom-axion vertex ¢;. Solid lines correspond to the extreme case in which the
initial temperature 77 (i.e. the reheating temperature, if the Universe went through a stage of
Inflation) was very close to the EWPT, and assuming the initial abundance of axions to be zero
at T' = T7. The opposite extreme case, dot-dashed lines, correspond to an initial thermal abun-
dance of axions at a given initial temperature above the EWPT. Finally, we show predictions
from one particular process which remains the same at all temperatures and whose strength

grows with the temperature, the purely gluonic gg — ga. In order to take it into account, we
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interpolated the result from Ref. [239] and assumed that it decreases always with the same

power of temperature, extrapolating the results to lower temperatures.

ci=1

0.05 T T

0.04} ]

N
N \ ,.

20 CMB-54

10 CMB-54

% — Al Processes with ¢,

= CAST IAXO .
< — All Processes with ¢,

0.02} -

— gg-ga
77777777777777777 10 futuristic
0.01 . . - : .
10° 108 107 108 10° 1010 10"
f,(GeV)

FIGURE 6.2: Impact on AN,;s following an operator-by-operator analysis: for each line, we
consider the axion coupling only to one particle 4, with coupling constant ¢; = 1. The initial
temperature here is set to 7; = 10* GeV and the initial axion abundance has been assumed
to be zero (thermal) for the solid (dot-dashed) lines. The CAST limit and IAXO prospect are
shown as a shaded region and a vertical green line respectively, assuming c,, = 1.

Fig. 6.2 shows that the axion can thermalize through the scatterings with the top, below or
around the EWPT, for f, < 10'° GeV even with zero initial axion abundance close to the EWPT.
This means that, independently of the initial conditions, it is possible to be above the 1o region
of CMB-54. If one assumes an initial thermal abundance, as shown in the same figure with
dot-dashed lines, such initial seed automatically gives a signal of about 10, as already stressed

in previous works [287].

For both choices of initial conditions, the signal increases as f, lowers, reflecting the fact
that the axion decouples at a lower temperature where the number of degrees of freedom
in thermal equilibrium g,(Tye) is smaller. For f, < 10° GeV the processes involving the
axion-bottom coupling become efficient and yields a larger AN,;; which roughly saturates
at AN,z ¢(g«(myp)) for f, < 108 GeV. Finally, we note that the axion-gluon scattering channel is

~

always less efficient than the other scattering channels, except for f, < 5 x 107 GeV where it

~

becomes more efficient than the axion-top scatterings.

We also show the constraints from CAST [290] and the forecasted sensitivity of IAXO [291,

292]. Although these experiment probe the axion-photon coupling, we can still compare both
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forecasts assuming c,,, = 1. Interestingly, the parameter space probed by IAXO corresponds
to the region where AN, is above the 1o level. These multiple detection channels will be

very useful in case of a detection.

As discussed in the paragraphs above, the initial conditions for our Boltzmann equation
evolution depend on whether axions thermalize or not above the EWPT. For example, for f, ~
10° GeV the axion thermalizes already at T' ~ TeV due to the interactions with the Higgs [239].
In general, this depends on the value of the reheating temperature. This interplay between the
axion scale f, and the initial (reheating) temperature, when zero initial abundance is assumed
for the axion, can be seen more clearly in Fig. 6.3. Here, we show the dependence of AN,
on the reheating temperature and f,, by considering purely gluonic processes, which must be
present in any QCD axion model, following the procedure from before. The figure shows that

the axion always thermalizes, independently of f,, as long as the reheating temperature is set

high enough.

AN

0.040

0.035

0.030

0.025

10919(TrH) (GeV)

0.020

—0.015

0.010

0.005

logo(fs) (GeV)

FIGURE 6.3: AN,y as a function of f, and the reheating temperature with initial axion abun-
dance set to zero. In this figure only purely gluonic processes have been included.

Turning now to the possibility of having flavour violating couplings, the interactions in

Eq. 6.22 lead to the following possible decays below the EWPT

t—ca, t—=ua,

(6.36)
b—sa, b—da.
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The decays ¢ — wa and s — d a are not taken into consideration, although they should be sig-
nificant, because the relevant temperatures here should be around the QCD phase transition,

where we do not have control on the complicated strongly coupled physics.

The couplings in Eq. 6.22 also lead to quark annihilation into a W and an axion with
non-diagonal flavour transitions: the flavour change may be present in the coupling with the
W and/or with the axion. These processes, however, are subdominant with respect to those
with only flavour conserving couplings and for these reasons they are not discussed here. The
only potentially interesting processes would be t¢ — Z a and t 5 — W a, but the contribution
from these processes is of the same order of magnitude as that coming from the processes that
involve flavour-conserving couplings, namely ¢t¢ — Z a and tb — W a, which were already
discussed above. Since the results would be essentially the same, we will not include the

analysis of such processes in this work.

Vector

Axial

0.05 y y — b-sa or b-da
20 CMB=S4. oottt — b-saor b-da PG ENMB oA
0.04} = — tocaortsua 0.04r — tocaortoua
0.03f 0.03f
10 CMB-S4 10 CMB-S4
5 5
E E]
< 0.02f 0.02f
10 futuristic 10 futuristic
0.01 0.01

10° 10 10° 10° 10" “10° 10’ 10° 10° 10
f, (GeV) f, (GeV)

FIGURE 6.4: Effect of quark decays on N.ys. The figure on the left (right) assume only vector

(axial) couplings, assumed to be equal to one. In these figures solid lines escape all bounds,

whereas dotted lines are ruled out. Dashed lines correspond to the situation where one of the
two possible decays channels is still allowed.

We show predictions for AN.; generated from the different quark decays in Fig. 6.4.
As already done before, we switch on only one coupling at a time. Both top decay channels
yield the same AN, but they are subject to different bounds, and the same holds for bottom
decays. In spite of the strong bounds on flavour violating couplings, given in Ref. [203] and

reviewed in Sect. 4.3, the signal is above 1o in most of the cases.

Finally, we appreciate how the range of PQ breaking scales that could be detected through
these hot axions in some frameworks overlap with that of cold axion dark matter. This is true
for both scatterings and decays. In particular, if the PQ symmetry is broken after inflation there

is an additional contribution to axion dark matter from topological defects. Axions produced
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non-thermally through the decays of such defects are cold, and they are a viable dark matter
candidate. Although there is a large theoretical uncertainty of this contribution, we claim for
the benchmark value f, > O(10°) GeV [293, 294] it could be possible to measure both hot and

~

cold axions at the same time.

UV Complete Models

This section is devoted to the analysis of three specific models already discussed in this
thesis: the so-called DFSZ model [89, 90], KSVZ model [91, 92] and the Minimal Flavor Violat-
ing Axion (MFVA) model [103].

In the DFSZ case, the axion couplings are flavour-blind and, using the notation of Egs. 6.12
and 6.13, non-vanishing couplings with the top and bottom quarks are present, satisfying the
following relation,

1
o =3, (6.37)

In the limit where all the scalar components are heavy, except for what would become the
longitudinal components of the gauge bosons, the physical 4 and the axion, this model matches
the general analyses performed in the previous sections. Notice that, dealing with a well-
defined model, the c,,, coupling can be predicted in terms of the axion-fermion couplings:
Cayy = 2(4ct + ¢, + 3¢, ), where ¢ is the coupling with leptons and its defined in a similar way
as ¢; and ¢, in Egs. 6.12 and 6.13. Leptons can couple to the axion as the up-type quarks do
or as the down-quarks do, and in general this leads to different values for the axion-photon

coupling.
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FIGURE 6.5: Total impact on AN, for a classic DFSZ axion. Three benchmarks couplings of
the DFSZ axion to top and bottom quarks have been considered. The initial temperature here
is set to T; = 10* GeV and the initial axion abundance has been assumed to be zero. The CAST
limit and IAXO prospect are shown: solid (dot-dashed) lines correspond to cq, = 8/3 (2/3),
when charged leptons couple to the same higgs doublet as the down-quarks (up-quarks) do.

The contributions to AN, for the DSFZ model can be seen in Fig. 6.5. Three representa-

tive cases are considered, in order to cover the entire range of values for ¢, and ¢;: with ¢, = 1/3

and ¢, = 0 (in blue in the plot), with ¢; = 0 and ¢, = 1/3 (in red), and with ¢; = ¢, = 1/6 (in

black). For the CAST limit and IAXO prospect, the continuous line corresponds to the case

with the smallest value for c,,, — 1.92, while the dot-dashed corresponds to the one with the

most restrictive value of ¢4y, — 1.92.

