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Preface

Physics thrives on crisis1. This is probably the most important lesson that
a physicist learns during the first years of her/his career. During the last
hundred years, from β-decay and the τ−θ problem to the discovery of quarks
and the birth of the Standard Model, we have witnessed how every apparent
failure of the contemporaneous theory has lead to abrupt developments of
our understanding of Nature. Despite experience forces me to be humble,
this is the raison d’être of this Thesis. Using the loose ends of the Standard
Model as lampposts I will consider models that, in my view, improve our
understanding of Nature at the most fundamental level.

As a theoretical physicist, I am biased by simplicity and beauty. This is
an aspect that I have developed since the early stages of my career and has
part of its origin in the fantastic collaborations I have enjoyed. Perhaps, the
most influential has been the principle of Radical Conservatism2: through-
out the Thesis I will try to be loyal to well established physical laws, but I
will push them into the extreme, exploring uncharted territories.

The contents of this Thesis are splitted in three different parts. In the
first one, I will introduce to the reader our core theory of fundamental
physics - the Standard Model - and enumerate the reasons why we need to
go beyond. I will also review in some detail the different open questions
that are studied in the second and third part of this Thesis.

Part two and three contain original research based on articles that I
have completed during the last years. The former focuses on the interplay
between the origin of neutrino mass and dark matter. In part three, I will
tackle, in my opinion, one of the most perverse problems in physics: the
origin of flavor and the quantum numbers of elementary particles.

I hope the reader enjoys as much as I do when learning and thinking
about the topics included in this Thesis.

1I cannot resist starting my Thesis with this quote by S. Weinberg.
2Originally attributed to N. Bohr by J.A. Wheeler.
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Chapter 1

The Standard Model in a
Nutshell

1.1 The Standard Model
In the early ’70s, some brilliant ideas were put together and resulted into

a framework called the Standard Model (SM) of particle physics [1–3]. It is
a humble name for such a successful theory. It predicted some phenomena,
such as neutral currents, that were unknown by the time the theory was
proposed and describes, with great accuracy, our microscopic world up to
explored energies1. This lead to their fathers, S.L. Glashow, A. Salam and
S. Weinberg to the 1979 Nobel prize.

The development of Quantum Electrodynamics (QED) [4–7] was very
important for the growth of the SM. Its successful predictions told us how
to do physics, that is in which principles we can rely. Among them, I would
stress gauge invariance and Quantum Field Theory (QFT), as a theoretical
and computational framework.

There are other theories that were crucial for the development and un-
derstanding of the SM. During the ’30s, Enrico Fermi developed a theory
for the description of β decay. The theory described this process with a 4-
fermion point-like interaction. Nowadays, this process is naturally explained
within the SM due to the exchange of W± bosons.

The work by Tsung-Dao Lee and Chen-Ning Yang [8] was also, in my
view, a huge step forward in theoretical physics that illuminated the path for

1However, some other phenomena including neutrino masses, the matter-antimatter
asymmetry, and dark matter cannot be described by this theory and suggest us the
necessity of going beyond the SM.
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4 Chapter 1. The Standard Model

future developments. They proposed that weak interactions could violate
the parity symmetry, P , solving the τ −θ puzzle2. This was soon confirmed
by Chien-Shiung Wu in 1956 by testing directional properties of Cobalt-60
beta decay [9], leading to the experimental verification of parity violation.
The origin of parity violation is still unknown: we know that the SM is a
chiral theory, but the fundamental reason for this fact is a mystery.

Another major advance, crucial for the construction of the SM is Yang-
Mills (YM) theory [10]. In their work, Robert Mills and Chen-Ning Yang de-
veloped the theoretical framework of the SM gauge structure. They pointed
out that, in the same way the electromagnetic field is linked to the electric
charge, there are vector fields (spin 1) that appear when isospin symmetry
is imposed locally and, moreover, these fields satisfy non-linear differential
equations. YM theory is therefore the core of the SM, where one imposes
local invariance under non-abelian symmetries.

In the early ’60s, Gell-Mann and Zweig proposed the concept of quarks
[11,12]. This was a major advance in the understanding of the strong force
(also known as Quantum Chromodynamics, QCD). Thanks to the quark
model, they were able to explain the big number of baryons and mesons
that were being discovered by that time. The main idea is that hadrons are
not fundamental, but composed of other elementary particles, quarks, that
bind together and form bound states which do not feel the strong force (at
least not directly). Using symmetry principles and group theory, Gell-Mann
and Zweig were able to explain the main hadron spectrum by combining
three quark flavors: u, d and s. However, quark behaviour seemed weird.
For instance, in order to explain the observed hadron spectrum quarks were
forced to have fractional (2

3 and −1
3) charges. In addition, it was noticed

that in some baryons quarks seemed not to obey the spin-statistics theo-
rem. For example, this is the case for the ∆++ baryon which is composed
of 3 up-type quarks and has spin 3/2 [13]. This baryon made people to
doubt the existence of quarks since it seemed to have a total wave-function
which is symmetric under interchanging quarks unless they violate the spin-
statistics theorem. This puzzle was later solved with the introduction of a
new quantum number for quarks: color charge.

Independently, at the end of the ’60s, Feynman proposed the parton
model to describe hadron collisions at high energies [14]. Soon after that,
Bjorken and Paschos applied this model willing to understand electron-

2During the ’50s physicists were intrigued about the decays of τ and θ mesons. Despite
having the same mass and life-time, their decays (mediated by weak interaction) have
opposite parities.
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proton deep inelastic scattering [15]. It was later recognized that partons
describe quarks and gluons. Despite in the early days quarks appeared to be
very strange, today we know that quarks are not artifacts but real particles
that form bound states and compose hadrons.

In 1964, in different works P. Higgs; F. Englert and R. Brout; and G.
S. Guralnik, C. R. Hagen, and T. W. B. Kibble proved that the Goldstone
theorem does not apply to gauge theories [16–18]. In the case of local sym-
metries, the would-be Goldstone bosons that arise after symmetry breaking
can be gauged away and absorbed as longitudinal degrees of freedom of the
gauge bosons. As a result, these gauge bosons get a non-zero mass and a
particle associated with this mechanism appears. Nowadays this is known
as the Higgs mechanism and the associated particle is known as the Higgs
boson. The particle associated to the Higgs mechanism was discovered in
2012 and P. Higgs and F. Englert received the 2013 Nobel Prize in Physics.

In the ’70s, the Glashow-Salam-Weinberg model for weak interactions
had serious difficulties at high energies due to the vector boson mass term
that was added to explain the weak interaction. M. Veltman, G. ’t Hooft,
C.G. Bollini and J.J. Giambiagi showed independently [19, 20] that one
can have a renormalizable Yang-Mills theory for weak interactions. This
was done using dimensional regularization to calculate renormalized higher
loop diagrams, together with the Higgs mechanism as a way to consistently
generate gauge boson masses.

In a QFT, coupling constants are not constant but they evolve with en-
ergy. This paradoxical behaviour was studied for non-abelian gauge theories
by D.J. Gross, F. Wilczek and D. Politzer independently [21,22]. They dis-
covered that, if strong interactions are described by non-abelian symmetries,
they will exhibit a fully reliable and perturbative behaviour at high energies
even in the case they are non-perturbative at low energies. This is known
as asymptotic freedom. They also pointed out that this non-perturbative
regime at low energies might break symmetries dynamically. This break-
through can be seen as the birth of modern Quantum Chromodynamics.

Symmetries and particle content
The SM is the QFT of the electromagnetic and weak interactions [1–3], also
incorporating the strong interaction [21, 23, 24]. Being a gauge theory, it is
invariant under the Lorentz group and under the gauge symmetry group:

SU(3)C × SU(2)L × U(1)Y . (1.1)
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liL eiR qiL uiR diR H

SU(3)C 1 1 3 3 3 1
SU(2)L 2 1 2 1 1 2
U(1)Y −1

2 −1 −1
6

2
3 −1

3
1
2

Table 1.1: Particle content of the SM. The labels i = 1, 2, 3 correspond to
the different SM families.

The SM contains the 8 bosons associated to the strong sector SU(3)C , also
known as gluons, and 4 electroweak gauge bosons corresponding to the
SU(2)L×U(1)Y part. As we will see, the fermions are arranged in different
representations of the SM group.

Depending on whether fermions are charged under QCD or not, we
divide them into quarks and leptons. An important feature of the SM is that
it is a chiral theory, i.e. left and right-handed fields transform differently
under the gauge group. While left-handed fields are arranged in SU(2)L
doublets, right-handed fields are SU(2)L singlets:(

νl
e

)
L

,

(
u
d

)
L

, eR , uR , dR . (1.2)

This structure is replicated three times, resulting in the family structure of
the SM. It is a mystery why the building-blocks of Nature, i.e. the elemen-
tary particles, are replicated. An obvious feature is the explicit violation
of parity by the weak interaction. The last piece of the SM is the Higgs
boson, H, a scalar field that transforms as a SU(2)L doublet which is the
responsible of giving masses to the fundamental fermions as a result of the
spontaneous symmetry breaking (SSB) mechanism. The quantum numbers
of the particles in the SM are given in table 1.1.

Altogether, we can write the most general Lagrangian that respects SM
gauge symmetry:

LSM = Lgauge + LF + LH + LY uk . (1.3)

The first two pieces, Lgauge and LF , involve the kinetic terms of both, gauge
bosons and fermions. We will see how the derivatives, when promoted to
covariant derivatives, turn on the fundamental interactions of the strong
and electroweak sectors. The second part involves interactions related to the
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Higgs boson. We will see that LH is responsible of the electroweak symmetry
breaking (EWSB) mechanism and LY uk describes the interaction of fermions
with the Higgs boson. Finally, we will also review how elementary fermions
gain a mass due to the interaction with the Higgs condensate.

1.1.0.1 Quantum Chromodynamics

As we mentioned before, the SM also includes the strong interaction
which corresponds to the SU(3)C sector, and is only felt by quarks. We
start with the quark Lagrangian:

Lquark
0 =

∑
quarks

q̄i (iγµ∂µ −mf ) qi . (1.4)

This Lagrangian is invariant under global SU(3)C transformations q′ = Uq,
where

U = exp{iλ
aθa
2 } . (1.5)

In the equation above λa are the Gell-Mann matrices and θa the transforma-
tion parameters. Promoting SU(3)C to be a local symmetry requires that
the parameters vary locally, θa = θa(x), and also requires the introduction
of the covariant derivaties to preserve gauge invariance

Dµqi =
(
∂µ + igs

λa

2 G
µ
a(x)

)
qi . (1.6)

Here Gµ
a(x) is the gluon field and a = 1, ..., 8 is the SU(3)C index. One

immediately notices that the strong interaction is mediated by the 8 glu-
ons, each corresponding to a SU(3)C generator. Finally, adding the gauge-
invariant kinetic term we obtain the QCD Lagrangian:

LQCD = Lgauge + Lquark
0 = −1

4G
a
µνG

µν
a +

∑
quarks

q̄i (iγµDµ −mf ) qi . (1.7)

The field strength tensor for the gluon fields, responsible of gluon self-
interactions, reads:

Ga
µν = ∂µG

a
ν − ∂νGa

µ − gsfabcGb
νG

c
µ . (1.8)
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The symbol fabc stands for the structure constants of the SU(3) group. One
easily appreciates how the non-abelian behaviour of YM theories gives rise
to gauge boson self-interactions.

1.1.0.2 Electroweak interaction

As mentioned before, the group SU(2)L × U(1)Y describes the elec-
troweak interaction. The kinetic Lagrangian of the corresponding gauge
bosons reads

Lgauge = −1
4W

a
µνW

µν
a −

1
4BµνB

µν , (1.9)

where the field strength tensor are given by:

W a
µν = ∂µW

a
ν − ∂νW a

µ − gεabcW b
νW

c
µ ,

Bµν = ∂µBν − ∂νBµ .
(1.10)

An important feature of the gauge Lagrangian is that it contains gauge
boson self-couplings (see Eq. (1.10)) as expected from the non-Abelian na-
ture of the SU(2)L part of the group. As it occurs for QCD, promoting
SU(2)L × U(1)Y to a local symmetry requires the introduction of the as-
sociated covariant derivatives. These derivatives will now be different for
left-handed and right-handed fermions due to their different transformation
under the gauge group:

DµψL =
(
∂µ + ig

σa
2 W

a
µ + ig′Y Bµ

)
ψL ,

DµψR =
(
∂µ + ig′Y Bµ

)
ψR ,

(1.11)

where g and g′ are the coupling constants of the SU(2)L and U(1)Y in-
teractions, W a

µ and Bµ are the associated gauge fields, and σa and Y are
the group generators. At this point it is easy to see that, within the SM,
left-handed and right-handed fields transform differently. In other words,
the SM is a chiral theory.

All in all, we have achieved a good and consistent microscopic theory
of the EW interaction. However, this is not the end of the story. From
radioactive decays we know that W± bosons are massive and also that the
only neutral massless gauge boson is the photon. The Z boson, responsible
of the weak neutral current, must also get a mass. In few words, we need
to recover the electromagnetic (EM) interaction as an effective theory. As
we will see in the next section, the Higgs mechanism describes the sponta-
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neous breaking of the EW group by the Higgs condensate down to U(1)EM .
Therefore, in the SM, the photon is actually a linear combination of the
gauge bosons of SU(2)L and U(1)Y .

Symmetry breaking
The Standard Model is a chiral gauge theory. This is actually an in-

teresting and non-trivial property. First of all, chiral gauge theories are
challenged by gauge anomalies, implying that the fermion quantum num-
bers somehow conspire so that the resulting theory is anomaly free. On the
other hand, in a chiral theory, bare mass terms are forbidden by symme-
try. This is actually a desirable feature since, in general, bare mass terms
are not under control and can be arbitrarily large. In the SM, left and
right-handed fermions transform differently and invariant bare mass terms,
mf̄f = m(f̄LfR+f̄RfL), are forbidden by the gauge symmetry of the theory.

Another important feature of gauge theories is that unbroken symmetries
describe massless gauge bosons. A mass term for gauge bosons is forbidden
by gauge invariance and terms like

M2BµBµ , (1.12)

are not allowed at the renormalizable level.
A world with an exact SU(2)L × U(1)Y symmetry would look very dif-

ferent from ours. In such a world, fermions would be massless and all the
gauge bosons - including the EW gauge bosons - would be massless3. If we
want to describe our world with a QFT based on the SM gauge group, the
EW symmetry must be broken.

1.1.0.3 Spontaneous symmetry breaking. The Higgs mechanism

There are different ways to break symmetries. If the breaking is ex-
plicit at the Lagrangian level but is sufficiently small, they may look as
approximate symmetries. An observer will only notice the breaking, and
the possible violation of a conservation law, if sufficient experimental preci-
sion is achieved. However, by definition, the breaking of gauge symmetries
cannot be explicit. One is challenged to find another way consistent with the
gauge principle. Fortunately, a mechanism was known in condensed matter

3This neglects the possibility of chiral symmetry breaking in QCD as the origin of EW
symmetry breaking. See [25] for an interesting gedanken experiment of a world without
the Higgs boson.
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systems such as the Bardeen-Cooper-Schrieffer (BCS) theory of supercon-
ductivity [26], where Cooper pairing of electrons spontaneously breaks the
electromagnetic gauge symmetry, giving mass to the photon and producing
the Meissner effect.

In the context of the EW theory, the Higgs mechanism, proposed inde-
pendently by R. Brout and F. Englert; by Peter Higgs; and by G. Guralnik,
C.R. Hagen, and T. Kibble [16–18], can be viewed as a type of supercon-
ductivity that occurs in the vacuum and permeates all the space. The main
idea of spontaneously broken symmetries is that the Lagrangian preserves
the symmetry while the ground state of the theory breaks it. This simple
and beautiful idea is carried out by a complex scalar field, transforming as
H ∼ (1, 2, 1/2) under the SM gauge group, that we introduce in the theory.
Specifically, the scalar doublet is:

H =
(
H+

H0

)
. (1.13)

The introduction of this field to the SM has enormous consequences. The
following interactions will now be allowed by gauge symmetries (at dimen-
sion d ≤ 4):

LH =
(
DµH

)†(
DµH

)
− VH , (1.14)

where the Higgs potential, VH , reads:

VH = µ2|H|2 + λ|H|4 . (1.15)

This potential has a non-unique minimum for H†H = |H|2 = −1
2µ

2/λ.
These minima correspond to a classical ground state that, in the quantized
theory, corresponds to a non-zero vacuum expectation value (VEV) for the
scalar doublet H4:

〈H〉 = 1√
2

(
0
v

)
. (1.16)

We can always parametrize the scalar field as

H = ei
θa(x)σa

v

(
0

v+h(x)√
2

)
, (1.17)

4The SM Higgs VEV is known to be v = 246 GeV [13].



1.1. The Standard Model 11

where θa(x) and h(x) are real scalar fields. The three θa fields can be gauged
away by a SU(2)L transformation with parameter αa = −2θa

v

H ′ = e−i
2θa(x)
v

σa

2 H =
(

0
v+h(x)√

2

)
. (1.18)

In this gauge (unitary gauge), the θa degrees of freedom become the lon-
gitudinal components of SU(2)L bosons, which become massive. This is
how the Higgs mechanism evades Goldstone’s theorem and allows us to give
masses to the gauge bosons without spoiling the quantum consistency of
the theory.

Gauge boson masses arise from the kinetic terms of the Higgs Lagrangian,(
DµH

)†(
DµH

)
, when H develops a VEV. This VEV (see Eq. (1.17)) leaves

the part of the gauge group SU(3)C × U(1)EM unbroken. Therefore, the
photon and the gluon remain massless. The photon, Aµ, and Z-boson, Zµ,
will be given by linear combinations of the neutral components of the orig-
inal EW gauge bosons, W 3

µ and Bµ:

W 3
µ = sin θwAµ + cos θwZµ ,

Bµ = cos θwAµ − sin θwZµ .
(1.19)

The weak mixing angle, θw, is determined by the relation:

g′

g
= tan θw . (1.20)

By introducing Eq. (1.18) into the Higgs Lagrangian and rotating the gauge
bosons, we get

Lh = 1
2(∂µh)2 − 1

2M
2
hh

2 − 1
4λh

4 − λvh3 + 1
2vg

2W+
µ W

−µh

+ 1
4v

g2

cos θw
ZµZ

µh+ 1
4g

2W+
µ W

−µh2 + 1
8

g2

cos θw
ZµZ

µh2

+ 1
2M

2
ZZµZ

µ +M2
WW

+
µ W

−µ + λ
v4

4 ,

(1.21)

with the gauge and Higgs boson masses given by

MW = 1
2gv , MZ = 1

2gZv = MW

cos θW
, Mh =

√
2λv . (1.22)
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Another important relation between weak boson masses and weak mixing
angle arises

cos2 θw = M2
W

M2
Z

, (1.23)

and allows us to define the electroweak parameter

ρ := M2
W

M2
Z cos2 θw

. (1.24)

In the SM, at tree-level, the electroweak parameter is predicted to be ρ = 1,
while the experimental value is given by ρexp = 1.00037±0.0023 [27]. It can
be easily shown that the addition of an arbitrary number of Higgs singlets
and doublets (with non-vanishing VEV) does not change the value of ρ.
However, the value of ρ changes if we add higher SU(2)L representations,
such as triplets, with non-vanishing VEVs. For example, in the case of an
additional Higgs triplet (important for the type-II seesaw, which will be
studied later in Chapter 2) the ρ parameter is changed by

ρ = v2 + 2v2
∆

v2 + 4v2
∆
, (1.25)

constraining the VEV of the Higgs triplet to be v∆ ≤ 3 GeV.