In the KSVZ model, the axion does not couple to the SM fermions at tree-level, but only to

exotic quarks that enrich the SM fermionic spectrum. In this case, the only sizeable contribution

to AN,y arises from the axion coupling to gluons, as axion couplings to SM fermions are

induced only at 2-loops and therefore are strongly suppressed. Fig. 6.6 shows the predictions

for AN,y for this model. The range of axion-photon coupling considered here is ¢4, — 1.92 €

[—0.25, 12.75], motivated by several possible UV completions of a KSVZ axion [295].
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Original KSVZ Model
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FIGURE 6.6: Total impact on AN.;¢ for a classic KSVZ axion. We set the initial temperature

T = 10* GeV and the initial axion abundance to zero. The CAST limit is shown as a shaded

region, with solid lines corresponding to ¢4, — 1.92 = —0.25 and dot-dashed for ¢4, —1.92 =
12.75.

The MFVA model [103], instead, provides an effective description of the axion couplings
with SM fields, once the flavour symmetry of the Minimal Flavor Violation framework [41, 42]
is implemented in the Lagrangian. The axion couplings to fermions are universal within the
same type of quarks and therefore are flavour conserving. Moreover, the axion coupling to
up-type quarks is vanishing at leading order, and therefore the largest interactions are with the
down-type quarks, and in particular with the bottom, due to Yukawa suppressions. This fact
sensibly affects the results presented in the model independent analysis, where the axion-top
coupling was dominating all the contributions. In particular, the processes b + b — g + a and
t+b — W + a (proportional to the abb coupling), that are proportional to the bottom quark
Yukawa, were irrelevant when the axion coupled to the top, but now become crucial, as they

are the only important contributions apart from the purely gluonic ones.

The coefficients describing axion couplings with bottoms ¢, and with photons g~ acquire

the following values in the MFVA model,

1  em 1 (8
Cy 3’ Yayy = o fa <3 192) y (638)

and the final result for AN,y is shown in Fig. 6.7.
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FIGURE 6.7: Total impact on AN,.;; for the MFVA model. The initial temperature here is set
to 1 = 10* GeV and the initial axion abundance is set to zero. The CAST limit and IAXO
prospect are shown as a shaded region and a vertical green line, respectively.

As it can be seen, all models give the same contribution at low f,. At high f,, instead,
the DFSZ model gives the largest abundances since it couples to all SM fermions already at
tree level. For such a model one can reach a detectable axion abundance even in the range
fa = 109 — 10'° GeV. If the PQ symmetry is broken after inflation and not restored afterwards,
the abundance of cold axion dark matter receives a significant contribution from topological
defects [296-299]. The detailed amount from this source suffers a significant theoretical un-
certainty [293, 294], but it is worth keeping in mind that in such a low f, region axion cold
dark matter may coexist with detectable hot axions. Within the DFSZ framework, PQ symme-
try in the post inflationary scenario has to be broken also explicitly to avoid the domain wall

problem [300-303].

Moreover, there is a window for f,, between 107 GeV and 2 x 10® GeV that can be explored
by IAXO and is also above the 1o level for the CMB-54 experiments, where the models can be
differentiated. This could imply an exciting opportunity to not only detect an effect of the

axion, but also tell apart different invisible axion models.

When considering specific models with flavour violating axion couplings, like the Axi-
flavon [106] or Flaxion [105], they give a sizeable contribution to ANy 2 0.01 only for axion

scales below f, <

~

10 GeV, a region which is largely excluded in those models due to the

bound coming from the K — 7" a decay, being therefore irrelevant in this analysis.
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6.2 Cosmic Imprints of XENON1T Axions

In this second section of the chapter we will study the compatibility between the observ-
able previously discussed, AN,ss, and the anomaly observed by the XENONIT experiment.
We have already discussed the possibility of looking for axions through its coupling to pho-
tons, in colliders and flavour searches and, lastly, through its impact on the thermal history of

the Universe, but these are not the only ways to search for axions.

Another promising strategy to discover these particles is by searching for electron re-
coils induced by the absorptions of axions produced in the Sun. Recently, the XENONIT ex-
periment has reported an excess in the number of electron recoil events in the energy range
1 —T7keV [283]. Among several plausible explanations, solar axions stood up with a 3.50 statis-
tical significance. However, one should take the solar axion interpretation with the necessary
caution. Other signal interpretations that do not require new physics, such as a higher con-
centration of tritium [283, 304, 305], remain viable. Moreover, the value of the axion-electron
coupling favored by XENONIT is in sharp tension with stellar cooling bounds [283, 306] (See
also Refs. [307, 308]), though some models appear to be able to escape them [309].

In this section, with the above caveats in mind, we correlate the solar axion interpreta-
tion of the XENONIT excess with a distinct cosmological signal, the impact of axions on the
effective number of neutrinos, AN.¢;. The observed events inform us that axions couple to
electrons, and this leads to the natural expectation that it could couple to other SM fermions
as well. We consider a few plausible examples where the axion: (i) couples to all SM fermions
with the same strength; (ii) couples at tree level only to one SM fermion and this induces a
nonzero coupling to electrons at one loop; (iii) is part of a well defined framework that indeed
has couplings to all SM fermions, the DFSZ case [89, 90]. In the following, we will show how
thermal axions produced and their effect on AN,s; in these scenarios may be linked to the

XENONI1T excess.

We discuss axion production via fermion scattering in Sec. 6.2.1, providing cross sections
for the processes contributing to the signal in AN.;s and the related Boltzmann equations.
We consider two main classes of explicit realizations: a non-anomalous ALP coupled to SM
fermions in Sec. 6.2.2, and the QCD axion in Sec. 6.2.3. Measuring a non-vanishing contribu-
tion to AN, ¢r would provide the additional information discussed in Sec. 6.3, while deferring

radiatively induced axion couplings to App. D.
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6.2.1 Thermal axions production via fermion scattering

We consider axion production via fermion scattering below the electroweak phase transi-
tion (EWPT). These processes are mediated by the following dimension 5 contact interactions'*

aua
Fuw = 31,

> epty (6.39)
Y

with a and v the axion and SM fermions, respectively. The quantity f, is the axion decay con-
stant, and we implicitly consider microscopic models where the only new degree of freedom
accessible below the scale f, is the axion. The dimensionless coefficients c,, encode unknown
UV dynamics and can be thought as the result of integrating out heavy physics at energy scales
above f,. They are energy dependent and we provide details of their renormalization group

evolution (RGE) in App. D.

There are two leading production channels as we discussed previously in this chapter:
fermion/antifermion annihilation (Y1) — Xa) and Compton-like scattering (X — 1a, and
the same with the antifermion ). The particle X can be either a gluon or a photon depending
on whether the SM fermion v carries colour charge'”. For colored fermions, namely SM quarks

q, axion production is driven by processes with gluons, whose cross sections read [240]

B cggfxq tanh ™! (w /1 — 4a:q) (6.40)

Taa=9a = Tgry2 1 - 4z, ’
. _ cggzxq dzy —2In (xq) — acg -3 (6.41)
99740 192 f2 1—x, ' ‘

Here, z, = mi/ EZ,, and Ecy is the energy in the center of mass frame. If the SM fermion
responsible for axion production is a lepton, processes with photons would dominate and they

have cross sections [220]

C%GQ.IZ tanh ! («/1 — 4a;l)

_ = 42
Op+4——~a 47ng 1 — 4z ) (6 )
2.2 2
cie“xgday — 2In(xy) — 27 — 3
= . 6.43
Opty—tta 327_‘_](3 1— a2 ( )

4This Lagrangian can be shown to be equivalent to that of Eq. 6.6 after going to the mass basis below the EWPT
and using the conservation of the vectorial fermionic current, with ¢y, = —cq + cu,4.

Processes with a Higgs, W or Z boson are also possible but subleading below the EWPT, so they are not con-
sidered in this part.
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As it is manifest from these expressions and we have discussed previously, cross sections
are proportional to mi and therefore lighter fermions need a smaller f,/c, to thermalize. Since
AN,  g«s(Tp)~/3, the later the axion decouples the larger the signal would be; processes

with light fermions, if efficient, would give the leading contribution.

We compute the resulting AN, by solving the Boltzmann equation as we did before,
stopping the evolution described by the Boltzmann equation at 1 GeV. For production driven
by the top quark as well as for the one driven by leptons this is not an issue. However, for
the bottom and for the charm this is a potential serious problem, as discussed in App. C. In
particular for the charm, axion production is likely to be efficient also below the GeV scale,
and since g, is rapidly changing around that temperature this translates into a significant
theoretical uncertainty on the amount of axions. Production via pion scattering [310-313] could

16 For these reasons,

give some additional contribution for the values of f, we are interested in
we should interpret the output of our calculations for bottom and charm as a lower bound on
the resulting AN,;s. Moreover, we assume zero axion abundance at temperatures slightly
above the EWPT. An initial abundance could also be present but that would depend on other

aspects such the reheating temperature and on the value of g. at higher temperatures ”.

In the next two sections, we study these processes in various setups corresponding to
different choices for UV fermion couplings as well as different relations between them and the

ones to SM gauge bosons.