1.1.0.4 Yukawa interaction and fermion masses

The introduction of an elementary scalar in the model has several impli-
cations. Among them, some interactions will be allowed by the symmetries
and must be taken into account. One of the most important are the so-called
Yukawa interactions

LY uk = −
∑
ij

[
Y l
ij l̄iLHejR + Y u

ij q̄iLH̃ujR + Y d
ij q̄iLHdjR + h.c.

]
, (1.26)

where H̃ = iσ2H
∗. It is important to notice that lL, qL, uR and dR are the

weak or interaction eigenstates and not the mass eigenstates. Here we stress
that, due to the absence of a right-handed neutrino in the Standard Model,
neutrinos are predicted to be massless if we restrict ourselves to operators
with dimension d ≤ 4. Later in this thesis, we will study in some detail
several mechanisms beyond the SM to generate naturally small neutrino
masses, both in Dirac and Majorana fashion.
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Fermion masses and mixing are also generated at tree level due to the
Higgs mechanism. Fermions that interact with the Higgs condensate, 〈H〉,
get a non-zero mass. As stated before, in the unitary gauge we have:

H =
(

0
v+h(x)√

2

)
, H̃ =

(
v+h(x)√

2
0

)
. (1.27)

Introducing them in the Yukawa Lagrangian, Eq. (1.26), we get the fermion
masses and their interaction with the physical Higgs boson, h:

LY uk =−
∑
ij

[
l̄′iLM

l
ijl
′
jR + ū′iLM

u
iju
′
jR + d̄′iLM

d
ijd
′
jR

+ h√
2
l̄′iLY

l
ijl
′
jR + h√

2
ū′iLY

u
iju
′
jR + h√

2
d̄′iLY

d
ijd
′
jR

]
,

(1.28)

where
M l

ij = Y l
ij

v√
2
, Mu

ij = Y u
ij

v√
2
, Md

ij = Y d
ij

v√
2
, (1.29)

are the Dirac mass matrices for the charged leptons, up-type and down-type
quarks, respectively.

If we denote by l,u and d the mass eigenstates of charged leptons, up-
type and down-type quarks, respectively, we get that these are obtained by
rotating the flavor or interaction eigenstates (l′,u′ and d′):

liL = U lL ijl′jL , uiL = UuL iju′jL , diL = UdL ijd′jL ,
liR = U lR ijl′jR , uiR = UuR iju′jR , diR = UdR ijd′jR .

(1.30)

These unitary matrices correspond to rotations that diagonalize the mass
matrices given in Eq. (1.29), resulting in the rotated Lagrangian:

LY uk =−
∑
i

[
l̄im

l
ili + ūim

u
i ui + d̄im

d
i di

+ ml
i

v
hl̄ili + mu

i

v
hūiui + md

i

v
hd̄idi

]
.

(1.31)

It follows automatically that the physical Higgs that results after EWSB
couples to fermions with strength proportional to the fermion mass. This
has phenomenological importance since it follows that the coupling to heavy
fermions is larger and easier to test.
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1.2 Flavor in the Standard Model
Fundamental fermions are replicated in the SM. For each elementary

fermion we have 3 copies, only differing in their mass, known by the name
of flavors. For example, the 3 different flavors of charged leptons are called
electron, muon and tau and present an interesting mass hierarchy:

me � mµ � mτ . (1.32)

Similar hierarchies are also present for up-type and down-type quarks. It is
a deep mystery why families are replicated and also why their mass scales
are hierarchically distributed. Flavor physics involves any process in which
a given SM fermion participates in an inter-family transition (see [28–30]
for comprehensive reviews). For example, in the quark sector, this process
of flavor conversion is driven by the quark mixing angles that arise since
interaction and mass eigenstates of fermions do not coincide. Another inter-
esting feature of these processes of flavor dynamics is that at leading order,
they involve only left-handed fermions and are exclusively determined by
the dynamics of the charged-currend of the weak interaction. All these
features render the flavor sector in the SM testable.

Finally, it is a rather remarkable fact that thanks to this rich flavor struc-
ture with three families, CP symmetry is violated by the weak interaction
in the SM. Indeed, it is well known that the violation of CP symmetry can
only occur if there are at least three families and also that any CP violating
process involves necessarily all of the quark families [31]. Of course, in-
troducing new ingredients (for example new vector-like fermions and scalar
fields) to the SM implies the introduction of new couplings, some of which
may be complex, leading to new sources of CP violation (CPV). Probes of
CP violation such as the searches for electric dipole moments (EDM) offer
interesting constraints to BSM models [32].

In this section we start by reviewing the parameter counting that system-
atically allows us to determine, for a given theory, the number of physical
parameters. After that, we will briefly review flavor dynamics mediated by
the charged current and CP violation in the SM.

Parameter counting in the Standard Model
A precise determination of the number of physically relevant parame-

ters is crucial prior to the study of any theory. In particular, the Yukawa
interaction we described in Eq. (1.26), has many complex parameters when
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the 3 families are taken into account. However, many of the parameters are
unphysical and can be rotated away with an appropriate basis transforma-
tion.

Let us focus on the Yukawa interaction to illustrate the parameter count-
ing. If one turns off the Yukawa couplings, the kinetic Lagrangian enjoys a
large flavor symmetry given by:

Gflavor = U(3)qL × U(3)uR × U(3)dR × U(3)lL × U(3)eR . (1.33)

In the SM, there is no vertex connecting quarks and leptons, allowing us to
study their case separately.

Let us start with the leptonic case. In this case, we have a flavor sym-
metry given by U(3)lL × U(3)eR , resulting in 18 generators. This flavor
symmetry is broken down to U(1)e × U(1)µ × U(1)τ by the lepton Yukawa
matrix:

Y l
ij l̄LHeR . (1.34)

This 3× 3 matrix is complex in general, resulting in 18 parameters. Using
a symmetry transformation, one can rotate away as many parameters as
broken generators of the flavor symmetry, resulting in: 18 − (18 − 3) = 3
physical parameters. These physical parameters correspond to the charged
lepton masses. This is a general result: in breaking the global symme-
try, there is an extra freedom to eliminate as many parameters as broken
generators.

Let us now turn to the quark sector. In this case the flavor symmetry
in the limit of vanishing Yukawa couplings is U(3)qL × U(3)uR × U(3)dR ,
resulting in 27 generators. Since now we have two complex 3 × 3 Yukawa
matrices, Y u

ij and Y d
ij (see Eq. (1.26)), the number of free parameters is 36.

These couplings break the large flavor symmetry down to baryon number,
U(1)B, which is the only exact symmetry in this case. Applying the general
rule gives us a total of 36 − (27 − 1) = 10 physical parameters. These
parameters correspond to the 6 quark masses, 3 mixing angles and the
CPV phase of the Cabibbo-Kobayashi-Maskawa (CKM) matrix.

Flavor dynamics and CP violation in the Standard Model
As stated above in Eq. (1.26), in the SM, the fermions obtain their

masses through their Yukawa interaction with the Higgs condensate. With
3 generations, the Yukawa matrices of different fermion types are 3 × 3
complex matrices. In order to go from the flavor or interaction basis to
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the mass basis we need to diagonalize these matrices, rotating the flavor
eigenstates (see Eq. (1.30)):

qiL = U qL ijq′jL , (1.35)

where q′ denotes the flavor eigenstates. With this rotation we obtain the
so-called mass eigenstates. The matrices U qL ij are 3× 3 unitary matrices:

U qLU
q †
L = 1 , with q = u, d . (1.36)

However, in general, the product UuLU †dL differs from the identity. This
leads to flavor-changing processes mediated by the weak charged current.

The Lagrangian describing these processes is given by:

−LW = g√
2
ūL iγ

µ (VCKM)ij dL jW
+
µ + h.c. (1.37)

where we have defined the CKM matrix as:

VCKM = UuLU †dL =

 Vud Vus Vub
Vcd Vcs Vcs
Vtd Vts Vtb

 , (1.38)

This matrix, describing the quark mixing and flavor-changing processes, is
a 3 × 3 unitary matrix. Although very hierarchical, it is non-diagonal and
can be parametrized as [13]:

VCKM =

 c12c13 s12c13 s13e
−iδ

−c12s23s13e
iδ − s12c23 c12c13 − s12s23s13e

iδ s23c13
s12s23 − c12c23s13e

iδ −c12s23 − s12c23s13e
iδ c23c13


(1.39)

where we have defined sij = sin θij and cij = cos θij. Here θij denotes the
mixing angle between i and j families and δ is the CPV phase. Notice
that in the SM, with massless neutrinos, there is no analogous to the CKM
matrix for leptons because of the freedom to redefine the neutrino fields so
that the charged leptons are rotated to the diagonal mass-basis. Later, in
Chapter 2, we will consider the situation with massive neutrinos that leads
to the lepton mixing matrix and the phenomenon of neutrino oscillations.

As shown before, the quark sector with 3 families contains a physical
CPV phase, contained in Eq. (1.39), the CKM phase δ. The explicit expres-
sion depends on the parametrization of the CKM matrix. Fortunately, one
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can define a CPV quantity that contains all the relevant information and
is a basis-independent quantity. This is the so-called Jarlskog invariant [31]
and is defined as:

Im(VijVklV ∗ilV ∗kj) = JCKM
3∑

m,n=1
εikmεjln . (1.40)

In terms of the Particle Data Group (PDG) parametrization introduced
above (see Eq. (1.39)) the Jarlskog invariant is given by:

JCKM = c12c23c
2
13s12s23s13 sin δ . (1.41)

One immediately observes that CPV can only be present if all mixing angles
are different from zero and, therefore, all quarks are massive.

The global fit of different experimental results is (see [13] and references
therein):

VCKM =

 0.97401± 0.00011 0.22650± 0.00048 0.00361+0.00011
−0.00009

0.22636± 0.00048 0.97320± 0.00011 0.04053+0.00083
−0.00061

0.00854+0.00023
−0.00016 0.03978+0.00082

−0.00060 0.999172+0.000024
−0.000035

 .

(1.42)
On other hand, the value of the Jarlskog invariant is given by:

J = 3.00+0.15
−0.09 × 10−5 . (1.43)

1.3 Beyond the Standard Model
The previous sections contain a brief overview of the most precise mi-

croscopic theory of Nature, the SM. This theory accurately describes the
elementary particles and their fundamental interactions. It leaves, however,
several phenomena unexplained. These open questions include theoretical
and purely phenomenological issues. Among them we can mention:

• Neutrino Masses. Due to its particle content, neutrinos are mass-
less within the SM at the renormalizable level. However, since the
discovery of neutrino oscillations we know that they have a small but
non-zero mass. Despite the fact that the exact mass scale value is un-
known, their lightness points to a mass-generation mechanism beyond
the standard Higgs mechanism.
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• Flavor puzzle. It is a striking fact that each SM family/generation
is replicated 3 times. In some sense, Rabi’s famous question "Who
ordered that?" has been rescaled to "Why does Nature repeat herself?"5.
Additionally, the very particular pattern of fermion masses and mixing
is unexplained in the SM.

• Dark Matter. Observations reveal that around one quarter of the
total energy density of the Universe corresponds to some sort of non-
luminous matter called dark matter. Today we know that without
this form of non-relativistic matter galaxies would look very different.
However, the nature and interactions of dark matter are a deep mys-
tery. With many different proposals and experimental efforts, it is
currently a very active field of research.

• Grand Unified Theories. Charge quantization has remained an
open question since the early days of quantum mechanics. With the
advent of the SM, this question has escalated to explain the particu-
lar quantum numbers of known elementary particles and the relative
strength of their interactions. With great elegance and simplicity,
Grand Unified Theories (GUT) postulate that the plethora of differ-
ent charges and interactions is just a low-energy manifestation of a
deeper underlying unity. Therefore, in the ultraviolet (UV), the sep-
arate parts of the SM gauge group are merged into a unique gauge
symmetry. One of the most interesting phenomenological predictions
is the instability of the proton.

• Strong CP problem. In principle, QCD could violate CP invari-
ance. However, from non-observation of the neutron EDM, we now
that either CP is conserved by the strong force or its violation is ex-
tremelly small. Given that CP is largely violated in the quark sector
by the weak interaction, explaining the non-observation of strong CPV
is very challenging.

• Matter-antimatter asymmetry. A Universe full of matter is hard
to accommodate in the standard picture of the hot Big Bang theory,
where one expects the same amount of particles and antiparticles.
Matter seems to be the preferred building block of Nature, from living
beings to the largest known structures in the Universe. Explaining this
asymmetry is a long-standing open question.

5Quote extracted from [33].
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• Hierarchy problem. The root of the problem is the huge hierarchy
between the weak scale and the Planck scale, where gravity becomes
relevant. Since scalar fields usually receive large quantum corrections,
it is a mystery why the SM Higgs remains light. The hierarchy problem
is one of the open questions that has received more attention in the
last decades and has lead to the development of frameworks such as
weak-scale supersymmetry, technicolor and large extra-dimensions.

• Inflation. Originally proposed as a solution to the horizon and flat-
ness problems of the original hot Big Bang theory, the inflationary
Universe [34] is the theory that offers the best understanding of the
standard cosmology’s peculiar initial conditions. The key idea behind
inflation is an early epoch of accelerated expansion that lead to an
exponential growth of physical scales. Therefore, all the presently ob-
servable Universe corresponds to a tiny initial region. To explain the
observed correlations in the cosmic microwave background (CMB),
we need at least 60 e-foldings of exponential expansion. However, the
duration of the inflationary period and its characteristic scale, i.e. the
inflationary Hubble parameter HI , are unknown. Also unknown are
the nature and interactions of the inflaton field.

• Cosmological constant problem and Dark Energy. Most of the
energy density content of the Universe remains a mystery. At the end
of the last century it was experimentally confirmed that our Universe
is currently dominated by vacuum energy, leading to an accelerated
expansion [35,36]. The problem in this case is to understand why this
contribution to the total energy density budget of the Universe is so
small, that is why ρvac ∼ (3 meV)4 is much smaller than any other
scale in the theory such as the weak or the Planck scale. Indeed, a
QFT estimation reveals that the contribution from Standard Model
fields is at least 60 orders of magnitude larger than the observed value
[37]. Currently, we lack a fully satisfactory answer to the smallness
of ρvac. There exist several possibilities ranging from dynamical dark
energy or quintessence, to anthropic selection. Different proposals
can be distinguished by measuring the equation of state parameter
w ≡ p/ρ. While the pure cosmological constant predicts w = −1,
a quintessence scenario would imply a w > −1 which, in addition,
increases with time. Planck data currently suggests: w . −0.95 at
95% C.L. [38].
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• Towards a quantum theory of gravity. While electromagnetism,
the nuclear force and Fermi’s theory of radioactivity are successfully
quantized and described by spin-1 bosons, gravity is simply different.
Indeed, as shown by Feynman [39], perturbation theory, when ap-
plied to Einstein gravity, leads to the appearance of a massless spin-2
particle: the graviton. However, a fully consistent formulation is not
yet available. To this end, one of the most promising avenues, string
theory, consists of replacing the usual picture of point-like particles
by extended objects such as strings and branes. Unfortunately, the
effects associated to this new paradigm are expected to be extremely
challenging to detect, if possible at all. A general feature of string the-
ories is the presence of compact dimensions in addition to our usual
4 non-compact dimensions. Other feature which is quite common in
string-theoretic frameworks is the presence of additional dark gauge
sectors and the proliferation of light scalar fields; axions and mod-
uli [40].

This thesis is based on several articles where the author attains the first
5 open questions.



Chapter 2

Neutrino Masses

The discovery of neutrino oscillations led to the Nobel Prize in Physics
to Takaaki Kajita [41] and Arthur McDonald [42], and established the ex-
istence of small neutrino masses as one of the leading hints for new physics
beyond the SM. In this chapter, after reviewing the phenomenon of neutrino
oscillations in vacuum, we will briefly overview the simplest SM extensions
that account for naturally light neutrinos. By natural we mean that the
smallness of neutrino mass will be connected to either a heavy scale or a
loop suppression. This occurs when we UV-complete the Weinberg oper-
ator [43] at the tree-level or at the loop-level, respectively. As particular
examples, we will study in more detail the case of the type-I seesaw [44–48]
and the Scotogenic model [49].

2.1 The Lepton Mixing Matrix
In this section we summarize the properties of the lepton mixing matrix,

VLEP . To this end, we follow closely the procedure detailed in [50]. Similarly
to the quark sector, the lepton mixing matrix describes the charged current
weak interaction between neutrinos and charged leptons. It is well known
that a theory with massless neutrinos would imply a trivial lepton mixing
matrix. However, the observation of neutrino oscillations demonstrates that
neutrinos are massive. In this case, a non-trivial lepton mixing matrix is
generated when the new Yukawa-like matrix of neutrinos does not commute
with the charged lepton Yukawa matrix. Depending on whether neutrinos
are Dirac or Majorana particles, the situation changes qualitatively. For
example, a theory with 3 light Dirac neutrinos resembles the quark case,

21
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with a lepton mixing matrix given by:

VLEP = U e †L UνL . (2.1)

This mixing matrix is qualitatively similar to the CKM matrix and is fully
determined by n(n − 1)/2 mixing angles, θij, and n(n − 1)/2 − (n − 1)
independent CP phases.

If neutrinos turn out to be Majorana particles, the situation is expected
to be richer. The reason is that in a theory with Majorana fermions one
has less freedom to remove some of the CP phases. This occurs because the
mass terms are not invariant under Majorana field redefinitions and some
of the phases that would be unphysical in a theory with Dirac fermions
become physical. As a result, in a theory with n light Majorana neutrinos
one has n(n−1)/2 CP phases in addition to the n(n−1)/2 mixing angles. It
is interesting to see that a simple theory with 2 Majorana fermions already
accounts for a CP violating phase [51].

If one takes into account a fully general (n,m) scenario, with n isodou-
blet neutrinos and m isosinglets, the total number of parameters is [44]:

n(n+ 2m− 1)/2 mixing angles.
n(n+ 2m− 1)/2 CP phases.