6.2.2 Non-anomalous ALPs

We consider ALPs arising from the spontaneous breaking of a non-anomalous symmetry.
For this reason, at the symmetry breaking scale f, we have only the couplings to fermions
in Eq. 6.39 and no couplings to gauge bosons. Nevertheless, dimension 5 couplings to gauge
bosons can be generated as a consequence of threshold corrections, proportional to (m,/ fa)?,
once we integrate out SM fermions [187]. ALPs contributing to dark radiation must be rela-

tivistic between the epoch of matter-radiation equality and recombination. This results into

*Note however that for f, > 5x 107 GeV, which is the case for the parameter space region analysed in this paper,
Eq. 6.44, the rates given in [311] would give decoupling temperatures above 200 MeV. For these temperatures we
enter the QCD phase transition where we cannot assume the existence of thermal pions.

7 Assuming an initial axion abundance due to scatterings that decouple at Tp > O(100) GeV [238, 239] would
simply flatten the curves of the AN.s; predictions at large f, to the equilibrium value, which is at most the value
obtained assuming the SM with no extra degrees of freedom at such Tp, AN.sy =~ 0.027, see [220, 240].
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~

the upper bound m, < O(0.1)eV, and threshold corrections are negligible for these masses. We

account for coupling to photons in the next section when we study the QCD axion case.

We define each case studied in this section by a choice of Wilson coefficients ¢ ( f,) at the
UV scale f,. The resulting couplings at low energy, c,, can be found according to the RGE
prescription provided in App. D. The low-energy axion-electron interaction that we need in

order to address the XENONIT excess lies in the range

fa Me

0= e ~ (1.46 — 1.96) x 10° GeV . (6.44)
Ce  Yae |XENONIT

This could turn out to be the case both because the axion couples to electrons at the high scale
fa (ce(fa) # 0), or because the low-energy coupling ¢, is induced by radiative corrections. In

the latter case, we need the fermion couplings at the UV scale illustrated in Fig. 6.8.
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FIGURE 6.8: Relation between the axion-fermion coupling ¢, (f) at the UV scale and the scale
fa itself that we need in order to generate a radiative coupling to the electron consistent with
the XENONT1T excess.

Democratic ALP

The first case we consider is the democratic ALP where the axion has democratic (¢, ~ 1)
and flavor conserving couplings to all fermions; constraints on flavor violating couplings [203]

are too stringent and they do not allow a feasible explanation of the XENONIT excess. This
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scenario can be motivated in two different ways: one can assume that all fermions have cou-
plings of order one in the UV, or one can consider an axion-top coupling of order unity in the

UV (c(fa) ~ 1) and RGE would generate axion couplings ¢,, ~ 1 at low energy to all fermions.

We set ¢, = 1 and the signal in AN, is dominated by axion-heavy quark scatterings.
We solve the Boltzmann equation with the cross-sections given in Egs. B.1 and B.6 assuming
zero axion abundance at temperatures above the EWPT. The results are shown in Fig. 6.9. For
fa in the XENONI1T window the scatterings with the charm and bottom dominate the signal
and yield AN, slightly above 0.04.

gae
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FIGURE 6.9: AN.;¢ in the democratic case where the relevant channels are scatterings with

heavy quarks ¢, b, t. We assumed no initial axion abundance above the EWPT and integrated

the Boltzmann equation down to 1 GeV to avoid getting too close to strongly coupled regimes.

Green bands represent the forecasted sensitivity of CMB-54 experiments [236]. Notice that

the XENON1T window is in tension with the bound f, 2 1.9 x 10° GeV coming from stellar
cooling [314].

Loop-induced electron coupling

The second scenario we study is the one where the axion-electron coupling at low ener-
gies is radiatively induced from an axion-fermion coupling (¢ = 7,¢,b or t) at the UV scale.
The values of cy(f,) needed to explain the XENONIT excess are given in Fig. 6.8 for each
fermion '®. For each case, we assume a single c,(f,) to be nonzero at the UV scale and we

solve the Boltzmann equation including all the radiatively induced couplings at low energy.

"We do not consider the muon because the coupling needed to generate the correct gqe is of order ¢, (fa)/ fa ~
10~*GeV ™1, which is disfavored by about a few orders of magnitude by supernova constraints [220, 315-317].
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FIGURE 6.10: ANy as a function of f, for a few values of ¢ (f,) in the scenario where the
axion-electron coupling is generated at loop-level. We assumed no initial abundance of axions
above the EWPT. For quarks we stopped the Boltzmann equation at 1 GeV to avoid getting
too close to strongly coupled regimes. The upper horizontal axis indicates the value of ¢y ( fa)
needed for any given f, to explain the XENONIT excess. Green bands are the forecasted
sensitivity of CMB-54 experiments [236]. Notice that the XENON1T window is in tension with

the bound f,/ce 2

~

1.9 x 10 GeV coming from stellar cooling [314].

Our predictions for AN,¢s as a function of f, for different values of ¢ (f,) are shown

in Fig. 6.10. In the upper horizontal axis we show the value of c;(f,) needed to explain the

XENONIT excess for the associated value of f,. The predicted AN, for each fermion is

quite sharp in this loop-induced scenario because ¢ ( f,)/ f, is mostly fixed by the RGE (up to

logarithmic corrections and the experimental uncertainty in gqc).

In the case of the top, upper left plot, the XENONIT region corresponds to AN.¢s ~
0.04 and f, = (6 x 10%,10%) GeV for ¢;(f,) in the window 0.1 — 10. Note that in this case

the radiatively induced couplings to others fermions (u, 7, c and b) are relevant and so we

accounted for several channels to produce the axion.

For bottom and charm, respectively upper right and lower left plot, the axion is in thermal

equilibrium at 1 GeV for couplings in the XENONI1T region. This is the temperature at which
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we stop the Boltzmann equation for quarks, and the relic abundance saturates at AN,y =
13.8 g;f/ 3\T:1Gev for lower values of f,. Thus the prediction of AN.s; ~ 0.044 should be
understood for these cases as a lower bound on the signal. The range of f, needed to get the
right loop-induced ¢ is, for the bottom, f, = (2 x 103, 5 x 105) GeV for ¢,(f,) = (0.1,10) and,
for the charm, f, = (2 x 10%,4 x 10%) GeV in the window c.(f,) = (1, 10).

Finally, we look at the 7, lower right plot. This case is quite interesting because the axion
thermalizes at a much lower temperature and the calculation is still under control since it
does not involve QCD. The relative signal is boosted to values of AN.fy ~ 0.3 and f, =
(10%,3 x 10%) GeV for ¢-(f,) = (1,10). Such a large value of AN, is already now within
the 20 sensitivity region of the latest CMB experiments. In particular, although CMB and
LSS data alone do not hint at a non-zero value of AN, [13], when including SHoES 2019
local Hubble constant measurement of Hy [216] there is a shift of the central value towards
ANgpp = 0267018 [318] (or AN,y = 0.28751% [319] adding also the Pantheon Supernova
dataset) which is in remarkable agreement with the above prediction. Such values will be
tested also by forthcoming CMB experiments, such as LiteBIRD [? ], Simons Observatory [320]
and CMB-54 [236].

6.2.3 QCD axion

In the QCD axion case the non-perturbative axion potential leads to the general relation
for its mass, shown in Eq. 3.66, that implies that, for f, ~ 108 GeV, the axion is relativistic at

the time of CMB decoupling and thus will again contribute to AN, .

There are two benchmark classes of QCD axion models: KSVZ [92] and DFSZ [89, 90]. The
former does not have tree-level couplings to SM fermions so it does not seem able to explain
the XENONI1T excess and satisfy the CAST bound at the same time [283, 290]. Therefore we

focus on the DFSZ models whose couplings to quarks satisfy
1
cy +c¢cp = g , (6.45)

where cy; is the universal coupling to the up-type quarks and cp the universal coupling to the
down-type ones. The axion may couple to charged leptons as to the up-type quarks or as to
the down-type quarks: in what follows, we take the second option for concreteness, as in [283],

i.e. cg = cp, being cg the universal coupling to the charged leptons.
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The DFSZ model also features two Higgs doublets, but the extra Higgs and also the rest of
the SM couplings (i.e. with gauge bosons and the physical Higgs) are neglected here, since they
would affect axion production only at very high T and would give a subdominant contribution,
compared to the production via fermions, which are relevant at lower temperatures, Tp ~
1—10 GeV. The photon-axion coupling in DFSZ model takes the value ¢4y = 8/3 (¢qyy = 2/3) if
the charged leptons couple to the axion as the down-type (up-type) quarks do; such a coupling
is important for experiments that search for axions, but it gives a subdominant contribution to
AN,ys. Finally, there are no RGE effects in this case since we can always choose a basis where

the axion appears only inside the quark mass matrix [159].

The contributions to AN, s; are dominated by scatterings with heavy quarks and can be
seen in Fig. 6.11, where three cases are considered: ¢y = 1/3 and ¢p = 0 in blue in the plot,
cy = 0and c¢p = 1/3inred, and ¢y = 1/6 = ¢p in black. While the vertical axis represents
AN,t, the horizontal one stands for f, or equivalently for g4/ cos? Bprsz, being cos? fppsz =

22 /(2? + 1) the parameterisation of z = v /v2, which is the ratio of the Higgs VEVs.
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FIGURE 6.11: Prediction for AN, for the DFSZ axion model. Here we show the top, bottom
and charm contributions for three different choices of the PQ charges: ¢y = 1/3and ¢p =0
in blue, cy = 0and ¢p = 1/3 inred, and ¢y = 1/6 = cp in purple. We assumed no initial
abundance of axions at low temperatures and integrated the Boltzmann equation down to
1 GeV to avoid getting too close to strongly coupled regimes. Green bands are the forecasted
sensitivity of CMB-54 experiments [236]. The XENONI1T window is in tension with the bound
fa/ce 2 1.9 x 10° GeV coming from stellar cooling [314], but escapes the limit f, > 1.2 x
107 GeV set by CAST [290]. The XENONIT window for this model could however be just
perhaps reached by BabylAXO (reaching f, ~ 5.7 x 107 GeV) and fully explored by the IAXO
experiment [321], that could reach f, ~ 2 x 10® GeV.
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6.3 What AN.ts > 0 can teach us

Having studied the possible contribution to AN, in a model independent approach, fol-
lowed by the prediction from several axion models and, finally, the correlation of the signal in
XENONIT with a potential non-vanishing AN, let us close this chapter by asking ourselves

what we can learn from a non-zero detection of AN,y :

No detection, AN.¢s < 0.03: The axion does not couple to heavy quarks or the coupling is

small.

ANgfgs ~ 0.03 — 0.05: A detection of AN,y in this window would give a strong hint that
the axion couples to at least one of the heavy quarks. In particular, assuming that we know
9+s(Tp) with enough precision from latest lattice simulations [322] then in a given model where
all the PQ charges are fixed, e.g. DFSZ, the detection in XENONI1T would tell us the value of
fa and, consequently, there would be a sharp prediction for AN, ;. Therefore, in principle one

would be able to test if the ratio of PQ charges ¢y, /c. is indeed the predicted one.

ANcyss 2 0.05: In this case axion production could come from different sources: either from
the 7 with a small f, or from axion coupling to charm or bottom at temperatures below 1 GeV.
In the latter case a reliable calculation of axion production close to the QCD phase transition

would be needed.

Through this chapter we have indeed checked that the axion, outstanding candidate for
BSM physics, can be looked for through a complementary probe to the usual experiments
seeking its detection. Indeed, hot axions can be produced from scatterings or decays of thermal
bath particles in the early Universe, and they remain relativistic subsequently until the time of
matter/radiation equality and recombination; this is true as long as m, < O (0.1) eV, as we
consider in this chapter by neglecting the axion mass. They would manifest themselves in the
CMB anisotropy spectrum as an additional radiation component, parameterized as the number

of additional effective neutrinos AN, .

In the previous pages, we studied axions couplings to heavy quarks and we provided rig-
orous predictions for AN,r¢. We considered flavour conserving couplings, in which case pro-

duction is controlled by binary collisions, and we also considered flavour violating couplings
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leading to axion production via two-body decays. We computed scattering cross sections and
decay widths, and we obtained predictions for AN, after solving numerically the Boltzmann

equation tracking the axion number density, with smooth predictions across the EWPT.

We studied both the model-independent contribution based on switching on an effective
operator at a time as well as specific UV complete models. We found parameter space regions
for all cases, typically with PQ breaking scale in the range f, ~ (10° — 10'%) GeV for order one
couplings to fermions, where the predicted signal is comparable to the forecasted 1o sensitivity

of CMB 54 experiments, and it could be detectable by more futuristic experiments.

Additionally, we point out two complementary signals. The values of the PQ breaking
scale leading to an observable effect on AN, is consistent with axion cold dark matter. Fur-
thermore, if there is no substantial hierarchy between the dimensionless axion couplings con-
sidered in this work and the associated one to photons then future helioscopes are also able to
probe this parameter space region. The complementarity of these possible signals makes for a

quite fascinating probe into the nature of the axion itself.

Finally, we explored correlated signals of the XENON1T excess in cosmological data, by
studying the sizeable contribution to AN, from quarks and leptons. We presented three
different motivated setups where such couplings would exist: i) if the axion couples demo-
cratically to all fermions in the UV (Fig. 6.9); ii) if the axion-electron coupling compatible with
XENONTIT is radiatively induced from an axion-(7, ¢, b, t) coupling (Fig. 6.10); iii) the DFSZ
model of the QCD axion (Fig. 6.11). The largest signal comes from case ii) when the axion
couples only to the 7 in the UV. In such a case we find in the XENON1T region f/c, ~ 10°
GeV and AN,s; ~ 0.3, which interestingly coincides with the recent CMB analyses including
supernova data [318, 319]. In the remaining cases the values of f/c, in the XENONIT region
are considerably higher, up to f/c, ~ 10® GeV, and the signal is predicted to be AN, 2 0.04,
which can still be detected at the 2o level with future CMB-54 experiments [236].

In all such cases the XENONIT range leads to the possibility of testing axion physics
through cosmological data in the coming years, and would allow us to experimentally test
the Universe at temperatures of 7' ~ 1 — 10 GeV. This would be a remarkable improvement
over our current ability to look at the earliest stage of the universe, going by 3 or 4 orders of
magnitude above the present highest experimentally accessible temperature, 7' ~ MeV, given

by nucleosynthesis.
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Next-generation detectors such as XENONNT and others [323, 324] will be able to discrim-
inate with high significance between the different interpretations for the excess in the number
of electron recoil events at XENON1T. The solar axion interpretation still has to overcome the
challenge of being compatible with stellar cooling results but, if it remains firm, it will open a

whole new axion window to the universe.



Conclusions

In this thesis we have explored some of the phenomenological and cosmological implica-
tions of axions and majorons in the context of two open problems of the SM, namely the Strong
CP Problem and the flavour puzzle. Both of the original models presented here, in Chapters 4
and 5 respectively, are connected to the Minimal Flavour Violation scenario that protects them
from the danger that flavour models usually suffer: the BSM flavour problem. In Chapter 6,
on the other hand, we do not present a particular model, but focus our attention on the cosmo-
logical observable AN, ¢, the change in the effective number of neutrinos with respect to the
prediction by the SM, and how it can be affected by a population of hot axions produced in the

early Universe.

The Strong CP Problem and Quark and Charged Lepton Flavour: The first model here dis-
played, the Minimal Flavour Violating axion, is a proposal that considers the possibility of
finding a natural origin to the PQ symmetry within the MFV symmetry group Gr, without the
need to add it ad-hoc. Indeed, it can be seen that within the Abelian subgroup of Gr, a PQ
symmetry can be identified, together with BN, LN, hypercharge and an arbitrary rotation of
the RH charged leptons, with all these symmetries being linearly independent.

After checking that a PQ symmetry appears naturally in MFV, we introduced a new scalar,
the flavon, that breaks it spontaneously. This field is introduced in certain powers within the
Yukawa Lagrangian, following the philosophy of Froggatt-Nielsen models, depending on the
fermion charges under U(1) pg, which are the same for the three generations but different for
up quarks, down quarks and charged leptons. This automatically implies that the axion, NGB
of the PQ symmetry and pseudo-scalar part of the flavon, develops flavour conserving non-

universal couplings to the SM fermions, suppressed by its decay constant f, as usual.
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The flavon VEV not only gives rise to the axion but, thanks to the choice of charges made
in the model, also explain the mass ratio between the third-generation fermions: top, bottom
and tau. The inter-generational hierarchies are reproduced by the background values of the

Yukawas, spurions under the non-Abelian parts of Gr, as done usually in MFV.

After providing an overview of the current bounds set on the different couplings of the
axion to fermions and gauge bosons, we found that, when treated as a light QCD axion, our
Minimal Flavour Violating Axion behaves as the well-known invisible KSVZ and DFSZ axions:
the strongest bounds on our axion come from its couplings to electrons and photons, pushing

its decay constant f,, to be roughly above 10° GeV.

On the other side if, instead, we consider we are dealing with an ALP, the relation between
its characteristic scale f, and its mass is broken, a heavier MFVA(LP) is possible, together with
low f,. When this scenario is confronted with existing bounds, we find that now the most
interesting phenomenology is expected at colliders and flavour searches, with possible decays

of this ALP happening within detectors for masses around the GeV.

Despite this model presenting an axion with flavour properties, it is clearly distinct from
its siblings, the Flaxion or Axiflavon models: in that scenario, the axion produced has couplings
to fermions that are flavour-violating, thus existing FCNCs at tree level. As a consequence,
these models must satisfy the very stringent bounds set on meson decays, mainly K and B

decays, which push the scale to be order 10!° GeV even if a heavy mass is considered.

All in all, the MFVA appears as a protected, invisible, flavoured QCD axion, or a heavy
flavoured ALP, that not only solves the Strong CP Problem but also explains the top, bottom
and tau masses. However, this model disregards completely neutrino masses, which ties in

with the next model here presented.