(2.2)

Once the heavy states are integrated out, the ligh neutrinos are described
by a non-unitary mixing matrix. It is not implausible that the number of
heavy isosinglets is smaller than the number of SM neutrinos,m < n. In this
case, there exist n−m massless neutrinos at leading order. These massless
neutrinos will acquire a non-zero mass through higher-order corrections.

2.2 Neutrino Oscillations
The phenomenon of neutrino oscillations has a quantum mechanical ori-

gin. This process occurs whenever the mass eigenstates, which determine
their temporal evolution, and the flavor eigenstates do not coincide. There-
fore, if neutrinos are massive their flavor changes throughout their propa-
gation. These oscillations explain the deficit found in solar neutrino exper-
iments and were confirmed later by Super-Kamiokande [52] and SNO [53].
The discovery of neutrino oscillations led to the Nobel Prize in Physics to
Takaaki Kajita [41] and Arthur McDonald [42].
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The flavor and mass eigenstates are related through the lepton mixing
matrix:

|να〉 =
3∑
i=1

Uν ∗
α i |νi〉 . (2.3)

Where the greek (latin) indices denote the flavor (mass) eigenstates and we
assumed Uν ≡ V LEP , that is we assumed that the mixing comes exclusively
from the neutrino sector. These neutrino eigenstates form a basis of a
Hilbert space and satisfy the usual orthonormality relation:

〈να|νβ〉 = δαβ and 〈νi|νj〉 = δij . (2.4)

As stated above, the mass eigenstates correspond to the eigenstates of
the Hamiltonian and determine the temporal evolution of neutrinos in vac-
uum:

|νi(t)〉 = ei(t−t0)H |νi(t0)〉 = eiEi(t−t0) |νi(t0)〉 , (2.5)

with E2
i = p2 + m2

i . Being part of the SU(2)L doublets, neutrinos are
always produced and detected as flavor eigenstates. Then, if a neutrino is
produced as να, the probability of detecting it as νβ is given by the square
of the transition amplitude:

Pαβ = |〈να|νβ(t)〉|2 =

∣∣∣∣∣∣
∑
j

U∗αjUβje
−i

m2
j

2E L

∣∣∣∣∣∣
= δαβ − 4

∑
i>j

<
(
U∗αiUαjUβiU

∗
βj

)
sin2

(
∆m2

ijL

4E

)

− 2
∑
i>j

=
(
U∗αiUαjUβiU

∗
βj

)
sin

(
∆m2

ijL

2E

)
.

(2.6)

In the equation above, < and = denote the real and imaginary parts, re-
spectively. We have assumed the ultrarelativistic limit, that is E = p and
L = t − t0, and ∆m2

kj = m2
k −m2

j . In the next section we will summarize
the current values for the neutrino oscillation parameters, which are deter-
mined by performing global fits to neutrino oscillation data from different
experiments.
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Global fits to oscillation parameters
In the standard picture of 3 light neutrinos, the phenomenon of neutrino

oscillations is determined by 3 mixing angles, θ12, θ13 and θ23; 2 mass dif-
ferences, ∆m2

21 and ∆m2
31, and a CPV phase δ. Depending on the origin

of the measured neutrinos, we can classify them in solar neutrinos, reac-
tor neutrinos, atmospheric neutrinos and accelerator neutrinos. As we will
see now, different types of neutrinos will provide information about differ-
ent oscillation parameters. In this section we briefly review these types
and summarize the current status of the global fits to neutrino oscillation
parameters.

• Solar neutrinos. Solar neutrinos are produced in the solar interior
due to hydrogen burning and different thermonuclear reactions. These
neutrinos have energies ranging from 0.1 MeV to 20 MeV. Solar neu-
trino experiments include Borexino, SNO and Super-Kamiokande and
are sensitive to θ12 and ∆m2

21.

• Reactor neutrinos. Neutrino detectors placed relatively close to a
nuclear power plant can be used to detect the anti-neutrino flux pro-
duced in nuclear reactions. These experiments, including KamLAND,
RENO and Daya Bay are generically more sensitive to θ13 and ∆m2

31.

• Atmospheric neutrinos. These neutrinos are produced when a cos-
mic ray collides with the atmosphere, producing a particle shower.
These particle showers lead to highly energetic neutrinos with ener-
gies up to 109 GeV. However, for oscillation parameters only energies
from 0.1 GeV to 100 GeV are relevant. The most relevant atmospheric
neutrino experiments are Super-Kamiokande and IceCube Deep Core,
which are sensitive to θ23 and ∆m2

31.

• Accelerator neutrinos. Neutrinos are produced in the decay of
mesons. When a meson beam is focused, one can get a relatively pure
neutrino beam after a filtering process by a beam dump. In long-
baseline experiments, the initial flux is measured thanks to a near
detector, placed at the accelerator complex. These neutrino beams are
produced and detected in experiments including NOVA, T2K, MINOS
and K2K to study some oscillation parameters: ∆m2

31, θ23, θ13 and
δ. These long-baseline experiments are, in principle, also sensitive
to the neutrino mass ordering. However, this ordering is not yet fully
resolved and is one of the goals of future neutrino facilities like DUNE.
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parameter best fit ±1σ 2σ range 3σ range

∆m2
21[10−5eV2] 7.50+0.22

−0.20 7.12–7.93 6.94–8.14

|∆m2
31|[10−3eV2] (NO) 2.55+0.02

−0.03 2.49–2.60 2.47–2.63

|∆m2
31|[10−3eV2] (IO) 2.45+0.02

−0.03 2.39–2.50 2.37–2.53

sin2 θ12/10−1 3.18± 0.16 2.86–3.52 2.71–3.69

θ12/
o 34.3± 1.0 32.3–36.4 31.4–37.4

sin2 θ23/10−1 (NO) 5.74± 0.14 5.41–5.99 4.34–6.10

θ23/
o (NO) 49.26± 0.79 47.37–50.71 41.20–51.33

sin2 θ23/10−1 (IO) 5.78+0.10
−0.17 5.41–5.98 4.33–6.08

θ23/
o (IO) 49.46+0.60

−0.97 47.35–50.67 41.16–51.25

sin2 θ13/10−2 (NO) 2.200+0.069
−0.062 2.069–2.337 2.000–2.405

θ13/
o (NO) 8.53+0.13

−0.12 8.27–8.79 8.13–8.92

sin2 θ13/10−2 (IO) 2.225+0.064
−0.070 2.086–2.356 2.018–2.424

θ13/
o (IO) 8.58+0.12

−0.14 8.30–8.83 8.17–8.96

δ/π (NO) 1.08+0.13
−0.12 0.84–1.42 0.71–1.99

δ/o (NO) 194+24
−22 152–255 128–359

δ/π (IO) 1.58+0.15
−0.16 1.26–1.85 1.11–1.96

δ/o (IO) 284+26
−28 226–332 200–353

Table 2.1: Global fit to neutrino oscillation parameters, adapted from [54].

As we have seen, some of the oscillation parameters are measured by
more than one experiment. In addition, due to the weak nature of neutrino
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interactions with matter, measuring precisely these parameters is a tremen-
dously hard experimental task. This motivates to combine data from dif-
ferent experiments to achieve a result which is more precise than any single
experimental measurement. There are several groups [54–56] performing
these global fits to oscillation parameters. In table 2.1 we summarize the
results of [54].

Neutrino’s known unknowns
The field of neutrino physics has received a lot of experimental and the-

oretical attention in recent years. Thanks to the experimental verification
of neutrino oscillations we know that neutrinos are massive1. This opens a
plethora of experimental possibilities to determine currently unknown fun-
damental parameters of our theory of Nature. Some of these parameters
are currently unknown and others are not very precisely measured. In this
section I briefly overview the current open questions of the field of neutrino
physics that, hopefully, will be answered in a near future.

• Absolute mass scale. Neutrino oscillations are only sensitive to
mass diferences and, therefore, give no information about the mass of
the lightest neutrino. Cosmological bounds can currently provide an
upper bound to the sum of the neutrino masses: ∑mν . 0.12 eV at
95% C.L. [38]. However, this limit has some dependence on the details
of the cosmological model. A model independent way to measure the
absolute scale of neutrino masses is the study of the kinematics of β
decays. The current bound has already reached the sub-eV sensitivity:
mν < 0.8 eV at 90% C.L. [57].

• Dirac or Majorana nature. Oscillations do not depend on the
nature of neutrino mass. Indeed, probing that neutrinos are Dirac
particles may be extraordinarily challenging [58]. On the other hand,
according to the Black box theorem, the observation of neutrinoless
double-beta decay would automatically imply that at least one of the
SM neutrinos is a Majorana particle [59]. Such a discovery would have
an unprecedented impact on our understanding of Nature at the most
fundamental level. Among many other possibilities, if neutrinos turn
out to be Majorana particles, they could play a relevant role in the
inception of the Universe’s matter-antimatter asymmetry.

1From oscillations we know that at least two of them have non-zero masses. There is
still the possibility that the lightest neutrino is massless.
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• Mass ordering. The sign of the atmospheric mass splitting ∆m2
31

is currently unknown. The reason is that this parameter is measured
in atmospheric neutrino oscillations in vacuum, which only depend on
the absolute value. The possibilities are normal ordering, which cor-
responds to ∆m2

31 > 0, and inverse ordering if ∆m2
31 < 0. Currently,

the global analysis of neutrino data prefers normal ordering over the
inverse ordering with a significance of 2.5σ [54].

• CPV in the lepton sector. So far, CP violation has only been
observed in the quark sector. The measurement of δ 6= 0 would be an
exciting discovery for several reasons, including the possible connec-
tion to the generation of the matter-antimatter asymmetry. The phase
δ induces opposite sign shifts to the oscillation processes νµ → νe and
ν̄µ → ν̄e. Therefore, δ can be determined by analyzing oscillation data
in the associated appearance channels. Despite currently these chan-
nels do not offer precise measurements of δ, long-baseline experiments
such as T2K and NOνA can in principle measure the CPV phase
δ [54]. Additionally, if neutrinos are Majorana particles one expects
additional CPV phases. These Majorana phases are not observable
in conventional neutrino oscillation experiments but can have an im-
pact in neutrinoless double-beta decay processes [60] and neutrino to
anti-neutrino oscillations [51].

• Cosmic Neutrino Background (CNB): In similarity to the CMB,
the Cosmic Neutrino Background (CNB) is a robust prediction of the
hot Big Bang model. Detecting these relic neutrinos would be one
of the biggest discoveries in cosmology, as it provides a new window
to observe the early Universe. In addition, the CNB offers precise
information about the absolute mass scale of neutrinos. Currently, the
best experimental strategy to detect the CNB is the neutrino capture
by β-unstable nuclei [61]. Despite being extremely challenging, there
are proposals to detect the CNB using a large amount of tritium [62].

These known unknowns make neutrino physics one of the most exciting
fields in particle physics and is expected to be very prolific in the next few
years.
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2.3 Neutrino masses and physics beyond the
SM

In sharp contrast to charged fermions, neutrinos are massless in the
SM at the renormalizable level, that considering operators with dimension
d ≤ 4. This can be easily seen by looking at the SM particle content (see
table 1.1). Since there are no right-handed neutrinos within the SM, we
cannot build a Dirac mass term for neutrinos.

If one takes the SM as the effective field theory (EFT) of a more complete
fundamental theory, in addition to the operators with d ≤ 4, one adds an
infinite tower of effective operators:

L = L(4)
SM +

∞∑
i=4

Ci
Λi−4Oi . (2.7)

The operators Oi are gauge invariant under the SM gauge group but do not
need to conserve baryon and lepton number symmetries. The expectation
is that the coefficients in this expansion are Ci ∼ O(1) and the UV scale
Λ suppresses their contribution as the dimension of the operator increases.
As noted by Weinberg [43], one can easily see that at dimension-5 there is
a gauge invariant effective operator that after EWSB generates a Majorana
mass term for neutrinos:

O5 ∼ lLlLφφ . (2.8)

In this scenario, neutrino masses are given bymν ∼ 〈φ〉2
Λ , and we can explain

their smallness due to a suppression by the large scale, Λ. Since lepton
number is violated in two units by this operator, neutrinos have necessarily
Majorana nature [59]. Unfortunately the EFT language gives no clue about
the particular mechanism responsible for neutrino mass generation. Several
possibilities arise to UV-complete the Weinberg operator. We classify these
UV mechanisms in two main categories, depending on whether neutrino
masses are generated at tree-level or at the quantum level through loop
corrections.

At tree-level, one can UV-complete the Weinberg operator as follows:

• Type-I seesaw. We add (at least two) right-handed neutrinos, νR ∼
(1, 1, 0), singlets under the SM [44–48].

• Type-II seesaw. We add a Higgs triplet with the appropriate hy-
percharge: ∆ ∼ (1, 3, 1) [44,63].
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• Type-III seesaw. We add a fermion triplet with the appropriate
hypercharge: Σ ∼ (1, 3, 0) [64].

We can also UV complete the Weinberg operator at the loop level (see
[65] and [66] for comprehensive reviews). Some of the simplest mechanisms,
at one loop, are:

• Zee model. In addition to the SM particles 2 new scalar fields are in-
troduced: a SU(2)L singlet with hypercharge equal to 1, χ ∼ (1, 1, 1),
and a new weak doublet, transforming as Φ2 = (1, 2, 1/2). [67]. This is
the simplest SM extension that leads to loop-induced neutrino masses
but, unfortunately, is experimentally ruled out [68].

• Ma model. Also known as the scotogenic model, is an attractive
framework that also accounts for DM [49]. The SM is extended with
an inert Higgs doublet, η ∼ (1, 2, 1/2), and 3 SM singlets N ∼ (1, 1, 0).
The SM symmetry is extended with a discrete Z2 symmetry under
which only these new particles transform non-trivially. See also [69]
for an alternative formulation.

Despite the theoretical prejudice that neutrinos are of Majorana nature,
the mechanisms mentioned above can also be used to generate small Dirac
neutrino masses in a natural way. Indeed, there has been a recent surge in
interest in the field of Dirac neutrinos [70, 71]. The idea is that to achieve
small Dirac neutrino masses one has to forbid the Weinberg operator in
Eq.(2.8) to all orders in perturbation theory. To this end, one is forced to
introduce additional symmetries beyond the gauge symmetry of the SM.
Note, however, that the symmetry does not necessarily have to be related
to the SM lepton number symmetry. Different examples have been recently
proposed, ranging from gauge symmetries [72, 73] to discrete symmetries
ensuring the Diracness of the neutrino mass [74, 75]. Of particular interest
is the attractive connection to the stability of DM [71,75,76].

In the following section we will briefly review the most minimal mecha-
nism to generate Majorana neutrino masses, the type-I seesaw mechanism.
The rest of the chapter is devoted to the most general version of the Scoto-
genic model [49], recently studied in full detail in [77].

Seesaw type-I
As we have seen before, the simplest way to generate neutrino masses is

adding the right-handed component of neutrino field [44–48], νR ∼ (1,1, 0),
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to the SM. This field is a SM singlet and, therefore, does not contribute to
the gauge anomalies. In principle we can add an arbitrary number of νR.
However, for simplicity, we will introduce 3 right-handed neutrinos to match
the number of SM generations2. The relevant Lagrangian for neutrino mass
generation reads:

−Ltype−I = yD l̄LH̃νR + 1
2MRν̄

c
RνR + h.c. (2.9)

In the equation above, yD and MR are 3 × 3 matrices. Additionally, the
Majorana mass matrix is symmetric. Note that since the right-handed neu-
trinos are SM singlets, the second term, a bare Majorana mass term, does
not come from the Higgs mechanism and can be arbitrarily large. Despite
it violates lepton number conservation in two units, it is allowed by gauge
invariance and, thus, there is no reason to forbid such a term. This is
an example of how an accidental symmetry of the Standard Model (lepton
number conservation) is violated when adding new ingredients to the theory.

In more detail, after EWSB, the neutrino mass matrix is given by

Mν =
(

0 mD

mT
D MR

)
. (2.10)

The entries mD and MR correspond to the 3× 3 Dirac and Majorana mass
matrices, respectively. This matrix can be block-diagonalized perturbatively
[78], giving us the light and heavy neutrino mass matrices:

mlight ∼ −mDM
−1
R mD , mheavy ∼MR . (2.11)

Here we note that, in order to have light neutrino masses of order mν ∼
O(10−1) eV and keeping mD ∼ 102GeV, the scale of the Majorana mass
of the right-handed neutrino has to be MR ∼ 1014−15 GeV, i.e. close to
the GUT scale (MGUT ∼ 1015−16 GeV). This is the key point of the seesaw
mechanism and, also, the origin of its name: the heavier is νR, the lighter
will be the active neutrino. Despite the seesaw mechanism is not necessarily
connected to unified theories and is well-motivated by itself, the apparent
coincidence of scales of the right-handed neutrino mass and the GUT scale
has added further motivation for GUTs such as SO(10), where these rep-
resentations arise automatically. Indeed, in some of the simplest SO(10)

2Strictly speaking, to reproduce the observed oscillation parameters, only 2 right-
handed neutrinos are necessary.
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constructions (see Chapter 5), right-handed neutrinos acquire a mass af-
ter the spontaneous breaking of the SO(10) symmetry. This constitutes a
deep, interesting connection between light neutrino masses and the gauge
structure of the SM.

In theories where the right-handed neutrino mass is generated spon-
taneously, that is generated by the VEV of a scalar field, a new particle
appears: the majoron [78, 79], which is the Nambu-Goldstone boson asso-
ciated to lepton number symmetry. The phenomenology associated to this
particle can be very rich. We will consider this possibility in full detail, with
special attention to its role as DM, in Chapter 6.

The general Scotogenic Model
The Scotogenic model, originally proposed in [49], is a simple exten-

sion of the SM where neutrinos get a non-zero mass radiatively. Another
attractive feature of the model is that it provides a dark matter candi-
date, stabilized by the same symmetry that prevents the tree-level mass
term (see [80, 81] for different realisations, where dark matter plays a cru-
cial role in the neutrino mass generation). The typical new physics scales
in the scotogenic model can be substantially lower than those appearing
in the minimal type-I seesaw that we considered in the previous section.
This renders the scotogenic framework a compelling possibility of neutrino
mass mechanisms with signals that may be observable at colliders (see [82]
and [83] for recent studies).

In this section, based on [77], we will consider a generalization of the
scotogenic model. The SM particle content is extended by an arbitrary
number, nN , of singlet fermions N3, and an arbitrary number, nη, of inert
scalar doublets η. In addition to the gauge symmetry of the SM, we add
a dark Z2 parity, under which only the new fields are odd, while the SM
particles are even. The particle content of the model, is given in Tab. 2.2.