More flavour with a touch of cosmology; neutrino masses and the Hubble tension: An
unsatisfied reader may find some solace in the second model contained in this thesis. Whereas
the MFVA dealt with quark and charged leptons, in Chapter 5 we presented a Majoron model
that, not only explains the smallness of neutrino masses, but also alleviates the Hubble tension

while being compatible with the MFVA.

In this new model, spurred by the proposal that light pseudoscalars can help reduce the

existing tension between early and late measurements of the Hubble parameter, we studied the
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possibility of a Majoron, w that explains the small scale of neutrino masses with the appropriate
mass m,, and coupling to neutrinos \,,,,, to help with the cosmological discrepancy. Extending
the SM particle spectrum with 3 RH neutrinos and a new complex scalar x, with LN —Ly
and L, respectively, a Dirac and Majorana mass term can be written for neutrinos and made

invariant under LN with the appropriate insertions of x over a cut-off scale A,.

After considering the constraints set by the see-saw approximation, locality, the masses
of light neutrinos and the required A, we could identify three interesting scenarios. One of
them, renormalizable, is however disregarded as it would imply a huge fine tuning in the neu-

trino Yukawas, against the naturalness followed in this thesis for dimensionless parameters.

The two remaining scenarios, NR1 and NR2, are able to accommodate small neutrino
masses without tuning the Yukawas, thanks to powers of the VEV of x over A, appearing in
the expression for neutrino masses. These two scenarios lead to a Majoron that easily escapes
the bounds coming from its coupling to electrons (at one loop), photons (at two loops) and
from neutrinoless double-beta decay, while providing interesting phenomenology through the

heavy neutrinos and the radial part of x, o.

The new scalar ¢ mixes with the Higgs boson, which implies first that it must satisfy
the current limits on a scalar mixing. Additionally, through the kinetic term for Y, it also has
a coupling to two Majorons, which can therefore lead to a Higgs invisible decay h — ww,
meaning that limits on the Higgs invisible decay width also must be respected. While one
could expect that these constraints would push the new scalar to be super heavy, it is found
instead that, without tuning its coupling to the Higgs to zero, it can have masses as low as tens

of TeV, being a very exciting candidate to be discovered at future colliders.

On the other hand, the heavy neutrinos present in this model actually are not that heavy:
in the case NR1 they are in the MeV to hundreds of MeV range, whereas in scenario NR2 go
from tens to almost a several hundreds of GeV. These relatively light masses imply that NR1
heavy neutrinos could be produce at beam dump experiments or detected in near detectors,
like DUNE or SHiP, while NR2 heavy neutrinos have masses accessible at LHC or future col-

liders.

On the contrary, these heavy neutrinos may be too long-lived, so that their decay can
lead to a exceedingly high number of relativistic degrees of freedom. In particular, if they

decay after BBN, they must satisfy a bound on the light-heavy neutrino mixing angle, which
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is strong enough to rule out some scenarios. Indeed, for the parameters of case NR1, heavy
neutrino decay happens close or later than BBN, being disfavoured unless in some part of the
parameter space the decay is found to happen before BBN or we consider modifications to the
cosmological model. NR2 neutrinos, however, decay before BBN so they stay safe from this

bound.

Finally, one must note that this Majoron mechanism, to address light neutrino masses
and the Hubble tension, is fairly general and, in particular, is perfectly compatible with MFV.
Apart from a PQ symmetry, LN also arises as an Abelian part of the whole flavour symmetry
group, which can be imposed on the Lagrangian and then broken spontaneously to generate
light neutrino masses. Consequently, both the MFVA and the Majoron models can coexist in

our Universe, with very rich phenomenology associated to each of them.

Another possible hot relic: thermal axions: As we saw in Chapter 5, extra degrees of free-
dom can be helpful, as the Majoron for the Hubble tension, or dangerous, as the too long-lived
NR1 scenario heavy neutrinos. In the last part of this thesis, Chapter 6, we harnessed the power
of this observable, AN, s, and checked the possibility for it to be an additional probe for axion

searches.

In this chapter we performed a smooth treatment across the EWPT of the effect hot axions
produced in the early Universe can have on AN, ;. Considering both flavour-conserving scat-
terings and flavour-violating quark decays, and focussing on the third generation of quarks,
we listed all processes that are relevant for axion production both above and below EWSB and

matched them, as a consistency check.

With the recipe for axion production in hand, we solved the Boltzmann equation in order
to find the asymptotic axion abundance, that can be translated into AN,¢, as a function of
its scale f,. We performed this analysis first in a model-independent way, considering only
one axion coupling at a time, and then three specific models: the DFSZ, KSVZ and MFVA

frameworks.

We found that, for axions coupling to the top quark as can be the case of the DFSZ model,
a signal detectable at the 1o level by the CMB-54 experiment is expected for axion scales up to
around 10° GeV. In the case where the axion does not couple to the top, but it does to bottom
quark or at least to gluons, a signal close to the 20 level is expected around f,, ~ 10® GeV. This

region is still not excluded by CAST, by is within the range expected to be probed by IAXO
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in the three models discussed. Interestingly enough, in the window f, ~ 10° — 10'° GeV the
1o signal of hot axions could also coexist with cold DM axions produced through the decay of
topological defects, while perhaps being also detectable by future helioscopes, allowing maybe

to unravel the nature of the axion if it were to be measured.

Finally, in the last part of this chapter we studied the complementarity of this cosmo-
logical probe which is AN, ;¢ and the recent excess observed by the XENONIT collaboration,
compatible with solar axions. In this final part we computed the expected ANy, from hot
axions in three scenarios: one where the axion couples democratically, with the same strength,
to all fermions in the UV; another where it couples only to one fermion in the UV while the
axion-electron coupling required by the excess is generated radiatively; and finally, the DFSZ

model as example of a QCD axion.

In all cases, the window preferred by the XENONIT excess for f, corresponds to at least
ANcyp ~ 0.04, close to the 20 level detection from CMB-54. But in the case where the axion
couples only to tau leptons at tree level the result is much larger: AN.¢s ~ 0.3 is obtained in
this case, a value that interestingly coincides with the recent CMB analyses including super-

nova data.

What now? The puzzle is far from complete: In this thesis we have focused our attention
in one possible new piece for the HEP puzzle, axions and Majorons as example of NGBs, very
well motivated for many reasons. With them, we have been able to address a good part of the
flavour puzzle, the Strong CP problem and even some cosmological anomalies, finding in the

way very interesting phenomenological signatures.

However, this does not mean by far that everything is finished: axion models still present
issues, like the quality problem and domain walls; the masses for these NGBs must have spe-
cific values in some cases, where gravity can perhaps ruin or save everything. Additionally,
there are still other problems we have not addressed, like the hierarchy problem, that are ex-

tremely intriguing and satisfying to work on.

There are indeed many other pieces beyond NGBs that one could explore to solve these
riddles, trying to get a full and perfect image with the HEP puzzle. However, one may wonder
if we are not too restricted by our usual view of things: though toying with this puzzle is deeply
fascinating, perhaps we are losing something and we should stop looking for new pieces and,

instead, try to look at the picture from a different perspective. Maybe the puzzle was not a flat
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static image as we always supposed, maybe it spans directions yet to explore. Let us continue

striving and keep playing with the puzzle, always with an open mind!



Conclusiones

En esta tesis hemos explorado algunas de las implicaciones cosmoldgicas y fenomenoldgicas
de axiones y majorones en el contexto de dos problemas abiertos del Modelo Estandar, a saber,
el Problema de CP Fuerte y el puzle del sabor. Los dos modelos presentados, en los Capitulos 4
y 5 respectivamente, estdn conectados con el argumento de la Violacién Minima de Sabor (MFV
por sus siglas en inglés) que los protege del peligro al que estan sujetos tipicamente los modelos
de sabor: el problema del sabor més alla del Modelo Estdndar. En el Capitulo 6, por otro lado,
no presentamos un modelo en particular, sino que centramos nuestra atencion en el observ-
able cosmolégico AN,yy, el incremento en el nimero efectivo de neutrinos con respecto a lo
predicho por el Modelo Estandar, y como puede verse afectado por una poblacién de axiones

calientes producidos en el Universo primigenio.

El Problema de CP Fuerte y el Sabor de Quarks y Leptones Cargados: El primer modelo
aqui dispuesto, el Axién con Violaciéon Minima de Sabor (MFVA), es una propuesta que con-
sidera la posibilidad de encontrar un origen natural a la simetria de Peccei-Quinn (PQ) en el in-
terior del grupo de simetrias de MFV G, sin la necesidad de anadirla a mano. En efecto, puede
comprobarse que dentro del subgrupo Abeliano de G, una simetria PQ puede ser definida,
junto con Ntumero Bariénico (BN), Namero Lepténico (LN), hipercarga y una rotacién arbi-
traria de los leptones cargados dextrégiros, siendo todas estas simetrias linealmente indepen-

dientes.

Tras comprobar que una simetria PQ aparece naturalmente en MFV, introdujimos un
nuevo escalar, el flavén, que la rompe espontdneamente. Este campo se introduce en ciertas po-
tencias en la Lagrangiana de Yukawa, siguiendo la filosofia de los modelos Froggatt-Nielsen,
con una dependencia de las cargas bajo U(1)pg de los fermiones, las cuales son iguales para

las tres generaciones pero distintas para quarks arriba, quarks abajo y leptones cargados. Esto

137



Conclusiones 138

implica automdticamente que el axion, Bosén de Nambu-Goldstone (NGB) de la simetria PQ y
parte pseudo-escalar del flavén, desarrolla acoplamientos a los fermiones del Modelo Estandar
que conservan el sabor pero son no-universales, suprimidos como es usual por su constante

de decaimiento f,.

El valor esperado de vacio (VEV) del flavén no sélo da lugar al axién sino que, gracias a
la eleccion de cargas realizada en el modelo, también explica el cociente entre las masas de los
fermiones de la tercera generacién: cima, fondo y tau. Las jerarquias inter-generacionales son
reproducidas por los background values de los Yukawas, espuriones bajo las partes no-Abelianas

de Gr, como es usual en MFV.

Tras proporcionar un repaso de los limites actuales existentes para los distintos acoplo del
axién a fermiones y bosones de gauge, encontramos que, cuando es tratado como un axién
de QCD, nuestro MFVA se comporta como los conocidos KSVZ y DFSZ axiones invisibles: los
limites mds fuertes sobre nuestro axién provienen de sus acoplamientos a electrones y fotones,

llevando su constante de decaimiento £, a estar por encima de 10° GeV.

Por otra parte si, en su lugar, consideramos que estamos tratando con una particula-
tipo-axién (ALP), la relacién entre su escala caracteristica f, y su masa se rompe, siendo un
MEFVA(LP) posible junto con una baja f,. Cuando esta perspectiva es enfrentada a los limites
existentes, encontramos que la fenomenologia méas interesante se espera en colisionadores y
experimentos de sabor, con la posibilidad de un decaimiento de este ALP sucediendo dentro

de los detectores para masas alrededor del GeV.

A pesar de que este modelo presenta un axién con propiedades de sabor, es claramente
diferente de sus congéneres, los modelos de Flaxion o Axiflavon: en estos casos, el axién pro-
ducido tiene acoplamientos a los fermiones que violan sabor, existiendo por tanto corrientes
neutras que cambian sabor (FCNC) a nivel de arbol. Consecuentemente, estos modelos deben
satisfacer los severos limites puestos en decaimiento de mesones, principalmente decaimientos
de Ky B, que llevan la escala a valores por encima de 10! GeV incluso considerando masas

pesadas.

Considerandolo todo, el MFVA aparece como un axién de QCD protegido, invisible y
sédpido, o bien como un ALP pesado con sabor, que no sélo resuelve el problema de CP fuerte

sino también explica las masas del quark cima y fondo y del leptén tau. Sin embargo, este
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modelo ignora por completo las masas de los neutrinos, algo que nos lleva al siguiente modelo

presentado aqui.

Maés sabor con un toque de cosmologia; masas de neutrinos y la tensién de Hubble: Al-
guien insatisfecho leyendo esta tesis puede quiza encontrar algo de solaz en el segundo modelo
contenido en esta tesis. Mientras que el MFVA lidiaba con quarks y leptones, en el Capitulo 5
presentamos un modelo de Majoron que, no sélo explica la pequefiez de las masas de los neu-
trinos, sino que también alivia la tensién de Hubble siendo compatible con el MFVA al mismo

tiempo.

En este nuevo modelo, motivados por la propuesta de que pseudo-escalares ligeros pueden
ayudar a reducir la tension existente entre medidas del pardmetro de Hubble en el Universo
reciente y el primigenio, estudiamos la posibilidad de que un Majoron, w, explique la baja es-
cala de la masa de los neutrinos con una masa m,, y acoplamiento a neutrinos \,,, apropiados
para ayudar con la discrepancia cosmolégica. Extendiendo el espectro de particulas del Mod-
elo Estandar con 3 neutrinos dextrégiros y un nuevo escalar complejo x, con LN —Ly y L,
respectivamente, podemos escribir términos de masa de Majorana y Dirac para los neutrinos,
ademds de hacerlos invariantes bajo LN con las inserciones apropiadas de x dividido por la

escala de corte A,.

Tras considerar la restriccion que supone la aproximacién del “mecanismo de balancin”,
localidad, las masas de los neutrinos ligeros y el valor requerido de A.,,, pudimos identificar
tres casos interesantes. Uno de ellos, renormalizable, es ignorado puesto que implicaria un
valor extremadamente pequefio para los Yukawas de los neutrinos, en contra de la naturalidad

perseguida en esta tesis para los pardmetros adimensionales.

Los dos casos restantes, NR1 y NR2, pueden explicar las pequefias masas de los neutrinos
sin Yukawas infimos, gracias a potencias del VEV de x dividido por A, que aparecen en la
expresion de las masas de los neutrinos. Estos dos escenarios conllevan un Majoron que escapa
facilmente de los limites existentes en su acoplamiento a electrones (a un lazo), fotones (a dos
lazos) y en el decaimiento doble-beta sin neutrinos, ofreciendo ademds una fenomenologia

interesante a través de los neutrinos pesados y la parte radial de x, o.

El nuevo escalar ¢ se mezcla con el bosén de Higgs, lo que implica primero que debe

respetar los limites establecidos para la mezcla de escalares. Adicionalmente, a través del
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término cinético de y, también presenta un acoplamiento a dos Majorones, que puede por con-
siguiente llevar a un decaimiento invisible del Higgs h — ww, implicando que debe satisfacerse
también el limite de la anchura de desintegracién invisible del Higgs. Aunque uno podria es-
perar que estas restricciones lleven la masa del escalar a ser muy pesada, encontramos que en
su lugar, sin fijar su acoplamiento con el Higgs a cero, puede tener masas bajas hasta incluso
decenas de TeVs, suponiendo un candidato muy emocionante para descubrimiento en futuros

aceleradores.

Por otro lado, los neutrinos pesados presentes en este modelo no son de hecho tan pesa-
dos: en el caso NR1 estdn entre los MeV y las centenas de MeV, mientras que los del escenario
NR2 van desde las decenas hasta varias centenas de GeV. Estas masas relativamente ligeras
implican que los neutrinos de NR1 podrian producirse en experimentos de beam dump o obser-
vados en detectores cercanos, como DUNE o SHiP, mientras que los neutrinos de NR2 tienen

masas accesibles en el LHC o futuros colisionadores.

Opuestamente, estos neutrinos pueden ser demasiado longevos, de modo que su de-
caimiento pueda dar lugar a un niimero inaceptablemente alto de grados de libertad relativis-
tas. En particular, si decaen después de la nucleosintesis del Big Bang (BBN), deben respetar
un limite en la mezcla de neutrinos ligeros y pesados, lo suficientemente restrictiva como para
excluir algunos casos. En efecto, para los pardmetros del caso NR1, los neutrinos pesados de-
caen alrededor o después de BBN, estando desfavorecido este caso a no ser que en alguna parte
del espacio de parametros el decaimiento suceda antes de BBN o consideremos modificaciones
al modelo cosmolégico. Los neutrinos de NR2, sin embargo, decaen antes de BBN por lo que

estan a salvo de este limite.

Finalmente, uno debe ser consciente de que este mecanismo de Majoron, que explica las
masas de los neutrinos ligeros y mejora la tensién de Hubble, es bastante general y, en particu-
lar, perfectamente compatible con MFV. Ademads de la simetria de PQ, LN también aparece en
la parte Abeliana del grupo de simetria, de modo que puede ser considerada una simetria de la
Lagrangiana y, posteriormente, rota espontdneamente para generar las masas de los neutrinos.
Como consecuencia, tanto el MFVA como este modelo de Majoron pueden coexistir en nuestro

Universo, con una rica fenomenologia asociada a cada uno de ellos.

Otra posible reliquia caliente: axiones térmicos: Tal y como vimos en el Capitulo 5, grados

de libertad relativista extra pueden ser de ayuda, como el Majoron para la tensién de Hubble,
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o peligrosos, como los longevos neutrinos pesados de NR1. En la dltima parte de esta tesis,
Capitulo 6, aprovechamos el potencial de este observable, AN, s, y comprobamos la posibili-

dad de que suponga una sonda adicional con la que buscar axiones.

En este capitulo realizamos un tratamiento continuo y fluido a través de la transicién de
fase electrodébil (EWPT) del efecto que axiones calientes producidos en el Universo primige-
nio pueden tener en AN,;¢. Considerando acoplamientos que conservan sabor en colisiones
de quarks, asi como otros que lo violan en sus decaimientos, y centrdndonos en la tercera gen-
eracion de quarks, listamos todos los procesos relevantes para la produccién de axiones, tanto
por encima como por debajo de la EWPT, igualandolos en el punto de EWSB como prueba de

consistencia.