The relevant interactions for neutrino mass generation are:

LN ⊃ ynaαNn ηa `
α
L + 1

2 MNn N
c
nNn + h.c. , (2.12)

where n = 1, . . . , nN , a = 1, . . . , nη and α = 1, 2, 3 are generation indices and
y is a general complex nN ×nη×3 object. The quantity MN is a symmetric

3This field has the quantum numbers of a right-handed neutrino, denoted with νR for
the type-I seesaw mechanism. In the context of scotogenic neutrino masses we use the
notation N to refer to the SM singlet.



32 Chapter 2. Neutrino masses

Field Generations SU(3)C SU(2)L U(1)Y Z2

`L 3 1 2 −1/2 +

eR 3 1 1 −1 +

H 1 1 2 1/2 +

η nη 1 2 1/2 −

N nN 1 1 0 −

Table 2.2: Particle content of the general Scotogenic model.

nN×nN Majorana mass matrix that can be chosen diagonal without any loss
of generality. Additionally, the most general scalar potential, also including
the terms with the inert doublets is given by:

V = m2
HH

†H +
(
m2
η

)
ab
η†aηb + 1

2 λ1
(
H†H

)2
+ 1

2 λ
abcd
2

(
η†aηb

) (
η†cηd

)
+ λab3

(
H†H

) (
η†aηb

)
+ λab4

(
H†ηa

) (
η†bH

)
+ 1

2
[
λab5

(
H†ηa

) (
H†ηb

)
+ h.c.

]
.

(2.13)

Here all the indices are η generation indices. Therefore, the quantities m2
η

and λ3,4,5 are nη × nη matrices, while λ2 is an nη × nη × nη × nη object.
Note also that the matrix λ5 must be symmetric and the matrices λ3,4
must be Hermitian. Again, we will assume m2

η to be diagonal without any
loss of generality. As we will show later, the quartic couplings λab5 , are of
fundamental importance for the neutrino mass generation mechanism.

We will assume that the minimization of the scalar potential in Eq.
(2.13) leads to the vacuum configuration:〈

H0
〉

= v√
2

,
〈
η0
a

〉
= 0 , (2.14)

with a = 1, . . . , nη. This means that the inert doublets have zero VEVs,
ensuring that the Z2 symmetry remains unbroken. This fact guarantees the
stability of the lightest Z2-charged particle. In this thesis we do not consider
the possibility of Z2 breaking due to Renormalization Group Equations
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(RGEs) effects. This phenomenon has been recently studied in detail in [77]
by the author of this thesis and collaborators.

As usual, we decompose the neutral component of the ηa multiplets, η0
a,

as:
η0
a = 1√

2
(ηRa + i ηIa) . (2.15)

We will make the assumption that all the parameters in the scalar potential
are real, which implies the conservation of CP symmetry in the scalar sector.
This precludes the mixing of the real and imaginary components of η0

a. After
EWSB, the mass matrices for the real and imaginary components are given
by:

(M2
R)ab = (mη)2

aa δab +
(
λab3 + λab4 + λab5

) v2

2 (2.16)

and
(M2

I)ab = (mη)2
aa δab +

(
λab3 + λab4 − λab5

) v2

2 . (2.17)

One easily notes that in the limit λ5 → 0 the mass matrices coincide,
M2

R = M2
I . This will be of fundamental importance in the calculation of

neutrino masses, in the next section. Both mass matrices can be rotated
into a diagonal form with a change of basis. The gauge eigenstates, ηAa , are
as usual related to the mass eigenstates by:

ηA = VA η̂A , (2.18)

where A = R, I. In general, the nη × nη matrices VA are unitary. However,
when CP symmetry is conserved in the scalar sector,M2

R andM2
I are real

symmetric matrices and, therefore, VA are orthogonal matrices. Taking this
into account, the diagonal mass matrices for the scalar fields are given by:

M̂2
A =


m2
A1 0

. . .
0 m2

Anη

 = V T
AM2

AVA . (2.19)

Explicit expressions for the mass eigenvalues m2
Aa and mixing matrices VA

will be rather complicated, since they involve combinations of the scalar
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potencial parameters. However, with the assumptions4:

λaa3,4
v2

2 �
(
m2
η

)
aa

and λab5 � λab3,4 � 1 , (2.20)

one can find simple expressions. For example, the mass eigenvalues for the
real and imaginary parts of the neutral components are given by:

m2
Ra =

(
m2
η

)
aa

+ (λaa3 + λaa4 + λaa5 ) v
2

2 , (2.21)

m2
Ia =

(
m2
η

)
aa

+ (λaa3 + λaa4 − λaa5 ) v
2

2 . (2.22)

As expected, the mass splitting m2
Ra − m

2
Ia = λaa5 v2 vanishes in the limit

λ5 → 0. Regarding the orthogonal matrices VA, we can write them as a
product of nη(nη − 1)/2 rotation matrices, where the mixing angles are
given by:

tan 2 θabA = 2 (M2
A)ab

(M2
A)bb − (M2

A)aa
=
(
λab3 + λab4 + κ2

A λ
ab
5

) v2

m2
Ab
−m2

Aa

, (2.23)

To achieve a compact expression we have introduced the sign κ2
A (κ2

R = +1
and κ2

I = −1).

2.3.0.1 Scotogenic neutrino masses

In this section we study in detail neutrino mass generation at the 1-loop
level à la scotogenic [49]. Due to the simultaneous presence of the terms
given in Eqs. (2.12) and (2.13), lepton number is explicitly broken in two
units, and neutrinos have Majorana masses. Since the scalars ηa do not
develop a VEV, see Eq. (2.14), neutrino masses are forbidden at tree-level.
However, they are induced at the quantum level, as shown in Fig. 2.1. There
are different diagrams contributing to to the neutrino mass matrix:

(mν)αβ =
∑
A,a,n

(
mA
ν

)an
αβ
. (2.24)

4Note that this assumption is technically natural [84]: the smallness of λ5 is not
dynamically explained but is stable against RGE flow. This is due to the fact that
the limit λ5 → 0 increases the symmetry of the model by restoring lepton number
conservation. Therefore, if λ5 is set small at one scale it will remain small at all scales.



2.3. Neutrino masses and physics beyond the SM 35

νL νL

H0 H0

η η

N N ναL ν
β
L

ηRa
, ηIa

Nn

Figure 2.1: Neutrino mass generation diagrams with the gauge eigenstates
(left) and the physical mass eigenstates (right) that propagate in the loop.

In the equation above,
(
mA
ν

)an
αβ

is the contribution to (mν)αβ generated by
the Nn − ηAa loop. This loop is given by the integral:

−i
(
mA
ν

)an
αβ

= CA
naα

∫ dDk
(2π)D

i

k2 −m2
Aa

i (/k +MNn)
k2 −M2

Nn

CA
naβ , (2.25)

where D = 4 − ε is the number of space-time dimensions, the external
neutrinos are taken at rest and k is the momentum running in the loop.
Note that, being odd in the loop momentum, terms proportional to /k do
not contribute to the integral. The constant CA

naα corresponds to the Nn −
ηAa − ναL coupling, given by:

CA
naα = i

κA√
2
∑
b

(VA)∗ba ynbα , (2.26)

with κR = 1 and κI = i. Due to CP conservation, the parameters in the
scalar sector are real and complex conjugation in VA can be dropped. We
now substitute Eq. (2.26) into Eq. (2.25) and make use of the Passarino-
Veltman loop function B0 [85]:

B0
(
0,m2

Aa ,M
2
Nn

)
= ∆ε + 1− m2

Aa logm2
Aa −M

2
Nn logM2

Nn

m2
Aa −M2

Nn

, (2.27)
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where ∆ε diverges in the limit ε → 0. Finally, the light neutrino mass
matrix becomes:

(mν)αβ = − 1
32π2

∑
A,a,b,c,n

MNn κ
2
A (VA)ba (VA)ca ynbα yncβ B0(0,m2

Aa ,MNn) .

(2.28)
We remark here that the divergent parts cancel exactly due to the orthogo-
nality of the matrices VA. The equation above, Eq. (2.28), provides a simple
analytical expression for the neutrino mass matrix. However, the depen-
dence on the fundamental parameters of the model is not explicit. Working
under the assumptions in Eq. (2.20) we now derive approximate forms of
the neutrino mass matrix valid in the limit of small λab5 and small mixing
angles in the scalar sector. Using λab5 � 1 as the expansion parameter, one
can write:

(mν)αβ = − 1
32π2

∑
n

MNn

∑
a,b,c

ynbα yncβ (2.29)
{

[(V )ba (V )ca]
(0)

[
B

(1)
0 (0,m2

Ra ,MNn)−B(1)
0 (0,m2

Ia ,MNn)
]

+ [(VR)ba (VR)ca − (VI)ba (VI)ca]
(1) B

(0)
0 (0,m2

a,MNn)
}

+O
(
λ2

5

)
.

The superindex (i), with i = 0, 1, denotes the order in the perturbation
parameter λab5 . Note that the limit λ5 = 0 would imply the restoration of
lepton number and massless neutrinos, explaining why the expansion begins
at the first order in λ5. With this in mind, the origin of the two terms in
Eq. (2.29) is easy to understand.

One can easily see that in the first term, the λab5 couplings are kept
at leading order in the difference of B0 functions. The mass matrices for
the real and imaginary components of η0 are equal at 0th order in λ5,
M̂2 (0)

R = M̂2 (0)
I , and then we can define V ≡ V

(0)
R = V

(0)
I . On the other

hand, in the second term, λab5 are neglected in the B0 loop functions and
kept at first order in the mixing matrices, VA. At 0th order in λ5 we have
m

(0)
Ra = m

(0)
Ia ≡ ma and, then, the argument of the loop function reads:

m2
a =

(
m2
η

)
aa

+ (λaa3 + λaa4 ) v
2

2 . (2.30)

We require that the λ5 matrix contains non-vanishing off-diagonal entries,
since [(VR)ba (VR)ca − (VI)ba (VI)ca] would vanish otherwise.
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We now proceed to find approximate expressions for the VA mixing ma-
trices. Approximate expressions for VA require small scalar mixing angles, in
agreement with the assumptions in Eq. (2.20). In this case one can expand
the matrix V in powers of the small parameter:

sab = 1
2
(
λab3 + λab4

) v2

m2
b −m2

a

� 1 . (2.31)

This parameter is defined for a 6= b and corresponds to sin θabR,I at 0th
order in λ5, see Eq. (2.23). One finds the expression for the mixing matrix
as a funcion of the small parameter: (V )ab = δab + (1 − δab) sab + O (s2).
Perturbative expansions for VR and VI can be obtained by replacing s with
sin θR and sin θI , respectively. Finally, the neutrino mass matrix Eq. (2.29)
can be given in closed form as:

(mν)αβ = v2

32π2

∑
n,a,b

ynaα ynbβ
MNn

Γabn +O
(
λ2

5

)
+O

(
λ5 s

2
)

(2.32)

In the equation above we have defined the dimensionless quantity:

Γabn = δab λ
aa
5 fan − (1− δab)

[(
λaa5 fan − λbb5 fbn

)
sab −

M2
Nn

m2
b −m2

a

λab5 gabn

]
(2.33)

and the loop functions:

fan = M2
Nn

m2
a −M2

Nn

+ M4
Nn(

m2
a −M2

Nn

)2 log M
2
Nn

m2
a

, (2.34)

gabn = m2
a

m2
a −M2

Nn

log M
2
Nn

m2
a

− m2
b

m2
b −M2

Nn

log M
2
Nn

m2
b

. (2.35)

The first term in Eq.(2.33) contributes only for a = b, involving only diag-
onal elements of λ5. On the other hand, the second term, involves diagonal
as well as off-diagonal elements of λ5, only contributes for a 6= b. Note also
that gabn = −gban.

The expression in Eq.(2.32) is valid for any value nN and nη. We now
show how for the particular case (nN , nη) = (3,1), the formula above
reduces to a well-known expression in the literature.
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Original Ma’s model: (nN , nη) = (3,1)
The scotogenic model was originally introduced in [49] for (nN , nη) =

(3, 1). In this case, there is a single inert doublet η and three singlet
fermions. One easily realizes that all the matrices in the scalar sector are
now scalar parameters: VA = 1, λab5 ≡ λ11

5 ≡ λ5 and (m2
η)aa ≡ (m2

η)11 ≡ m2
η.

Additionally, the Yukawa couplings become 3 × 3 matrices: ynaα ≡ yn1α ≡
ynα. Regarding the loop functions we have fan ≡ f1n ≡ fn, and the second
term in Eq. (2.33) is of course not present.

In this simple scenario, the quantity Γabn reduces to Γ(3,1)
n , simply given

by:
Γ(3,1)
abn ≡ Γ(3,1)

11n ≡ Γ(3,1)
n = λ5 fn . (2.36)

Replacing this last expression into Eq. (2.32), we obtain the well-known
scotogenic neutrino mass matrix:

(mν)(3,1)
αβ = λ5 v

2

32π2

∑
n

ynα ynβ
MNn

 M2
Nn

m2
0 −M2

Nn

+ M4
Nn(

m2
0 −M2

Nn

)2 log M
2
Nn

m2
0

 ,
(2.37)

with m2
0 = m2

η + (λ3 + λ4) v2/2.
Later, in Chapter 7, we will consider a colored version of the scotogenic

model where both, the scalars and the new fermions responsible of neutrino
mass generation, transform non-trivially under the SU(3)C group.



Chapter 3

The strong CP problem and
axions

An important issue related to the QCD interaction within the SM is the
strong CP problem. Indeed, one can add to the QCD Lagrangian (1.7) the
following term:

Lθ = θ
αs
8πG

a
µνG̃

µν
a , G̃µν

a = 1
2ε

µνρσGaρσ . (3.1)

This term, known as the θ-term, does violate CP symmetry. Since QCD
is vector-like, acting equally on right and left-handed quarks, the phase θ
cannot be rotated away and becomes physical once the quark fields have
been rotated to a basis in which their masses are real, that is:

θ̄ = θ + Arg[detYuYd] . (3.2)

Experimentally, from the non-observation of neutron EDM, we know that
θ̄ ≤ 10−10 [86,87]. The smallness of θ̄ is the origin of the strong CP problem.
The solution to this problem - that is, explaining such an unnatural value
for θ̄ - requires a dynamical mechanism1. Currently, the most attractive
solution to the strong CP problem is the Peccei-Quinn mechanism [90].
The presence of a light pseudo-scalar particle, the axion, is the smoking
gun of this solution [91,92].

In this chapter we overview the Peccei-Quinn solution to the strong CP
problem and how the axion appears in such a theory. After studying the

1It has been argued in [88,89] that anthropic reasoning does not explain the smallness
of θ̄.
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basic properties of the axion in a model-independent way, we introduce
the most basic models of invisible axions, i.e. the DFSZ and KSVZ axion
models, and summarize the associated experimental constraints.

3.1 The PQ mechanism
From an EFT perspective, the PQ mechanism (see [93, 94] for recent

reviews) consists of adding a new pseudo-scalar particle, the axion [91, 92],
coupled to the QCD sector as:

L ⊃
(
a

fa
+ θ̄

)
g2
s

32π2GG̃ . (3.3)

We denote by θ̄ the theta-term in the basis in which all quarks have real
masses. This new degree of freedom is usually visualized, from a UV point of
view, as the Nambu-Goldstone boson associated to the PQ symmetry [90],
which is anomalous under the QCD interaction. The crucial point is that
QCD instanton effects induce a non-trivial potential which can be estimated
by using chiral perturbation theory techniques [95]:

V (a) = −m2
πf

2
π

√√√√1− 4mumd

(mu +md)2 sin
(
a

2fa
+ θ̄

2

)
. (3.4)

Being a dynamical field, the axion will relax down to its minimum at

〈a〉 = −faθ̄ . (3.5)

This minimum is CP-conserving by virtue of the Vafa-Witten theorem [96]
and therefore leads to a vanishing neutron EDM:

dn ∝
a

fa
+ θ̄ = 0 . (3.6)

In this way, the PQ mechanism solves the strong CP problem and leads to
the appearance of the axion [91, 92]. In addition to solving the strong CP
problem, the QCD axion is an excellent DM candidate. This possibility will
be considered in detail in Sec.4.1.0.2.

Two of the most important axion properties, that is the axion mass
and its coupling to photons, automatically emerge from the coupling to
gluons (3.3). Below the confinement scale, and due to the non-perturbative
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potential above (see Eq.(3.4)), the axion acquires a mass [95]

ma = 5.7µeV
(

1012 GeV
fa

)
. (3.7)

On the other hand the coupling to photons is given by:

Laγ = gaγaFµνF̃
µν , (3.8)

with the coupling constant given by:

gaγ = (E/N − 1.92)αem8π
1
fa
. (3.9)

The term E/N stands for the ratio of the QED and QCD anomaly coef-
ficients and is model dependent. The second term comes exclusively from
the axion-pion mixing and is a model-independent prediction of any axion
that solves the strong CP problem through the coupling in Eq.(3.3).

Another important property of the axion, the coupling to SM fermions,
is substantially model dependent and will be considered in the following
section.

3.2 Minimal QCD axion models and experi-
mental constraints

The original PQWW [90–92] axion model was rapidly ruled out [97].
The model included, in addition to the SM fermions, a duplicated Higgs
sector: Hu ∼ (1, 2,−1/2), Hd ∼ (1, 2, 1/2), coupled respectively to up-type
and down-type fermions. The relevant Lagrangian

LPQWW = Y u
ij q̄

i
LHuu

j
R + Y ij

d q̄
i
LHdd

j
R + Y ij

e l̄
i
LHde

j
R , (3.10)

has an anomalous U(1) symmetry, under which the scalars and fermions
are charged, if the term ∼ µ2HuHd is forbidden at the scalar potential.
This anomalous symmetry plays the role of the PQ symmetry to solve the
strong CP problem. Unfortunately, in this simple model, the PQ symmetry
breaking scale coincides with the EW scale

fa =
√
v2
u + v2

d = 246 GeV , (3.11)
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leading to moderately unsuppressed axion interactions and was excluded
soon [97].

As we will see now, with a minimal extension, the axion can be made
invisible and compatible with experiments. There are two main frameworks
depending on whether the SM quarks are charged under PQ symmetry, or
not. These are the DFSZ and KSVZ models.

DFSZ axion model

In this scenario, a SM singlet scalar with PQ charge is added to the
PQWW model [98,99]

S = (vs + ρs)√
2

eiθs . (3.12)

There exist two types of DFSZ axion models depending on how we commu-
nicate the anomalous PQ symmetry to S. This is done through a coupling
to the Higgs doublets, at the scalar potential, proportional to the field op-
erator:

ODFSZ ∼ HuHdS
α , with α = 1, 2 . (3.13)

Once this coupling is taken into account, the PQ breaking scale is mainly
determined (up to small EW-scale corrections) by the scalar singlet VEV,
〈S〉. Since 〈S〉 is a free parameter, the axion can be made very light (see
(3.7)) and weakly coupled to the SM if 〈S〉 ∼ fa � 246 GeV.