Con la receta para la produccién de axiones en mano, resolvimos la ecuacién de Boltz-
mann para encontrar la abundancia asintética de axiones, que puede traducirse en ANy,
como funcién de su escala f,. Realizamos primero un andlisis independiente de modelos, con-
siderando s6lo un acoplamiento cada vez, seguido de un estudio del impacto de tres modelos

concretos: los marcos DFSZ, KSVZ y MFVA.

Encontramos que, para axiones que se acoplan al quark cima como puede ser el caso del
modelo DFSZ, se espera una sefial detectable al nivel de 1o por el experimento CMB-54 para
escalas hasta aproximadamente 10° GeV. En el caso de que no se acople al quark cima, pero
si al fondo o al menos a gluones, una sefial cerca de 20 se espera en torno a f, ~ 10® GeV. En
los tres modelos discutidos, esta region, atin no excluida por CAST, estd dentro del rango que
se espera explorar con IAXO. Es ademds llamativo que, en la ventana f, ~ 10° — 10*° GeV
the 1o la sefial a 10 de axiones calientes puede coexistir también con axiones frios que sean
Materia Oscura producidos por la desintegracion de defectos topoldgicos, siendo detectables
quizds por futuros helioscopios, permitiendo tal vez desentrafiar la naturaleza del axién de ser

medido.

Finalmente, en la ultima parte de este capitulo, estudiamos la complementariedad de
esta sonda cosmoldgica que es AN, s y el exceso recientemente observado por la colaboracién
XENONIT, compatible con axiones solares. En esta parte final obtuvimos el AN,;; esperado
de axiones calientes en tres escenarios: uno donde el axién se acopla democraticamente, con
la misma intensidad, a todos los fermiones a altas energias; otro donde sé6lo se acopla a un
fermion a altas escalas mientras que se induce radiativamente el acoplamiento al electrén re-

querido por el exceso; y finalmente, el modelo DFSZ como ejemplo de axién de QCD.
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En todos los casos, la ventana preferida por el exceso de XENONTIT para f, corresponde
con al menos AN,y ~ 0.04, cerca de una deteccion por CMB-54 a 2¢0. Pero, en el caso en que
el axién sélo se acopla al leptén tau a nivel de drbol el resultado es mucho mayor: obtenemos
ANcsr ~ 0.3 en este caso, un valor que curiosamente coincide con los andlisis recientes del

CMB que incluyen datos de supernova.

(Ahora qué? El puzle esta lejos de ser completo: En esta tesis hemos focalizado nuestra
atencién en una posible nueva pieza para el puzle de la Fisica de Altas Energias, axiones y
Majorones como ejemplos de bosones de Nambu-Goldstone, altamente motivados por muchos
motivos. Con ellos, hemos conseguido ademads lidiar con buena parte del puzle del sabor, el
Problema de CP Fuerte e incluso algunas anomalias cosmoldgicas, encontrando por el camino

sefiales fenomenolégicas muy interesantes.

Sin embargo, esto no significa ni mucho menos que todo haya terminado: los modelos
de axiones presentan problemas, como le problema de la cualidad y los muros de dominios;
las masas requeridas para estos NGBs deben tener valores muy concretos en algunos casos,
donde gravedad puede quiza arruinarlo o resolverlo todo. Ademads, hay otros problemas que
no hemos considerado, como el problema de la jerarquia, que suponen temas de investigacion

muy intrigantes.

Hay, sin lugar a dudas, muchas otras piezas ademads de los NGBs que uno podria con-
siderar para resolver estos enigmas, intentando obtener una imagen completa y perfecta del
puzzle de la Fisica de Altas Energfas. Sin embargo, uno puede preguntarse si no estamos tal
vez muy limitados por nuestra visién usual de las cosas: aunque jugar con este puzle es pro-
fundamente fascinante, quiza estamos perdiéndonos algo y deberiamos dejar de buscar piezas
y, tal vez, mirar la imagen desde una perspectiva diferente. Tal vez el puzle no es la ima-
gen plana y estatica que siempre supusimos, quiza se extienda en direcciones atin incégnitas.

Continuemos esforzandonos y jugando con el puzle, jsiempre con una mente abierta!



Appendix A

Operator basis for axion couplings to

quarks

In this appendix, we define the field basis for SM quarks that we employ in our analysis
in Chapter 6. The part of the SM Lagrangian needed for this discussion is the one containing

Yukawa interactions. Focusing on quarks, the most generic set of Yukawa terms reads
~ A =¢] HY" v}, + ¢} HY*d}, + hc. . (A.1)

The fields appearing in the operators above are: SU(2);, quark doublets ¢/, SU(2);, quark
singlets u/; and d’ and the SU(2);, Higgs doublet field H. Moreover, we define H = ioo(H*)T
and Y% are generic 3 x 3 diagonalizable matrices in flavor space. We save the symbol of

unprimed fields for quark mass eigenstates defined later.

We diagonalize the Yukawa matrices by performing bi-unitary transformations
YU =yt yuyy, vd=pudydyd, (A.2)

where the U matrices are unitary and the hatted quantities are diagonal in flavor space. We

introduce a new set of prime fields defined as follows

d = Ut wh = Ul b= UK d. (a3)
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The Yukawa Lagrangian in the new basis reads

— By =q, HY "ty + ¢, HVexm Y4 d +hec. (A4)

with Vexm = U UgT the CKM matrix. In our study, we always specify axion couplings in the

primed field basis for quarks with Yukawa interactions as in Eq. (A.4).

Finally, we identify the quark mass eigenstates, which we denote with unprimed fields,
and their relation to the primed fields. First, we identify the components of the quark dou-
blet ¢ = (v} d7). Once the Higgs gets a vacuum expectation value (vev), we identify mass

eigenstates by redefining the left-handed down quarks
uyp = ur,, d;, =Vexmdyr, Uy =ugR, ' =dg, (A.5)

Flavor eigenstates u coincide with the mass eigenstates u;, and the b’ quark, the only down-
quark we are interested in, almost coincides with the b quark up to CKM corrections of order
0(0.05). In contrast to gauge interactions in the primed basis, which are still flavor diagonal,
the CKM matrix appears in the fermion charged current once we switch to mass eigenstates

J, =ur v Vexmdr - (A.6)



Appendix B

Cross sections below the EWPT

We provide analytical cross sections for the processes listed in Tab. 6.2, and we begin with
the first block where the two particles in the initial state are fermions. A quark can find its own
antiparticle and annihilate to final states containing one axion particle. If the final state is the

gluon we have quark-antiquark annihilations to gluon and axion with a cross section

2 2.2 2

€q9sMy -1 4mg
Oqg = tanh 1-—1, B.1
I g f2 (s —4m?2) s (B.1

where g; is the strong coupling constant and s is the usual Mandelstam variable denoting the
(squared of the) energy in the center of mass frame. Here and below, we denote with the letter
q = {t,b} a generic third generation quark when it is possible to provide a single expression

valid for both cases. If the other SM particle in the final state is the Higgs boson we have

2.2( 2
O-iq—ﬂm _(m< s(s—4mg)—4mgtanhl< 1—471:‘%)). (B.2)

where the symbol “|” indicates that cross sections are calculated below the EWPT. Likewise,
quarks can annihilate with their own antiquarks leading to an axion final state together with

the Z boson with cross sections

st Sfim? (Sim%) 1 am3 2 2 2 4 4 2 2
_ _ V 5 _
OtisZa = TSR Ty 4 /Hlm% tanh 1——t | (=m% (9m3 +40m3, ) +32mfy, +1Tm% ) +9m3 (s—2m3) | ,
(B.3)
i) S_img (-=r2) / 1 amg 2 2 2 4 4 2 2
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Obh—sZa — 11527’33/21'37”%4/7”22 4 P tanh 1-—2 (—mZ(9mb+4mw)+8mw+5mz)+9mz(S—sz) ,
(B.4)
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Finally, to complete the first block of the table, we can have a top quark and a bottom antiquark
as well as the CP conjugate system annihilating to a final state with an axion and a W boson

with cross section

2 (o2
Otp—sW+a = 1287rsf§m%v ZV(V_<;§:¥)_~_S)2_4sm%> (Cgmg-‘rc?mf)(s—Zm%V)\/—ng (mf+s)+m§‘+(mf—s)2+

2,2 2 2 2 -1 m§77'L%75
—2c mts(mb —mj +2mw) coth 2 +
\/7277% (7n%+s)+m§+(7u%7‘s)2

2, 2
+ -
+205m§s QCtmchth71 T S 5 +
J-2m2 (m2 ) b (m2 )

2 2
+op(m—m2+2mi, ) coth~* ( Tp i te ) ) ; (B.5)

\/—ng (m%+s)+mg+(m%—s)2

We switch to the second block of Tab. 6.2 and we consider when there is just one fermion

in the initial and final states. For a gluon in the initial state we find

nggmg ) 21 s 44 2 4 3 2 (B 6)
o = s”log | — smg —m, — 357 | . .
197799 1997 £2 .52 (s —m2) & m2 4 ¢
For quark/Higgs boson scattering we have
1 _ 242 (s—m2 3
O gh—qa _647“)% ((in%gmgfs)f‘lsm%) (*m%erngS) \/*2mi (m§+s)+m;‘l+(m375) +

(B.7)
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whereas for the case of a Z boson we find

oy m? (s-m3
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2
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Finally, if the initial state quark annihilate with a W boson we have the cross sections

2 (.o
OtW——ba = gW(imZ) 2

’ —om2(m2 2 )2 4(2 2,,2(3 2 .2
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Appendix C

Approaching the QCDPT

Ideally, we should integrate the Boltzmann equation tracking the axion number density
all the way down to very low temperatures in order to predict AN, ;. We have seen why this
is not necessary because the axion comoving density reaches an asymptotic value once SM
quarks participating in the production start feeling the Maxwell-Boltzmann suppression. So it
is enough to stop our Boltzmann equation integration at some IR temperature cutoff that we

denote TsTop.