Both DFSZ axion models, α = 1, 2, have the same axion couplings to
matter but differ in the number of degenerate vacua, given by NDW =
3α. This number is known as domain wall (DW) number and, as will
be studied in detail later, is cosmologically relevant since situations with
NDW 6= 1 lead to the formation of stable DW when the PQ symmetry is
broken after inflation [100] (for a comprehensive review on domain walls
and other topological defects see [101]). Several mechanisms exist to solve
the DW problem [100,102,103] including the ones studied by the author of
this thesis [104,105].

In these minimal DFSZ models, the anomaly coefficient ratio is predicted
to be E/N = 8/3 and the axion couples to SM fermions at tree-level [106].
As we will see in the next section, interesting constraints arise from the
coupling to electrons at tree-level.
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KSVZ axion model

In the KSVZ model [107,108], a new colored fermion Q is added to the
SM. In this case, the SM quarks carry no PQ charge but the new fermion
transforms chirally under it:

QL → eiβ/2QL , QR → e−iβ/2QR . (3.14)

The colored fermion Q implements the PQ mechanism and receives a mass
from a SM scalar singlet which transforms as S → eiβS.

Therefore, omitting the kinetic terms, the relevant Lagrangian in the
KSVZ model is just

LKSV Z = (ySQ̄LQR + h.c.)− λ
(
|S|2 − v2

S

)2
. (3.15)

In this case, writing S = (vS + ρs)eiθs , the QCD axion coincides exactly
with the phase θs.

The anomaly coefficient ratio depends on the hypercharge of Q, E/N =
2Y 2

Q. The hypercharge also determines the possible mixing with SM quarks.
In the most minimal model, YQ = 0, there is no mixing and the axion couples
to the SM fermions via loop-induced couplings [106]. On the other hand, the
axion-photon coupling has only the model-independent contribution which
comes from the mixing with pions (see (3.9)).

Summary of experimental constraints
Here we briefly summarize different searches for axions. For a detailed

review with a full set of references on axion searches, see [109]. There
exist different ways to classify these searches. For example, one can sep-
arate them as DM-independent and DM-dependent searches depending on
whether axions constitute, or not, the dominant part of the cosmological
DM (see Chapter 4).

Conversely, one can classify axion searches depending on their couplings
to the SM sector. For example, if the coupling to fermions is non-diagonal
in flavor space, very stringent bounds to the strength of this interaction
comes from rare meson decays [110] (see also section 6.5 of [94] for a recent
review). Another example is the axion coupling to photons (see Eq.(3.9))
which is a promising avenue to test axion models in both DM-dependent
and independent searches. The current constraints to this coupling are
summarized in Fig.(3.1). For example, helioscopes look for axions that are
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produced in the Sun. The fundamental principle used in these helioscope
experiments is axion-photon conversion due to an external, large magnetic
field. These experiments are sensitive to masses below 1 eV and constrain
the axion-photon coupling gaγ . 10−10 GeV−1. The strongest bounds come
from CAST [111]. In a near future, IAXO [112] will continue with the search
of solar axions, substantially improving the current bounds.

On the other hand, haloscopes are experiments that look for axions
which compose the DM halo. These experiments search for axion DM con-
verting into photons under the influence of a strong magnetic field. If we
are looking for conversions inside a cavity, the size of the experiment has
to be about the Compton wavelength of the axion, L ∼ m−1

a . Haloscopes
look for the energy deposited by the axion field into the cavity. One of the
leading experiments of this kind is ADMX [113].

Let us also mention that there exist laboratory searches such as the light
shining through the wall experiments that are sensitive to the axion-photon
coupling for axion masses below 10−3 eV [114–116]. As stated above, a large
magnetic field generates a non-zero axion-photon mixing. Let’s assume that
in a region where we have a strong magnetic field we have a wall. At one
side, we put a laser that hits the wall and, at the other side, we put a photon
detector. When the laser hits the wall, because of the magnetic field, there
is a non-zero probability that a photon oscillates into an axion and goes
through the wall. Again, this axion can oscillate back into a photon and
be detected at the other side of the wall. Despite this process is suppressed
by g2

aγ, it offers interesting and competitive constraints that do not depend
on the DM abundance nor the production of axions in the Sun. The model
independence renders this kind of searches very attractive and has excellent
future prospects [117,118].

Regarding the couplings to fermions, the most relevant for axions with
flavor-conserving couplings are the couplings to electrons and nucleons. The
current constraints to the former are summarized in Fig.(3.2). The most
stringent bound to the latter, that is the axion-nucleon coupling, comes
from the supernova SN1987 and reads: fa ≥ 4× 108 GeV [119].

Finally, black hole (BH) superradiance offers an interesting opportunity
to test axions without any assumption on their couplings to matter or DM
abundance [120, 121]. The idea is that the superradiant instability of Kerr
BH efficiently extracts angular momentum from the BH, populating an
axion cloud around it. Measuring the properties of fast-spinning BH allows
to constrain axions with a Compton wavelength of the order of the size of
the BH, RBH ∼ m−1

a . These constraints from BH superradiance become
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weaker for axion decay constants below fa ∼ 1014−16 GeV, depending on
the axion mass, where the self-interaction effect becomes relevant and can
suppress the BH superradiance spin-down. See [122–124] for recent studies.
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Chapter 4

Dark Matter

The nature of dark matter (DM) is one of the most urgent questions in
fundamental physics. Thanks to a number of different observations, ranging
from galaxy rotation curves and structure formation to the observation of
the Bullet Cluster, we do know that there is more matter than what we see.
This extra amount of non-relativistic matter, which constitutes around 5
more times than baryonic matter and does not interact with light, is what
we call dark matter and its nature remains a mystery. Different pieces of
evidence for the existence of DM can be classified according to the scale
(see [126] for a detailed historical review and a complete list of references):

• Galaxy rotation curves: several results during the first part of the
20th century, culminated with the pioneer work by Vera Rubin and
others in the ’70s, showed that for a distance larger than the main disk
of spiral galaxies, the rotational velocity (rotation curves) of stars has
an approximately flat profile. This result suggests the existence of
non-luminous matter outside of the main disk of these galaxy.

• Galaxy clusters: In the ’30s, Zwicky estimated the Coma cluster
mass by applying the virial theorem to the cluster. From that re-
sult, he was able to estimate the average kinetic energy and velocity
dispersion. This estimation turned out to be much smaller than the
observed velocities by Hubble and Humason (see [126] for a detailed
historical review). From this comparison, he concluded that there
should be much more matter than what we see in galaxy clusters. De-
spite the fact that his results clearly overestimated the abundance of
non-luminous matter, this was one of the first times that the concept
of dark matter was proposed in the literature to explain the mystery

47
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of the missing mass. In the next decades, there were several other
proposals to explain this phenomenon that were eventually ruled out
by measurements of the primordial light element abundances. Fi-
nally, gravitational lensing has also confirmed that massive clusters
are indeed DM dominated. Last but not least, there is one impor-
tant observation of the collision of two clusters that offers interesting
constraints to DM self-interaction and constitutes a solid argument
against proposals of modified gravity theories. This is the so-called
Bullet Cluster, a pair of merging clusters that collided long ago. De-
spite the fact that individual stars do not collide, we can observe the
distribution of hot gas and compare with the bulk mass distribution.
This points to a barycentre of the hot gas displaced with respect to
the centre of mass of the distribution. In other words, the dominant
source of mass in this system does not follow the distribution of bary-
onic matter. This result is extremely hard to explain if one gives up
the (very) weakly interacting DM hypothesis.

• CMB anisotropies and the power spectrum: One of the strongest
hints in favour of the existence of DM is the CMB and its proper-
ties. Measurements of CMB anisotropies provide us information of our
Universe at the recombination epoch. The power spectrum of these
anisotropies has confirmed the standard ΛCDM model and favors the
existence of DM over MOND (MOdified Newtonian Dynamics) theo-
ries. From the properties of the power spectrum, according to the last
release of data by the Planck collaboration [38], we get a DM relic
density: ΩDMh

2 = 0.120± 001.

In order to accommodate this evidence, there are two main avenues. The
first possibility consists of the modification of General Relativity at galactic
scales, the so-called MOND theories. However these theories are in conflict
with several observations such as the Bullet Cluster and the spectrum of the
CMB anisotropies. In this thesis we will not consider this type of theories
further. The other possibility is to add extra matter to the energy density
budget of the Universe. This matter is presumably non-luminous, although
it can interact with light if the interaction strength is sufficiently feeble. De-
pending on its nature, there exists a plethora of different candidates ranging
from massive compact objects (MACHOs) or primordial black holes (PBH)
to weakly interacting massive particles (WIMPS) and axions. This means
that different DM candidates span over more than 80 orders of magnitude,
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from PBH of O(10) solar masses down to bosonic DM with mass m ∼ 10−22

eV.

4.1 Dark Matter candidates
In this section we will briefly overview the different DM candidates that we
consider later in this thesis. Among the many possibilities, we will focus on
WIMPs and light bosonic DM1. The most important properties of any DM
candidate, independently of its mass, are the following:

• Production mechanism.

• Stability or longevity mechanism.

• Detectability: direct and indirect detection.

Any property of a given DM candidate follows automatically from the ones
above. The first one tells us, for example, if a given candidate is produced
thermally, that is from the interaction with the SM thermal bath in the early
Universe, or non-thermally. Dark matter has to be stable on cosmological
time scales, but not necessarily absolutely stable. Many candidates have a
symmetry that prevents their decay, while others are just very long-lived be-
cause of their feeble interactions with the SM or due to kinematical reasons.
Finally, whenever a new candidate is proposed, it is important to estimate
detectability prospects. To this end, one has to specify the interactions
with the visible sector. In many cases, this interaction will be much weaker
than the EW interactions and in some scenarios DM only interacts gravi-
tationally with the SM. Obviously, depending on these interactions, some
experiments will be more sensitive than others for each DM candidate.

Basic thermodynamics in the early Universe
In this section we review basic concepts of thermodynamics in the early

Universe that will be useful to compute observables such as the relic abun-
dance of any DM candidate. We will work with an expanding Universe that
obeys the Friedmann–Robertson–Walker (FRW) metric:

ds2 = dt2 − a(t)2dx2 . (4.1)
1With this generic name we include axions, majorons and other axion-like particles.
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In the equation above a(t) is the scale factor, defined as a(t0) = 1. From
now on, we denote present quantities with the subindex "0". The Hubble
rate is defined as:

H = a−1da

dt
≡ ȧ

a
. (4.2)

The expansion rate of the Universe is determined by the energy density:

H2 =
(
ȧ

a

)2
= 8π

3M2
P

ρ , (4.3)

where ρ includes all types of energy density: matter, radiation and dark
energy. In an expanding Universe, the energy density is not conserved and
its time dependence is given by:

ρ̇+ 3H(p+ ρ) = 0 . (4.4)

One immediately notices that the Hubble parameter acts as a friction term.
For example, in matter domination epoch we have p = 0, while during
radiation domination: ρ = 3p. The interesting case of constant vacuum
energy, or cosmological constant, leads to p = −ρ. This negative pressure
term has an interesting effect in the cosmic expansion: the expansion rate
accelerates with time.

To see why this case leads to an accelerated expansion of the Universe
one combines 4.3 and 4.4 to get:

ä

a
= − 4π

3M2
P

(ρ+ 3p) . (4.5)

From this equation one has that for matter and radiation dominated uni-
verses the cosmic expansion decelerates, while for the vacuum energy or
cosmological constant case the Universe experiments an accelerated expan-
sion. We believe that there have been at least two epochs during which the
Universe has expanded in an accelerated way. The first one is the era of
cosmic inflation [34,127,128] which is believed to be the responsible for the
peculiar initial conditions of our flat, homogeneous and isotropic Universe.
The second is happening at this very moment. From Planck data [38], we
know with great accuracy that our Universe is currently dominated by dark
energy with an equation of state very close to that of a cosmological con-
stant, wΛ = p/ρ = −1. Both, inflation and dark energy, are currently very
active and interesting topics of research. In table (4.1) we summarize the
evolution of the basic forms of energy density.
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Let us now turn to the radiation dominated epoch. In this case, the
number density of relativistic fermionic particles in thermal equilibrium is
given by2:

n = 3
4
ζ(3)
π2 gT 3 , (4.6)

with g the number of degrees of freedom of a given particle. On the other
hand, the total energy density is given by:

ρ = π2

30g∗(T )T 4 , (4.7)

where g∗(T ) is the total number of relativistic degrees of freedom which is,
as we will see, temperature dependent (see Fig.4.1). These quantities are
obtained by integrating over momentum the phase space distributions for
particles in thermodynamic equilibrium (for example, see [129] for details).
The formula above applies at temperatures exceeding the masses of the
particles in the thermal bath. For the SM, when all particles are relativistic,
we have g∗(T > mt) = 106.75.

From Eq.(4.7), we can write the Hubble parameter as a function of
temperature:

H(T ) = 1.66
√
g∗(T ) T

2

MP

. (4.8)

Let us also mention another important quantity, the entropy density:

s = p+ ρ

T
= 2π2

45 T
3
[(7

8

)∑
i

gi
T 3
i

T 3

]
= 2π2

45 g∗,S(T )T 3 . (4.9)

This allows us to define the comoving entropy density, sa(T )3, which is
conserved for particles in thermal equilibrium. Provided the number of rel-
ativistic degrees of freedom g∗,S(T ) is conserved, the temperature redshifts
as:

T ∼ 1/a(T ) . (4.10)

However, the quantity g∗,S(T ) is not constant and decreases with temper-
ature (see Fig. 4.1). This decreasing of the number of relativistic degrees
of freedom is particularly important during the QCD phase transition due
to the fact that the confinement scale, and therefore the typical mass of
hadrons, is substantially larger than the light quark masses.

2For bosons the formula reads: n = ζ(3)
π2 gT

3.
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Figure 4.1: Evolution of the effective degrees of freedom g? throughout the
cosmic evolution assuming the SM particle content. The dotted line stands
for the entropy relativistic degrees of freedom g? s. Extracted from [130].

Given a particle with mass m, since the temperature decreases with the
cosmic expansion, at some point one reaches T ∼ m. Below this temper-
ature, in addition to the change in g∗(T ), the number density of particles
will follow the non-relativistic equilibrium Boltzmann distribution:

n ∝ e−m/T , (4.11)

and, therefore, the number density will decrease exponentially fast. The
fact that cosmic expansion can bring some species out of equilibrium, avoid-
ing the final Boltzmann suppression, is the key point to understand basic
production mechanisms such as the freeze-out that we will consider in the
following section.

Thermal DM candidates: the WIMP case
Weakly interacting massive particles (WIMPs) consitute one of the best
motivated DM candidates. They easily appear in theories beyond the SM
and a lot of experimental effort has been dedicated to them in the last years.
In this section, after reviewing the freeze-out mechanism, we briefly study
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ρ(a) a(t) H 1/Ha
Matter 1/a3 t2/3 2/3t t1/3

Radiation 1/a4 t1/2 1/2t t2/3

Vacuum Energy const. eHt const e−Ht

Table 4.1: Summary of cosmic evolution for different forms of energy density.

how such a weakly coupled particle at the weak scale can reproduce the
observed DM abundance.

4.1.0.1 The freeze-out mechanism

Let us assume that we have two stable particles A and B in thermal
equilibrium3 in the early Universe at a temperature T � mA,B. Let us also
assume that B is heavier, mB > mA. The two species are relativistic and
can annihilate into each other through the reaction:

AA� BB , (4.12)

mantaining chemical equilibrium. At some point, due to the cosmic ex-
pansion, the cosmic temperature, T ∼ 1/a(T ), drops below the mass of
B. Assuming that it remains in thermal equilibrium, its number density
will be Boltzmann suppressed: nB ∝ e−mB/T . One can easily understand
this suppression qualitatively since the process BB → AA is allowed, but
AA → BB is thermodynamically very suppressed. If the equilibrium is
mantained, this fact would bring the number density nB to very small val-
ues, approaching zero density. However, one has to take into account the
effect of cosmic expansion.

The key point of the freeze-out mechanism is that, in part due to Boltz-
mann suppression, the interactions between B particles become rare and
at some point become less efficient than cosmic expansion. In other words,
the interaction rate of the process BB → AA, that we define as ΓB→A,
becomes at some point smaller than the Hubble rate, H. This occurs at the

3Other scenarios such as the freeze-in mechanism [131] are qualitatively different.
In this case, the DM particle never reaches thermal equilibrium and the initial relic
abundance is negligible. Still, there is production of DM due to interactions with the
thermal plasma, and the right relic abundance can be obtained. In this thesis we will
not consider this case further.
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freeze-out temperature, defined as:

ΓB→A ∼ nB 〈σv〉 = H(Tf ) . (4.13)

For temperatures T < Tf , B decouples from the thermal plasma and the
quantity nBa3 remains constant or frozen. The conservation of this comov-
ing number density,

nB ,fa
3
f = nB ,0a

3
0 , (4.14)

allows us to estimate the relic density of B particles today as the energy
density of B particles normalized to the critical energy density, ρc:

ΩB = mBnB ,0
ρc

= xfT
3
0

ρcMP

1
〈σv〉

. (4.15)

In the equation above we have defined xf = mB/Tf which, for moderately
weak couplings, is approximately xf ∼ 20. Let us analyze the previous
formula (4.15). While the first factor is approximately constant, the de-
pendence on the cross section, 〈σv〉−1, completely fixes the relic abundance.
In fact, as one can intuitively imagine, the larger is the cross section, the
later the particle B will decouple from the plasma. This generates a larger
Boltzmann suppression. A more detailed quantitative analysis of freeze-out
dynamics requires solving numerically the so-called Boltzmann equations in
an expanding Universe:

dnB
dt

= −3HnB − 〈σv〉
(
n2
B − n2

B ,eq

)
. (4.16)

Here, however, we will qualitatively study the situation to understand the
parametric dependence on the DM mass and couplings.

4.1.0.2 The WIMP miracle and the Griest-Kamionkowski limit

From naive dimensional analysis one can estimate the cross section for the
process BB → AA as:

〈σv〉 ∼ πα2
B/m

2
B . (4.17)

From this cross section one can estimate the relic abundance as a function
of the DM mass. First of all, one can get an upper bound to the mass of
the DM candidate by assuming the coupling αB → 1, that is at the limit of
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perturbativity. Imposing ΩB ≤ ΩDM one gets the upper bound:

mB . 50− 100 TeV . (4.18)

This bound is known as the Griest-Kamionkowski limit or unitarity bound
[132]. A stable particle that was in thermal equilibrium with the thermal
bath would overclose the Universe if its mass is larger than the previous
bound. More precise limits to the mass of B depend on the details of the
model and the cosmological evolution.