The value of the needed TsTop could be dangerous if it is too low. Our analysis is based on
perturbative calculations for scattering cross sections and on treating the primordial bath as a
gas of weakly-coupled quarks and gluons in thermal equilibrium. This setup is certainly valid
at high temperatures around the EWPT, and it loses its validity as we approach the QCDPT. In

this appendix, we investigate how robust is our predictions for AN, s, considering this poten-

tial issue.
Axion production via top quark . . .
0.05 . . Axion production via bottom quark
Y — e
0.04 — Tstop =2 GeV
\ ----- TsTop = 3 GeV ] \ _ Tsrop =3 GeV

0.03f

0.03

AN ¢
AN

0.01 . . . . 0.01 . . .
1x107 5%10" 1x10° 5%10° 1x10° 1x107 5x10"  1x10° 5x10°  1x10°
T, (GeV) f, (GeV)

FIGURE C.1: Sensitivity of the AN, prediction on the lowest temperature Tsrop reached by
our Boltzmann equation integration. We choose values of Tstop close to the QCDPT, and we
show results for production via top (left panel) and bottom (right panel) scattering.
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We show in Fig. C.1 the prediction for AN.; as a function of f, for axion production
via top quark (left panel) and bottom quark (right panel) scatterings. In each panel, we report
our prediction for the different values Tstop = {1,2,3} GeV close to the QCDPT. The result
for the top is absolutely stable, and this is not surprising since the top mass is much larger
than the typical temperatures around the QCDPT. On the contrary, production via bottom
scattering presents some dependence on this temperature and decreasing it leads to slightly
higher AN.;;. However, such a dependence on Tstop is noticeable mostly in the region of
very low PQ breaking scales ruled out by experiments. Thus, our results are robust. And, in
any case, they could be interpreted as a lower bound on the expected effect on AN, that still

ensures perturbativity in the computations.



Appendix D

RGE of axion couplings

As already emphasized in Sec. (6.2.1), the effective axion couplings to SM fermions in
Eq. (6.39) are originated at the PQ breaking scale f and at lower energies there are only SM
fields and the axion itself. This working assumption allows us to evolve the dimensionless
Wilson coefficients ¢, at lower energy scales by only using known SM interactions. We neglect
flavor violating effects and neutrino masses, and the detailed RGE can be found in Refs. [325,
326] where anomalous dimension matrices are derived both above and below the EWPT. We
do not consider the RGE of SM couplings and we limit ourselves to the results of a fixed-order
calculation. The expressions for the low-energy couplings can be written in terms of simple

analytical expressions [197, 327, 328], and at a generic renormalization scale i < f they read

cy(u) = cy(f) — T x

(©)p(3) y2
N/ Ty Ny f
)=y <>+ D.1
o p O.1)
(@ (3 2
3 (e Xy (TN
¥ 271'2 Tt
Tyt >

Here, 7Y = (+1/2,—1/2) is the value of the third component of the weak-isospin for the

¥
fermion ¢, that also has a Yukawa coupling A\, and number of colors NI(;)

. The first sum
runs over SM fermions with mass below the renormalization scale x, and thus over degrees of
freedom still accessible, whereas the second sum runs over SM fermions heavier than p that

have been integrated out.
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In order to address the XENONIT excess, we need a significant low-energy coupling to

electrons and its explicit expression in terms of UV couplings results in

(©n(3)y2

NYTY N

_ Z / P Lyt Ny f D
Ce —Ce(f)—'_ w/ cw(f) 47_[_2 hl <m1/1/> 9 ( 2)

with the sum over all SM fermions coupled to the axion.
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la informatica y las matematicas. A pesar de que no fuera por un motivo alegre, no te haces
una idea de lo feliz que me hizo poder compartir unos dias contigo, en tu piso, hace algunos
meses, y comprobar que en ningin momento se ha perdido esa conexién, que simplemente
tenemos una forma distinta de comunicarnos entre nosotros, y que esté donde esté siempre

voy a poder contar contigo. Gracias, Pap4, te quiero a rabiar.

Y ahora toca el otro, mi hermano mayor, el biélogo més currante (pun intended) del
mundo. Tio, Curro, ;qué te digo? Porque normalmente no te digo mucho lo importante que
eres para mi, pero es que es la pura verdad. A pesar de lo pesado que eras y lo mucho que
me chinchabas en mi infancia, a pesar de las discusiones que hayamos tenido como cualquier
hijo de vecino, hubo un punto de inflexién. Hubo un momento en que o bien yo creci, o ti me
entendiste mejor o simplemente nos encontramos en el camino. Antes de eso siempre estuviste
ahi, siempre me protegiste y defendiste cuando hizo falta, pero desde entonces senti que podia
ir a tu lado, y no detras de ti como me habia sentido mucho tiempo. Desde aquel momento,
mas o menos cuando empezamos a ir juntos a cenar al Anatolia, senti que de repente contaba
con un confidente, con alguien con quien podia compartir cualquier cosa. Verte pelear por
seguir en la ciencia, toda la fuerza que desprendes y la atraccién magnética que siente hacia ti
cualquiera que te conoce... No sabes lo mucho que te admiro, y lo feliz que me hace disfrutar a
tu lado de las cosas que ambos logramos, de lo que nos hace ser nosotros. Ojald puedas venir
en persona a mi lectura de tesis y yo pueda ir a la tuya poco después. Gracias, Curro, por ser

uno de los motores que me impulsa a seguir adelante.
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Y ahora llego al punto que me he estado reservando. Llego ya blandito después de escribir
todo lo anterior a corazén abierto, pero aqui quizd me deshaga. Hubo alguien a quien conoci
mas o menos cuando empezd mi viaje en la investigacion, pero que quiero mantener a mi lado

durante el resto de mi vida, académica o no.

Yves. Decirte que eres my Sun and stars puede ser una chorrada empalagosa sacada de
Cancién de Hielo y Fuego, pero la metdfora no podria ser mds acertada. Es gracias a ti que
esta tesis ha salido adelante, porque cuando he estado hundido en la mierda més profunda ta
siempre has estado ahi para sacarme, para que un rayito de luz se abra paso entre las nubes.
No es que me completes, porque ti me has ensefiado que no estaba roto, que no necesitaba que
me arreglasen, no. Tt me has querido por como soy, has abrazado cada pedacito de mi, has
estado a mi lado cuando pensaba que la cabeza me iba a explotar, cuando no queria nada maés
que dejar de ser yo mismo. Y aqui sigues, abrazandome como un koala, queriendo compartir

tu futuro conmigo.

Gracias por besar mis ldgrimas, pero también por escucharme cuando me emociono por
cualquier tonteria que me ilusiona. Gracias por gochear conmigo, por compartir risas, series,
viajes... Por disfrutar del dia a dia juntos. Gracias por los planes inesperados, por tu sonrisa
y tus mimos al despertar juntos. Gracias por tu paciencia, por crecer junto a mi, por abrirte a
mi y por la infinita confianza que me regalas. Gracias Yves por haberme esperado cuando me
he ido lejos, sin permitir que me sintiese solo ni un solo dia. Gracias por ensefiarme a llorar de

telicidad, de amor, por ofrecerme tus brazos como lugar seguro.

Todo lo que pueda decir es poco, porque estds por todas partes en mi cabeza. Me con-
tentaré con saber que tengo mucho tiempo para decirte lo mucho que te amo dia a dia, encon-
trando nuevas formas de ser mofias y simplemente disfrutando de la vida a tu lado. Te amo,
Yves, ahora y siempre, y me muero de ganas por ver qué nos depara el futuro juntos, por verte

experimentar nuevas cosas y elegir tu camino, confio, a mi lado. Yvernando forever.
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