It is also interesting to consider the case αB ∼ αweak ∼ 0.03. In this
case, imposing ΩB = ΩDM leads to a weakly coupled stable particle with a
mass at around the TeV scale. The observation that:

〈σv〉 ∼ α2
weak

TeV2 , (4.19)

reproduces the observed relic abundance for a particle that once was in
thermal equilibrium is known as the WIMP miracle and has driven the
experimental DM searches during the last years. Notice that this kind
of candidates at the weak scale with αB ∼ αweak can naturally appear
in well motivated extensions of the SM such as supersymmetric (SUSY)
constructions and the scotogenic model.

Non-thermal DM candidates. The axion case
In this section we briefly review the non-thermal production of scalar

particles in the early Universe. If scalars are sufficiently light and weakly
coupled they can constitute good DM candidates even in the absence of a
stabilizing symmetry. This is the case for axions and axion-like particles,
including the QCD axion [90–92] (reviewed in chapter 3), the majoron [78,
79], familons [110] and other light scalar and pseudo-scalar fields. In this
section we review a production mechanism of non-relativistic, light scalars
in the early Universe: the misalignment mechanism.

4.1.0.3 The Misalignment Mechanism

The misalignment mechanism [133–135] is an efficient production mech-
anism of scalar fields in the early Universe. In some sense it is model
independent as it does not need any interaction apart from a mass term,
Vmass ∼ 1

2m
2
φφ

2. In an expanding Universe, the equation of motion (EOM)
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for a scalar field reads:

φ̈+ 3Hφ̇+ V ′(φ) = 0 . (4.20)

For simplicity, we assume that the field is relatively close to a local minimum
so that we can approximate the potential just as a quadratic potential and,
therefore, the first derivative reads:

V ′(φ) ≈ m2
φφ . (4.21)

In general, additional self-interactions of the scalar field such as quartic self-
interactions will not largely modify our conclusions. However, it has been
recently shown in [136] that in the case of cosine potentials, quite generic in
the case of axions (see chapter 3), one can have situations that qualitatively
differ from the standard misalignment scenario. This occurs when the axion
field starts oscillating sufficiently close to the top of its potential. This
situation is known as the large-misalignment mechanism and we refer the
reader to [136–138] for further details. Throughout this section we will focus
our discussion on the standard misalignment mechanism.

Coming back to the EOM in Eq.(4.20), we see that as the cosmic temper-
ature decreases, we will reach a temperature at which the Hubble parameter
becomes comparable to the scalar mass:

H(Tosc) ∼ mφ . (4.22)

At this point, the scalar field will start oscillating around the minimum,
φ(t) ∝ cos(mφt). The energy density stored in these oscillations can be
estimated by assuming that the entropy remains conserved within the co-
moving volume:

ρφ(T ) = mφnφ(T ) = mφnφ(Tosc)
s(T )
s(Tosc)

. (4.23)

One easily notices that the energy density scales as ρφ ∼ a(t)−3, where a(t)
is the scale factor. This scaling corresponds to non-relativistic matter and
shows that the energy density of the coherent oscillations of the scalar field
behaves as cold DM.

So far we have assumed that the scalar mass is a constant parameter
throughout the cosmological history. It turns out that, in well motivated
situations, the mass of this particle depends on the cosmic temperature.
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This is the case if the potential comes from instantons of some non-abelian
interaction as for the QCD axion. In this case, for example, the axion po-
tential is turned off for temperatures above ΛQCD and turns on after QCD
phase transition. The axion mass is therefore very sensitive the temperature
and turns on fast after the QCD-induced potential appears. This tempera-
ture dependence generically delays the onset of oscillations with respect to
the constant mφ case, producing an enhancement of the relic density of the
scalar field. For the sake of completeness, we now consider a couple of spe-
cific situations where the relic density of DM generated by these oscillations
can be estimated as a function of the parameters of the theory.

In the first example, let us consider a QCD axion in a pre-inflation PQ
symmetry breaking scenario (that is, a situation where the PQ symmetry
was spontaneously broken before inflation and never restored afterwards.).
The axion field can be written as a = faθ, where fa is the decay constant
and θ is the misalignment angle. In the pre-inflation scenario, θi is a free
parameter that ranges from 0 to π. Taking into account the temperature
dependence of QCD instantons, and also the fact that ma and the decay
constant are related as m2

af
2
a ∼ (75.5 MeV)4 [95], the relic density of axions

today can be estimated as [93]:

Ωh2 ∼ 0.01θ2
i

(
fa

1011 GeV

)1.19

. (4.24)

As a second example, let us now consider one of the typical axion-like fields
that arise in string theory. This is the case of ultra-light axion (ULA) DM
and has been extensively studied in [139]. Assuming that the mass does not
depend on the temperature, which is also the case of the majoron as we will
see later in Chapter 6, we estimate the relic density of ULA DM as:

Ωah
2 ∼ 0.05 θ2

i

(
fa

1017 GeV

)2 (
ma

10−22 eV

)1/2
. (4.25)

In both situations one can easily see that, as the decay constant grows, the
initial misalignment angle θi has to be tuned to small values so that the
relic density does not exceed the value ΩDMh

2 = 0.12.
Later, in Chapter 6, we will consider in detail the case of the majoron

as a DM candidate and the associated phenomenology of the most minimal
model. In addition to coherent oscillations as a production mechanism of
non-thermal majorons, we will also consider the production from the decay
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of topological defects which constitutes a very efficient production mecha-
nism. Finally, as we will see later, for a sufficiently large decay constant
(fa > 108 GeV) the thermal production of relativistic axions (which would
contribute to hot DM) is expected to be small, albeit they might be de-
tectable in future experiments.

4.2 Experimental strategies to detect DM
In this section we briefly summarize some techniques that have been

developed to look for different DM candidates. The case of axion detection
has been discussed previously in section 3.2.

4.2.0.1 Direct detection

Direct detection is a promising type of DM searches where one looks for
the result of a DM particle scattering off a target material (see [140] for a
review). The motion of the Solar System implies that the Earth encounters
a DM wind along its cosmic propagation. Despite the cross section of the
process is expected to be small, large detectors with high density target
materials may have the chance to observe one of these rare collision events.
DM detectors are usually built in mines, or below mountains, with the aim
to reduce the background that comes for example from cosmic rays. The
expected signal consists of a nuclear recoil generated by the elastic scattering
of the DM particle. This type of DM detection was proposed long ago [141]
and has received a large portion of the experimental effort in the last decade.

Let us analyze in more detail these scattering processes. When a DM
particle kicks off the target material one can consider the process as a non-
relativistic elastic collision of two particles. One of them, the nucleus, can be
considered at rest and assuming the process is elastic one can estimate the
maximum momentum transfer by the DM particle and the corresponding
recoil energy. After basic kinematics, the maximum energy that can be
transferred by the DM particle to the nucleus reads:

Emax
R =

2µ2
DM,Nv

2

mN

' 20− 200 keV . (4.26)

In the above equation µDM,N = mDMmN
mDM+mN is the reduced mass of the DM-

nucleus system and v is the typical DM velocity. One expects the recoil
energy to grow fast with the DM velocity. However, the number of DM
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particles with a large velocity is exponentially suppressed. One sees that
the reduced mass saturates to µDM,N ≈ mN for large DM masses. Since
the flux is proportional to the number density, nDM = ρDM/mDM the in-
teraction rate becomes smaller as mDM grows. Finally, let us comment
that precise evaluation of the DM-nucleus scattering cross section usually
requires the use of EFT methods and determination of nuclear matrix ele-
ments. This renders direct detection an active research topic both in theory
and experiment. See Fig.(4.2) for a summary of current constraints for the
spin-independent cross section.

Figure 4.2: Current experimental parameter space for spin-independent
WIMP-nucleon nucleon cross sections. Not all published results are shown.
The space above the lines is excluded at a 90% confidence level. Image
extracted from Ref. [140].

4.2.0.2 Indirect detection

Indirect searches of DM constitute a very active topic of research. The
idea is that we look for the radiation associated to DM annihilation or
decay. For example, the annihilation of dark matter particles can lead to
the production of a variety of SM states such as photons, proton-antiproton
pais, or e± pairs regardless the primary annihilation channel. One of the
most stringent constraints comes from searches of γ rays associated to these
annihilations. The most promising directions to look for these processes
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are places where DM accumulates. This includes, for example, the Galactic
Center and dwarf galaxies.

Another possibility is that DM is not completely stable but has some
finite lifetime, τDM . Of course, τDM has to be substantially larger than the
age of the Universe, t0 ∼ 1010 yr ∼ few × 1017 s, to explain the current
abundance. This metastability of DM particles can be explained if, for
example, the decay occurs through an effective operator with dimensionality
larger than 4 or if the coupling is suppressed for some other reason. An
example of the latter is the majoron-neutrino coupling, which is proportional
to the neutrino mass [78].

To illustrate how powerful are these searches, let us consider a simple
example. Let us assume a pseudoscalar particle with mass ma is coupled to
photons through a dimension-5 operator:

O5 ∼ αEM
a

Fa
FµνF̃

µν . (4.27)

This is in fact the case of an axion-like particle decaying into photons. From
dimensional analysis, the lifetime is given by:

τa ∼ α−2
EMF

2
a /m

3
a . (4.28)

If ma ∼ 0.1 MeV and Fa ∼ 1016 GeV, we obtain a lifetime:

τa ∼ 1048 GeV−1 ∼ 1024s� t0 . (4.29)

Although it seems that such a weakly coupled and long-lived particle could
be a good DM candidate, searches for the associated γ-lines at around the
MeV scale at INTEGRAL exclude lifetimes below τ ∼ 1028 s. See Fig.(4.3)
for a summary of constraints of the lifetime of a DM particle decaying into
photons in the mass regime 0.01 MeV . ma . 104 MeV. This simple ex-
ample provides further evidence on the potential of indirect DM searches.
We refer the reader to [142] for a detailed review on indirect detection and
a comprehensive list of references.

4.2.0.3 Collider searches

A third possibility consists in producing DM at collider experiments. This
in principle seems challenging since the coupling of DM to the visible sector
is weak and also DM is expected to leave the detector without any imprint.
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Figure 4.3: Lower bounds on τDM for a DM candidate decaying into photons.
Image extracted from Ref. [142].

However, if DM is produced at colliders it is expected to appear together
with SM states. ATLAS and CMS collaborations look for processes such
as dilepton, dijet and mono-jet that come together with missing energy
(see Fig. (4.4) for a summary of current contraints). So far there is no
evidence for these processes, but it remains a promising avenue to look for
DM candidates that appear, for example, in SUSY constructions.
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Figure 4.4: Comparison of several collider limits (from monojet, dilepton
and dijet channels) with the constraints from direct-detection experiments
on the spin-independent WIMP-nucleon scattering cross-section in the con-
text of the Z ′-like simplified model with leptophilic vector couplings. Several
assumptions are made: a mediator width fixed by the dark matter mass,
a DM coupling gDM = 1, quark coupling gq = 0.1, and lepton coupling
gl = 0.01. Image from [143].



Chapter 5

Grand Unified Theories

Since the early days of Quantum Mechanics, physicists have argued that
the electric charge of particles should be a discrete property, automatically
implying the existence of a fundamental unit of charge. Paul Dirac went a
step further, showing how the existence of magnetic monopoles necessarily
implies that the electric charge must be quantized. For almost a hundred
years, a huge experimental effort has been dedicated to look for this exotic
particle without success. Today, more than 80 years after Dirac’s work and
thanks to the discovery of gauge theories to describe fundamental interac-
tions, most physicists are convinced that there is a deeper unity underlying
the plethora of charges and quantum numbers of the SM particles. In mod-
ern language, a Grand Unified Theory (GUT) based on simple gauge groups
may explain not only why electric charge is quantized but also the mere ex-
istence of the different fundamental interactions and their relative strength.

In addition to charge quantization, GUTs are usually simple theories.
The meaning of simple here is two-fold. On the one hand, in GUTs all SM
gauge couplings are unified in the UV and there exists a single interaction
based on a simple gauge group that at some energy scale, MGUT , breaks
down to the SM gauge group. The breaking occurs through a process of
spontaneous symmetry breaking (SSB) by Higgs condensates. Depending
on the model, this SSB process may have intermediate steps, with interme-
diate gauge symmetry groups, before obtaining the SM. On the other hand,
GUTs usually have less parameters than the SM, offering powerful predic-
tions. Depending on the model we can have connections among Yukawa
couplings and similar relations. These connections translate into some de-
gree of predictivity that has usually to be corrected with a notorious model
building effort to make the theory consistent with the experiment.

63
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After reviewing gauge coupling unification in the Standard Model, in
this chapter we will briefly introduce the basics of GUTs. We will discuss
the basic features of the Georgi-Glashow model and also motivate theories
based on spinor unification as compelling candidates for GUTs.

5.1 Running couplings
In QFT, couplings are not fixed quantities but usually depend on the

energy scale. In this section we review the energy scale dependence of the
gauge couplings and how, when applied to the SM, this interesting quantum
mechanical effect suggests the existence of an underlying unified theory.
For the sake of simplicity, let us start considering the case of QED vacuum
polarization induced by a charged fermion. We represent this phenomenon
by the Feynman diagram in Fig.5.1.

The QED vacuum polarization reduces to the calculation of an integral
that goes as:

I ∼
∫
d4k

1
k2 . (5.1)

This integral is clearly divergent but can be regularized, for example, using

Figure 5.1: QED vacuum polarization.

dimensional regularization. The main idea is that we can split the self-
energy into a non-physical divergent part and a finite quantity that includes
the dependence on the physical momentum q2:

Π(q2) = ∆Πdiv(µ2) + ΠR(q2/µ2) . (5.2)

This separation is ambiguous and, depending on the q2-independent part,
we have the different renormalization schemes. The crucial part is that,
thanks to the regularization procedure, we can split Π(q2) in two parts and
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the divergent corrections generated by the quantum loops can be reabsorbed
by a redefinition of the QED coupling:

αB
(
1−∆Πdiv(µ2)− ΠR(q2/µ2)

)
≡ αR(µ2)

(
1− ΠR(q2/µ2)

)
. (5.3)

The quantity we measure in experiments is αR(µ2) and is of course finite.
We call αR ≡ α the running coupling and its scale dependence is determined
by the β-function:

µ
dα

dµ
= αβ(α) , β(α) = β1-loopα

π
+ β2-loop

(
α

π

)2
+O(α3) . (5.4)

If we truncate at one loop, which is reasonable for small couplings, we get
the well-known formula relating the gauge coupling at 2 different scales:

α−1(Q2) = α−1(µ2) + β1-loop

2π log
(
Q2/µ2

)
. (5.5)

The beta function coefficients, βi-loop, depend on the particle content and,
therefore, are model dependent. For QED with a charged fermion with
charge qf we get: β1-loop

QED = 2
3q

2
f . Since the coefficient is positive, the running

coupling increases with the energy scale. This is equivalent to a screening
effect of the electric charge, i.e. the electric charge appears to be smaller at
larger distances.

Renormalization of the gauge coupling in QCD and in other YM theories
proceeds in a similar way. Interestingly, the non-abelian nature of YM
theories implies an additional self-interaction between gauge bosons that, at
the end of the day, results in a negative contribution to the β1-loop coefficient
[21,22]. In full generality, β1-loop is given by:

β1-loop = 2
3Tfdf + 1

3Tsds −
11
3 C2(G) . (5.6)

The above expression contains the contributions of fermions, scalars and
gauge bosons respectively. The quantities Tf/s are the Dynkin indices of
each fermion and scalar representation, df/s is the dimension of the repre-
sentation with respect to other groups and C2(G) is the quadratic Casimir
operator for the gauge group G. As an example, for QCD with the particle
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content of the SM with 6 quark flavors we get the well-known1:

βQCD = 2
3 ×

1
2(2× 1 + 1 + 1)×Nfam. −

11
3 × 3 = −7 . (5.7)

Since βQCD < 0 the coupling decreases with increasing energy. This is
equivalent to an anti-screening effect of the effective color charge and is
known as asymptotic freedom [21, 22].

Running of gauge couplings in the SM and beyond
Having introduced the running of gauge couplings, let us now study the

case of the SM. As explained in Chapter 1, the SM is a gauge theory of
the strong and EW interactions. The particle content is given by 3 families
of quarks and leptons, and a Higgs doublet. We can easily compute the
coefficients of the beta function which, for energies E > mt, are given by:

β1 = 41
10 , β2 = −19

6 , β3 = −7 . (5.8)

In the following, the subindices 1, 2, 3 will refer to the U(1)Y , SU(2)L and
SU(3)C groups, respectively. The couplings seem to converge to a com-
mon value at high energies but they do not unify exactly. New physics is
needed to change slightly the β-functions and have precise unification of
the gauge couplings. A prototype example of this kind of new physics is
supersymmetry. In addition to solving the hierarchy problem and giving a
DM candidate under certain circumstances, supersymmetric models usually
have the particles with the right quantum numbers so that the running of
the gauge coupling unify at large energies. This was first noted in [144] and
is one of the main motivations for low-scale supersymmetry. For example,
in the Minimal Supersymmetric Standard Model (MSSM), the coefficients
of the beta function change to:

β1 = 33
5 , β2 = 1 , β3 = −3 . (5.9)

In Fig. 5.2 we compare the gauge coupling running for the SM and MSSM
with low-scale SUSY. Precise unification is achieved in the latter case at a

1We will consider only the running at one-loop and therefore, from now on, we will
omit the label "i-loop" which indicated the number of loops in Eq. (5.4).
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Figure 5.2: Gauge coupling running for the SM (dashed lines) and MSSM
(solid lines). The red, green and blue colors stand for the U(1)Y , SU(2)L
and SU(3)C gauge couplings, respectively. Precise unification is achieved
in the MSSM case at around MGUT ∼ 2 × 1016 GeV for a SUSY scale
msusy ∼ O(TeV ). This value for the GUT scale is compatible with the
bounds coming from proton decay searches.

scale MGUT ∼ 2 × 1016 GeV. This scale is compatible with proton decay
experiments as we discuss below.

5.2 The Georgi-Glashow model
In this section we overview the first, and one of the prototype examples of

grand unified theories: the pioneer Georgi-Glashow model [145]. The model
is based on a SU(5) gauge symmetry that after a SSB process gives the SM
gauge group. Incidentally, SU(5) is the smallest simple group that contains
the SM. In addition, it has representations with the appropriate quantum
numbers to accomodate the fermion quantum numbers of a given SM family.
In particular, the anti-fundamental 5̄F and the 10F representation is the
smallest, chiral set of fermions that is anomaly-free and reproduces the
quantum numbers of SM families. In more detail, after SSB down to the
SM, they split as:

5̄F → (1, 2,−1/2) + (3̄, 1, 1/3) ,
10F → (1, 1, 1) + (3̄, 1,−2/3) + (3, 2, 1/6) .

(5.10)
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The generators of the SU(3) and SU(2) groups of the SM are trivially
embedded into traceless 5× 5 matrices as:

SU(3) :
[

λa

2 0
0 0

]
, SU(2) :

[
0 0
0 σi

2

]
. (5.11)

On the other hand, the hypercharge generator is given by a diagonal matrix:

Y = diag(−1/3,−1/3,−1/3, 1/2, 1/2) , (5.12)

which obviously commutes with SU(3) and SU(2). Relating Y to the gener-
ators of the SU(5) group, one obtains the normalization factor: T =

√
3/5Y .

The Higgs sector
As a simple parameter counting, one easily sees that, while the 12 SM

gauge bosons remain massless, the rest of the initial SU(5) gauge bosons
acquire a mass after SSB. In general, a SU(N) group has N2−1 generators
and therefore 12 of the SU(5) bosons will get a mass. The simplest way to
break SU(5) down to the SM while providing the 12 Goldstone bosons that
we need is to use the SU(5) adjoint representation, 24H . The adjoint field
can be regarded as a traceless 5×5 matrix. The most general renormalizable
potential for this field is given by:

V (Φ) = −µ
2

2 Tr242
H + λ

4Tr24
4
H + λ2

4
(
Tr242

H

)2
. (5.13)

Once 24H acquires a VEV, 〈24H〉, the SU(5) group will be broken down
to the SM. The simplest way to see this is by using a gauge transformation
to bring all the non-zero components to the diagonal. Due to the traceless
property, the diagonal entries will satisfy:∑

i

Nivi = 0 , (5.14)

where Ni is the multiplicity of any non-zero VEV in the diagonal. This
condensate, 〈24H〉, leaves a SU(N1)×SU(N2)× ...×U(1) subgroup unbro-
ken. In the case of the potential in Eq.(5.13), it can be shown that a global
minimum corresponds to the VEV:

〈24H〉 = vGUT√
30

diag(2, 2, 2,−3,−3) . (5.15)
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This condensate leaves an unbroken subgroup SU(3)×SU(2)×U(1), which
is precisely the gauge group of the SM.

The adjoint Higgs, 24H , decomposes upon SSB as:

24H →(1, 1, 0) + (1, 3, 0) + (8, 1, 0)
+ (3, 2,−5/6) + (3̄, 2, 5/6) .

(5.16)

A detailed analysis of the scalar boson mass matrix reveals that the scalar
states (3, 2,−5/6) and (3̄, 2, 5/6) have zero mass and correspond to the 12
massless Goldstone bosons that are eaten by the massive gauge bosons, the
so-called vector or gauge leptoquarks.

As usual, the mass of these gauge bosons comes from the kinetic term
of the Higgs field once we promote the derivative to a covariant derivative:

Tr
[
(Dµ24H)†(Dµ24H)

]
. (5.17)

After some algebra, one finds that the gauge bosons Xµ ∼ (3, 2,−5/6) and
X̄µ ∼ (3̄, 2, 5/6) gain a mass

MX ∼ g2v2
GUT . (5.18)

These fields mediate quark-lepton transitions that induce baryon number
violation processes such as the dangerous proton decay. We will see later
that this process offers an interesting way to test GUTs.

Yukawa sector
We have reviewed in the previous section how the initial SU(5) gauge

symmetry is broken down to the SM. However, the EWSB still proceeds by
a Higgs doublet as in the SM. This Higgs doublet cannot come from the
adjoint 24H and therefore we need to extend the scalar sector. The simplest
extension is to add a scalar field in the fundamental representation 5H (we
use the subindex H to remark that this corresponds to a scalar field) that,
in addition to the EW Higgs doublet, comes with a color triplet:

5H =
[
T
H

]
. (5.19)

Let us focus now on the Yukawa interactions and charged fermion mass
generation. The most general renormalizable Yukawa Lagrangian is given
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by:
LY = Y55̄F10F5∗H + Y1010F10F5H + h.c. (5.20)

In the equation above, Y5 and Y10 are 3×3 matrices in family space and offer
an interesting prediction that relates the charged lepton and down quark
mass matrices:

YE = Y T
D . (5.21)

This prediction is unfortunately not realized in Nature and forces us to
extend the minimal SU(5) model by introducing extra scalar fields. Finally
we also note that, within the minimal SU(5) model, neutrinos are massless
and one has to introduce additional ingredients to generate their masses.

Proton Decay
One of the most exciting predictions of GUTs is the presence of states

that mediate proton decay. It is well known that renormalizability and
gauge invariance render the proton absolutely stable in the SM at the per-
turbative level. However, since the representations in GUT bring together
quarks and leptons, B + L is not a good symmetry of the theory. This
allows ∆(B + L) = 2 processes that unavoidably lead to the desintegration
of protons. Fortunately, as we will see now, the large mass of these states
together with the high-dimensionality of the effective operators lead to an
adequate suppression of the process. Just by using dimensional analysis one
can estimate the decay width of, for example, the process:

p→ e+ π0 . (5.22)

If the process is mediated by one of the Xµ gauge bosons we mentioned be-
fore, the amplitude will be proportional to |A|2 ∝ 1/M4

GUT . Since the other
relevant scale in the problem is the proton mass, mp, it is straightforward
to estimate the decay width of the process:

Γp→e+π0 ∼
m5
p

M4
GUT

. (5.23)

Experimentally, from proton decay searches at Super Kamiokande exper-
iment, we obtain τ > 1.6 × 1034y [146] that corresponds to a GUT scale
around MGUT ≥ 1016 GeV. This is precisely the scale predicted by SUSY
scenarios! This interesting coincidence constitutes an additional motiva-
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tion for experimental searches of both, supersymmetry and Grand Unified
Theories.

5.3 Beyond minimal GUTs: spinor unifica-
tion

It is a well known fact that fermions in real representations have invariant
bare-mass terms. This is known with the name of survival hypothesis [147].
It is therefore a subtle task of model building to have theories with a chiral
fermion content without running into troubles with gauge anomalies. Inter-
estingly enough, there is a class of groups that are always anomaly-free and
still have chiral representations. These are the celebrated spinor represen-
tations of the SO(4N+2) family2. In this section, closely following Wilczek
and Zee [148], we briefly review why unified theories using spinors are an
attractive framework to have successful unification with a chiral fermion
content.

Spinors exist because Clifford algebras exist [148]. Also, the properties
of spinor representations are easily understood once the construction of
Cliffors algebra is understood. The Clifford algebra of the SO(2n) group
are 2n hermitian matrices, γi, that satisfy:

{γi, γj} = 2δij , (5.24)

One defines the spinor representation of SO(2n) as an object that transforms
as:

ψ → eiω
ijσijψ , (5.25)

where σij is the generalization of rotations in the i− j plane of the SO(2n)
space:

σij = i

2[γi, γj] . (5.26)

As it is done in the case of the Lorentz group, one can define the general-
ization of the γ5 matrix:

γFIV E = (−i)n (γ1γ2...γ2n) . (5.27)
2The exceptional group E6 is also anomaly-free and supports chiral representations.

We will not consider this kind of theories in this thesis.
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This allows to define the two spinor representations of SO(2n) group:

ψ± = 1
2(1± γFIV E)ψ , (5.28)

which transform irreducibly and are of course 2n−1 dimensional objects.
Two important properties of spinors emerge automatically from their con-
struction:

• All the SO(N) groups (with the exception of SO(6), which is isomor-
phic to SU(4)) are anomaly-free. In the case of the SO(4N+2) family,
as we anticipated, the spinors ψ±, defined as in Eq.(5.28), are complex
and conjugates of each other. This striking fact suggests the complex
spinors of SO(4N + 2) as compelling candidates to have anomaly-free
GUTs with chiral fermion content.

• Spinors decompose repetitively into copies of spinors of the orthog-
onal subgroups. As an example, the 2n+m−1 dimensional spinor of
the group SO(2n + 2m) decomposes as 2m copies of the spinor rep-
resentation of the SO(2n) subgroup. This feature suggests spinor
unification as an interesting mechanism to accomodate the repetitive
family structure of the SM. This fact is the central idea of Chapter 8.

SO(10) unification
The group SO(10) [149, 150] is the smallest in the SO(4N + 2) family

that allows a constistent unification of SM interactions. Additionally, the 16
spinor successfully accounts for the quantum numbers of an entire SM family
plus a SM singlet with the quantum numbers of a right-handed neutrino.
This is easily understood from the SU(5) subgroup point of view, since the
SO(10) spinor decomposes as:

16→ 10 + 5̄ + 1 . (5.29)

Therefore, SO(10) GUT is a theory of gauge and intra-family unification.
The SO(10) group has a richer structure than SU(5). Since it has rank 5

we can obtain the SM (rank 4) through different SSB chains. One of them
includes an intermediate stage where SO(10) breakes down to the group
SU(5)×U(1) or the well-known Pati-Salam group SU(4)×SU(2)×SU(2).
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Figure 5.3: Patterns of symmetry breaking from SO(10) (green) to the SM
group (red). Well-motivated intermediate symmetries include the SU(5)
group (blue), the Pati-Salam group (orange) and the left-right symmetric
(purple) gauge symmetries. Adapted from [151,152].

Being a member of the SO(4N + 2) family, the SO(10) spinor is a chiral
spinor:

16× 16 = 10 + 120 + 126 . (5.30)

Therefore, we can have 3 different types of Yukawa interactions for the
fermions in the 16F with scalar fields in the 10H , 120H , 126H representa-
tions which, after SSB, give masses to the fermions contained in 16F .

The SM Higgs is usually given by a linear combination of the EW dou-
blets contained in the 10H and 126H representations. In addition, the 126H
has a SM singlet that can be used to break SO(10) and, at the same time,
generate a large mass for the right-handed neutrino. Therefore, in SO(10),
it is a simple task to relate the seesaw scale to the GUT scale with a minimal
particle content. Together with the 10H and 126H , one usually requires the
presence of additional scalars in the 45H , 54H or 210H representation to
have a consistent SSB mechanism of the SO(10) group down to the SM.
All these possibilities, and the rich phenomenology of the associated fields,
make SO(10) model building an interesting and active subject of research.
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Chapter 6

Light majoron cold DM

In this chapter, based on [153], we consider the possibility that the lep-
ton number symmetry is spontaneously broken in two units by the VEV of
a scalar singlet, therefore leading to Majorana neutrinos. In this case, a new
state appears in the theory: the majoron, a Nambu-Goldstone boson associ-
ated to the breaking of lepton number [78,79]1. We will see that despite its
simplicity, the minimal majoron model provides an interesting connection
between dark matter and the generation of small neutrino masses.

The typical expectation is that the majoron behaves as a good DM
candidate in the case it is thermally produced with a mass at the keV
scale [155–159]. In this chapter we will focus on the case where the U(1)L
symmetry is broken after inflation and the majoron mass is relatively small
(� eV). This is the case when the U(1)L symmetry is restored by the
thermal effect at a high temperature after reheating. We will see how non-
relativistic Majorons are efficiently produced from coherent oscillations and
the decay of topological defects, obtaining the right relic DM abundance,
Ωh2 = 0.12, for majorons with mass mJ � O(1) keV.

Before going into details, let us summarize the cosmological evolution
of the majoron model (see Fig.(6.1)) and the main results of the present
chapter. As the temperature decreases due to the cosmic expansion, the
thermal effect is weakened and the U(1)L symmetry becomes spontaneously
broken at a critical temperature. Since the phase of the U(1)L Higgs boson
is randomly distributed at the phase transition time, and since causality

1Here we focus on the case of Majorana neutrinos, however Nambu-Goldstone bosons
can also appear in the Dirac case [154].
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does not hold beyond the horizon, cosmic strings form at the time of the
U(1)L symmetry breaking. This is the well-known Kibble mechanism [160].

In order for the majoron to be a good DM candidate, lepton number
symmetry has to be explicitly broken by some non-perturbative effect, gen-
erating a small but non-zero majoron mass, mJ . This explicit breaking is
expected to arise naturally in string theoretical constructions where several
types of non-perturbative effects, including gravitational instantons, break
all the non-gauged symmetries. Nevertheless, the particular origin of the
explicit breaking is not important at this point.

When the Hubble parameter decreases below the majoron mass scale, the
U(1)L symmetry-breaking effect becomes relevant and the majoron starts
to oscillate coherently around a minimum of the potential. Due to the ex-
plicit breaking of U(1)L symmetry, domain walls form in such a way that
their boundaries are the cosmic strings (see [101] for a comprehensive re-
view on topological defects). These defects disappear due to the tension
of the domain wall. Their energy is mainly released as non-relativistic ma-
jorons. We expect these majorons to be the dominant component of the
cosmological dark matter. Later in this chapter, we will estimate the abun-
dance of non-thermal majorons produced from the topological defects and
determine the parameter region where we can explain the observed amount
of dark matter. As usual, if kinematically allowed, the majoron will decay
to neutrinos [155], though its lifetime is much longer than the present age
of the Universe in most parameter regions of interest2. We find that the
majoron can make up all of the dark matter even in this case. This is a
particularly interesting case since the neutrinos produced from the decay of
majorons with mass O(0.1−1) eV are a promising target for direct detection
experiments of cosmic neutrinos, such as PTOLEMY [162,163].

As a separate issue, we will argue that the DM majoron density fluctu-
ations grow after the matter-radiation equality and boson stars may form
because of the gravitational attractive interaction. Unlike typical axion sce-
narios, an interesting feature of the majoron model is that it can have either
attractive or repulsive interactions, depending on the higher-dimensional op-
erators. We will estimate the size and mass of a typical boson star and study
how the sign of the leading self-interaction leads to qualitatively different
situations.

2The effect of decaying majoron dark matter on the CMB was discussed in [161]. The
impact of decaying warm dark matter on structure formation and comparison with the
ΛCDM paradigm was treated in [159].
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6.1 The minimal majoron model
We adopt the simplest type-I seesaw model (see Chapter 2) with sponta-

neous lepton number violation [78,79]. The Yukawa Lagrangian responsible
for the generation of neutrino mass generation reads:

Lν = yDij l̄
i
LH
†νjR + yij

2 ν̄i cR σν
j
R + h.c. (6.1)

In the equation above, H ∼ (1, 2, 1/2)0 and σ ∼ (1, 1, 0)2 are the SM Higgs
doublet responsible for EW breaking and the singlet giving mass to right-
handed neutrinos, respectively. The subscript indicates the lepton number
charge.

The scalar potential is chosen to respect the U(1)L lepton number global
symmetry:

V = µ2
H |H|2 + λH |H|4 + µ2

σ|σ|2 + λσ|σ|4 + λHσ|σ|2|H|2 , (6.2)

where µ2
σ < 0. We assume that λHσ is so small that the last term does not

strongly affect the Higgs potential. One can write the majoron field in polar
form as:

σ = (vσ + ρ)eiJ/vσ√
2

. (6.3)

Majoron potential
As we discussed at the beginning of the chapter, as the Universe cools

down, the σ field will develop a non-zero vacuum expectation value 〈σ〉 =
vσ/
√

2. So far, the majoron is massless to all orders in perturbation the-
ory. Therefore, in addition to the spontaneous breaking of the U(1)L global
symmetry, one needs to assume some source of explicit symmetry breaking.
This breaking may arise from higher-dimensional terms of the scalar poten-
tial, which could be induced by gravitational instanton effects [164]. The
exact dynamics of the physics triggering such breaking is not important at
this point. This in general gives a mass to the majoron, which in our min-
imal picture corresponds to the angular part of the σ field: J . The most
important parameter, required to be non-zero, is:(

d2Veff

dJ2

)
〈σ〉

,
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where Veff is the effective operator for higher-dimensional terms.
This means that, for simplicity, we can just assume that some underly-

ing theory generates an effective potential violating lepton number. Such
potential is assumed to be a combination of d-dimensional operators,

V d
eff = c1

Md−4
Pl

σd + c2

Md−4
Pl
|σ|2σd−2 + ...+ cd−2

Md−4
Pl
|σ|d−2σ2 (d=even)

or + cd−1

Md−4
Pl
|σ|d−1σ (d=odd)

+ b1

Md−4
Pl
|H|2σd−2 + ...+ bd−2

Md−4
Pl
|H|d−2σ2 (d=even)

or + bd−1

Md−4
Pl
|H|d−1σ (d=odd) + h.c.

(6.4)

where ci and bi are O(1) coefficients. Since we are interested in the case
where 〈H〉 � 〈σ〉, the terms involving 〈H〉 are subdominant and can be
neglected. The full effective potential (up to order dmax) will contain a sum
over odd and even d’s:

Veff(σ) =
dmax∑
d≥5

V d
eff . (6.5)

This potential explicitly breaks the lepton number U(1)L symmetry.
However, a discrete subgroup may remain unbroken depending on which
of the coefficients ci are non-zero. This unbroken subgroup corresponds
to the periodicity of the vacuum and can be the responsible for dangerous
domain wall formation. To see this, we write the pseudo-Nambu-Goldstone
part of the potential (forgetting about the radial excitation) using the polar
form in (6.3). The effective potential for the pseudo-Nambu-Goldstone field,
ignoring the contributions of the terms proportional to 〈H〉, is given by

V
d (even)

eff (J) =
d/2∑
k=1

ck
vdσ

2d/2−1Md−4
Pl

cos(2kJ/vσ) ,

V
d (odd)

eff (J) =
(d−1)/2∑
k=0

c̃k
vdσ

2d/2−1Md−4
Pl

cos((2k + 1)J/vσ) ,
(6.6)

where we have separated even and odd d parts. These clearly show that the
vacuum has a periodicity 2π/2k and 2π/(2k + 1), respectively, and may be
smaller than 2π.
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The spontaneous breaking of discrete symmetries in general implies a
cosmological catastrophe since it predicts the formation of stable domain
walls [165], which lead to a highly inhomogeneous Universe. In addition,
their energy density evolves slower than radiation or matter, and is bound
to dominate the energy density of the Universe [166], contradicting observa-
tion. Although domain-wall-free constructions can be envisaged [167], the
existence of domain walls is a generic problem. One possible solution is
to rely on either inflation (effectively pushing the walls beyond the hori-
zon) or on removing the physical degeneracy of the associated vacua via
the Lazarides-Shafi mechanism [102]. A last possibility is to have explicit
breaking of the residual discrete symmetry. This explicit breaking can be
associated to new physics in many forms, such as the Witten effect [168] or
instantons of a new confining interaction [103,104].

In our framework, however, we assume that spontaneous symmetry
breaking takes place after inflation, and the same gravitational physics gen-
erating the majoron mass is responsible of lifting the degeneracy of the
associated vacua. Noting that a combination of co-prime powers of σ drives
the explicit breaking U(1)L → Z1, we need at least two terms at the po-
tential involving co-prime powers of σ so as to avoid undesirable, stable
domain walls. Note that this mild requirement cannot always be satisfied.
For example, let us assume d is even. If the potential contains all possible
powers on σ

σ2|σ|d−2, σ4|σ|d−4, ..., σd−2|σ|2, σd , (6.7)

one notices that the U(1)L is not completely broken. Instead, in the model
under consideration, it is broken down to a Z2 discrete symmetry. In such
a situation, when the scalar field σ develops a non-zero vacuum expectation
value, domain walls are formed leading to a cosmological disaster.

In contrast, if d is an odd number, the requirement of co-prime powers in
σ in the effective potential can be easily achieved, since the possible powers
on σ in the chain

σ|σ|d−1, σ3|σ|d−3, ..., σd−2|σ|2, σd , (6.8)

always contain, at least two co-prime powers in σ. Thus, avoiding domain
walls requires that at least one d is odd. For example one can imagine a
situation where we have d-dimensional and (d + 1)-dimensional operators.
These situations are always safe from domain walls, if the relative sup-
pression of the operators is not extremely large. If one of the operators is
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suppressed with respect to the other, then one has the interesting situation
where the domain walls survive for a short period and decay. This case is
expected to happen in a potential with a combination of terms like

V = c1

MP

σ5 + c2

M2
P

σ6 + h.c. , (6.9)

which generate an effective potential for the majoron field:

V = c1
v5
σ

23/2MP

cos (5J/vσ) + c2
v6
σ

22M2
P

cos (6J/vσ) . (6.10)

Since one naturally expects c1
MP
� c2

M2
P
vσ, domain walls may survive for a

period of time before they disappear. One must make sure that the hierarchy
between operators is such that the walls never dominate the Universe energy
density. This puts constraints on the parameters, as we will discuss in
Sec. 6.2.

The terms in (6.4) clearly break lepton number symmetry and, therefore,
generate an effective potential for the majoron (this is, the angular part of
σ),

Veff(J) =
(
d2Veff

dJ2

)
J=0

J2+
(
d3Veff

dJ3

)
J=0

J3+
(
d4Veff

dJ4

)
J=0

J4+higher orders .

(6.11)
From the first term we get the majoron mass. The trilinear and quartic
couplings are self-interactions that may be relevant for the formation of
astrophysical objects such as boson stars, as we will see later. If we focus in
the high-scale seesaw model, the scale of lepton number breaking is much
larger than the EW scale. This means that the contributions coming from
d-dimensional operators involving Higgs doublets (see (6.4)) are suppressed
by a factor v2

EW

v2
σ
<< 1 3 and can be neglected when computing the effective

potential for the majoron in Eq. (6.11).
3In previous chapters we refered to the SM Higgs VEV as v. To avoid confusion with

the majoron VEV, we will use here vEW .
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From Eq. (6.6), the majoron mass and quartic self-coupling can be writ-
ten as

m2
J =−

dmax∑
d

 d/2∑
k=1

ck
(2k)2

2d/2−1

(
vd−2
σ

Md−4
P

)
+

(d−1)/2∑
k=0

c̃k
(2k + 1)2

2d/2−1

(
vd−2
σ

Md−4
P

)
λ4 =

dmax∑
d

 d/2∑
k=1

ck
(2k)4

2d/2−1

(
vd−4
σ

Md−4
P

)
+

(d−1)/2∑
k=0

c̃k
(2k + 1)4

2d/2−1

(
vd−4
σ

Md−4
P

) .
(6.12)

In contrast to the axion case, where the quartic self-interaction is known to
be attractive, the potential in Eq. (6.4) can lead to an effective quartic self-
interaction between majorons ((6.11)) that is either attractive or repulsive.
The reason is that, while in the axion case the coefficients are all related
following the Taylor expansion of a cos(x) function, in the majoron case the
coefficients ck, c̃k in (6.12) are free parameters. For example, if we take the
operators d = 5 and d = 6, as in Eq. (6.10),

m2
J = v2

σ

[
−c5

52

23/2
vσ
MP

− c6
62

22
v2
σ

M2
P

]
= −v2

σ

[
c5

52

23/2 + c̃6
62

22

]
vσ
MP

λ4 = c5
54

23/2
vσ
MP

+ c6
64

22
v2
σ

M2
P

=
[
c5

54

23/2 + c̃6
64

22

]
vσ
MP

,

(6.13)

with c̃6 = vσ
MP

c6. Depending on their relative value, the sign of m2
J and

λ4 can be the same, or not. When both come with the same sign, the
interaction is repulsive. On the other hand, if m2

J > 0 and λ4 < 0, the
interaction is attractive. We conclude that the majoron can have both
attractive and repulsive self-interactions. As we will see later, this opens
interesting possibilities for the formation of astrophysical size bound states
made of majorons: majoron stars.

Constraints on parameters
A viable dark matter candidate must have a lifetime about ten times

longer than the age of the Universe t0 (' 14 Gyr ' 1/(1.5×10−42 GeV)) [169].
For the case of the majoron the main decay mode is expected to be to two
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neutrinos [78]. The decay width, when kinematically allowed, is given as

Γ = mJ

16π

∑
im

2
νi

v2
σ

' 4.8× 10−56 GeV
(
mJ

1eV

)(
vσ

1012 GeV

)−2
, (6.14)

where mνi (i = 1, 2, 3) denote the neutrino masses. We take ∑im
2
νi

=
∆m2

12 + ∆m2
32 ' (0.049 eV)2 for a reference parameter. Here we assumed

that the majoron is heavier than all the SM neutrinos. Otherwise the con-
straint is weaker or absent. For the majoron to be a viable DM candi-
date it must obey limits that follow from the CMB and structure forma-
tion [156–159,161]. These are quite relevant for the case of keV majorons and
depend on whether the majorons are thermally produced or not (see [159]
for a recent analysis). Since we will be considering light majorons with
mJ � O(1)keV, these constraints are satisfied in most of the parameter
regions.

Another restriction to majorons and their couplings follows from astro-
physics. The predicted energy released in supernovae is consistent with
the Standard Model, hence any additional particle that contributes signif-
icantly can be constrained by the SN1987A observations. From the pro-
cess νανβ → J one can place constraints on the coupling to neutrinos
gνανβ [170,171], excluding a considerable part of the (gνανβ ,mJ) plane [172],

2.1× 10−10 MeV ≤ |gνeνe| × mJ ≤ 10−7 MeV . (6.15)

However, this constraint does not apply for the strong coupling regime
10−6 ≤ |gνeνe|, where the mean free path of the majoron is smaller than
the radius of the core of the supernova and majorons cannot escape. More-
over, for the region of interest, mJ � 102 eV, the luminosity constraints
are almost irrelevant for our model. As an example, taking mJ = 1 eV, the
supernova constraint applies if: 2.1 × 10−4 ≤ |gνeνe| ≤ 10−1. Note, how-
ever, that in the model we are considering the coupling is |gνeνe| ∼ mν

vσ
and,

therefore, for the scales we consider for vσ the constraint does not apply.
Turning to the coupling of the majoron to charged fermions, in our

minimal type-I seesaw majoron model [78, 79] it arises at one-loop order
and can be written as [173]

gJll ≈
ml

8π2vEW

[
−1

2Tr
[
mDm

†
D

vEWvσ

]
+ (mDm

†
D)ll

vEWvσ

]
, (6.16)
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where mD ≡ yνvEW/
√

2 is the Dirac mass matrix for neutrinos. Focusing
on the case of electrons, one can show, after a bit of trivial algebra, that
this reduces to

gJee ≈
1

8π2
me

vEW

mν

vEW
yνR . (6.17)

For reasonable Yukawa couplings this leads to a tiny coupling well below
the limits from stellar cooling.

In summary, the majoron couples to the SM particles only weakly and
its lifetime is many orders of magnitude larger than the age of the Universe.
Therefore, it provides a good dark matter candidate. As we will see shortly,
the majorons can be produced non-thermally with small kinetic energy, and
hence can be cold DM.

6.2 Primordial density of majorons
In this section, we give a quantitative estimate of the abundance of

majorons produced either thermally or non-thermally in the early Universe.
The cosmological history of our model, which was summarized at the begin-
ning of this chapter, is given in Fig. 6.1. We will also discuss the signatures
of the light, cold majoron and its possible detectability.

Thermal production
Before spontaneous breaking of the lepton symmetry, the scalar field σ

interacts with the right-handed neutrinos and these interact with the SM
leptons via the Yukawa interactions. The interaction brings all particles to
thermal equilibrium until the scalar field obtains a VEV at the time of the
lepton number violation phase transition.

After the spontaneous symmetry breaking of lepton number, the right-
handed neutrinos obtain the effective masses via the Yukawa interaction.
Their abundance becomes exponentially suppressed in the non-relativistic
regime, where the temperature drops below their mass. Then the right-
handed neutrinos decouple from the SM sector. The thermal energy density
of majorons is given by

ρth = ζ(3)
2π2 T

3
JmJ , (6.18)

where TJ is the temperature of majorons. Since the majorons decouple
from the SM sector at the time of spontaneous lepton number symmetry
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: Reheating after inflation
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Figure 6.1: Cosmological history of our simple type-I seesaw majoron model.
See text for details.

breaking, their relic abundance at present is calculated as

ΩJ,thh
2 ' g−1

∗

(
mJ

12 eV

)
e−t0/τJ , (6.19)

where g∗ (= 106.75) is the number of effective degrees of freedom at the time
of decoupling, t0 the age of the Universe and τJ the majoron lifetime. Here
we assumed that the majoron becomes non-relativistic before the matter-
radiation equality, which is the case for mJ & O(1) eV. Since we require
ΩJ,thh

2 ≤ (ΩJ,thh
2)(obs) ' 0.12, the majoron should be much lighter than

O(100) eV.
If the majoron mass is of order the keV scale, its thermal velocity is not

negligible during the matter-dominated epoch. The free-streaming of ther-
mal relic majorons erases density perturbations on the small scales, which
may be in contradiction with observations of large-scale structure [159]4. A
stringent constraint on the free-streaming length comes from the observa-

4Under certain circumstances, cold keV dark matter may also arise from decays and
scatterings, see [174].
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tion of the Lyman-α forest by the 21 cm line. This requires that the ma-
joron mass is larger than about 5.3 KeV (see, e.g., Ref. [175] and references
therein). This in principle excludes a thermally produced majoron with a
mass mJ ∼ O(100) eV. Fortunately, ultralight majorons with mJ � 1 eV
can be efficiently produced with the non-thermal production mechanisms
that we will present in the next section. In this regime, the thermal pro-
duction of majorons is negligible5.

Notice that when the majoron mass is smaller than O(1) eV, its thermal
relic behaves like dark radiation6. The energy density of dark radiation
is conveniently parametrized by the “effective” number of neutrino species
Neff . The deviation from the SM prediction is given by

∆Neff = 4
7

(
g∗

43/4

)−4/3

' 0.027. (6.20)

Bounds from primordial 4He abundance constrain ∆Neff ≤ 0.33 at 95%
C.L [178,179] if the majoron is relativistic during BBN. On the other hand,
the cosmic microwave background (CMB) anisotropies are also sensitive to
the energy density of the Universe and can put a constraint on Neff . The
Planck collaboration reported the constraint asNeff = 2.99±0.17 [38], which
is consistent with the SM prediction of N (SM)

eff ' 3.046 [180]. The CMB-S4
experiment will improve the sensitivity as ∆Neff = 0.0156 [181, 182]. We
expect that a deviation from the SM prediction may be observed in the near
future.

Non-thermal production
Majorons are produced non-thermally around the time when the Hubble

parameter becomes comparable to the majoron mass, which we denote as
Hosc. Although it is technically difficult to distinguish them, there are three
contributions for the non-thermal production of majorons: coherent oscilla-
tion of majorons, decay of cosmic strings and decay of domain walls. As we
will see below, these contributions give comparable amounts of primordial
majorons. The discussion below is analagous to the misalignment mecha-

5We will not consider the possibility of freeze-in production of majorons, which might
require extensions beyond the minimal type-I seesaw model.

6See, e.g., Refs. [176,177] for other models of dark radiation.
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nism reviewed in section 4.1.0.2 but we will also consider non-relativistic
majorons coming from the decay of the topological defects.

Since we consider the case where lepton number symmetry breaking
occurs after inflation, the phase direction of σ, that is the majoron field
direction, is randomly distributed with a correlation length of the order of
the Hubble radius at the time of the phase transition. When the initial
state angle is not aligned with the explicit symmetry breaking minimum,
the majoron starts to oscillate coherently at the time when Hosc ' mJ/3.
The temperature of the thermal plasma at this time is given by

Tosc ' 5× 102 GeV
(

mJ

1 meV

)1/2
, (6.21)

where we used g∗ = 106.75 as the effective number of relativistic degrees
of freedom. The energy density of coherent oscillation of majorons can
therefore be estimated by taking an average over the flat distribution as

ρcoh '
1

2π

∫
m2
Jv

2
σ(1− cos θ)dθ = m2

Jv
2
σ, (6.22)

where we assumed a majoron potential, V ∼ m2
Jv

2
σ(1−cos θ), with θ = J/vσ,

and neglected the anharmonic effect around the top of the potential. The
energy fraction from this contribution is given by7

Ωcohh
2 ' 0.05

(
mJ

1 meV

)1/2 ( vσ
1012 GeV

)2
e−t0/τJ . (6.23)

Because of the hierarchy of energy scales between the lepton number
violation scale and the majoron mass, there are two kinds of phase tran-
sitions associated to the majoron. The first one is the phase transition
associated to the σ VEV, 〈σ〉 = vσ/

√
2, around the time when T ∼ vσ. We

denote the temperature and the Hubble parameter at this time as T1 and
H1, respectively. We consider the case where mJ � H1 so that the explicit
U(1)L symmetry breaking term is negligible at the time of the first phase
transition.

7Note that when the majoron lifetime is of the same order as the age of the Universe
its decay is relevant in computing the relic density today. On the other hand, for lifetimes
τ ≥ O(10) t0, the effects of majoron decay become negligible and the e−t0/τJ factor is
close to 1.



6.2. Primordial density of majorons 89

Since the phase of the σ field is distributed randomly, cosmic strings form
after the first phase transition. The tension of the string is determined by
the lepton number breaking VEV as

µstring ' πv2
σ ln L

d
, (6.24)

where d ∼ 1/mρ is the core width of cosmic strings and L is an infrared
cutoff determined below. The dynamics of comic strings is complicated but
can be qualitatively understood by causality. When a cosmic string collides
with another cosmic string, they are connected to form longer cosmic strings.
Since the typical velocity of cosmic strings does not exceed order unity, the
number of cosmic string within one Hubble volume is also of order one. The
infrared cutoff L is taken to be ∼ 1/H because the typical distance between
cosmic strings is of order 1/H.

When the Hubble parameter decreases down to mJ , the explicit U(1)L
symmetry breaking term becomes relevant and the second phase transi-
tion with domain wall formation occurs. Because of the explicit symmetry
breaking term, each cosmic string becomes attached by domain walls. The
tension of the domain wall is determined by the U(1)L symmetry breaking
term and the σ field VEV as

σwall '
8
N2mJv

2
σ . (6.25)

We also introduce the domain wall numberNDW for later convenience, which
is equal to unity when high-dimensional operators break U(1)L completely.

The cosmic strings start to shrink to a point due to the tension of the
domain wall after the second phase transition. They disappear when the
tension of the domain wall exceeds that of the cosmic string

σwall = Hdecayµstring, (6.26)

which corresponds to a Hubble parameter H = Hdecay, given by

Hdecay '
8
π

(
ln mρ

Hdecay

)−1

mJ (∼ Hosc), (6.27)

where we used NDW = 1. Majorons are produced from the decay of these
topological defects. Noting that the number of cosmic strings within one
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Hubble volume is of order unity before they disappear, the energy density
of cosmic strings can be estimated by

ρstring ∼
2H−1

decayµstring

4π/3H−3
decay

' 96
π2

(
ln mσ

Hdecay

)−1

m2
Jv

2
σ. (6.28)

In a similar way, the energy density of domain walls can be estimated by

ρDW ∼
4πH−2

decayσwall

4π/3H−3
decay

' 192
π

(
ln mσ

Hdecay

)−1

m2
Jv

2
σ. (6.29)

The typical energy of majorons produced from this process is of orderHdecay,
which is the only parameter determining the dynamical time scale of topo-
logical defects. Since Hdecay ∼ mJ , the majorons become non-relativistic
soon after they are produced [183]. Note that the energy densities (6.28)
and (6.29) are comparable to (6.22) and hence we can use (6.23) for an or-
der of magnitude estimate of the majoron relic density. The result is shown
in Fig. 6.2. Notice that, along the red line one can explain the observed
amount of dark matter as cold majorons arising from these three processes.
In the shaded regions, majorons are overproduced by the thermal (right
region) or the non-thermal (upper region) processes.

We now turn to the case where the energy scale where all discrete sym-
metries are broken by higher dimensional operators is much smaller than
the majoron mass. This is possible if the U(1)L symmetry is broken to ZN
at the energy scale of mJ and then the residual ZN symmetry is broken
explicitly by another operator. This is related to the fact that we need at
least two higher-dimensional operators with coprime powers in σ to break
completely the U(1)L symmetry at the energy scale of mZN (� mJ). In
this case, each cosmic string is attached by N domain walls after the phase
transition of U(1)L to ZN . Although the cosmic string is pulled by the
domain walls, the collective effect of N domain walls does not make the
cosmic string to shrink to a point. Therefore the cosmic string and domain
wall network will survive until the effect of explicit ZN breaking becomes
efficient.

We now proceed to estimate the effect of these long-lived majoron do-
main walls. Suppose that the explicit ZN breaking generates a typical dif-
ference of vacuum energies among the N vacua given by Vdif . The energy
differences lead to vacuum pressure on the domain walls. When the vacuum
pressure becomes stronger than the tension of the domain walls, the lowest
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Figure 6.2: Constraints on the majoron dark matter scenario. Within the shaded re-
gions, thermal (right vertical band) and non-thermal (upper region) majorons are over-
produced. By changing the ratio mJ/mZN

= 1, 1010, and 1020, one can account for the
observed amount of dark matter along the red, green, and blue lines, respectively. The
region below the orange dashed line cannot explain the observed dark matter due to the
requirements in Eqs. (6.34) and (6.35). The square dot at mJ = 1 eV and vσ = 106 GeV
represents the parameter region in which neutrino signals from majoron decay would be
observable by the PTOLEMY experiment. Above the magenta dotted line the majoron
may form dilute boson stars, see Sec. 6.4, while in the region below that line it would
form dense boson stars, provided it has a repulsive quartic interaction.

vacuum state will dominate the entire Universe and the string-wall system
will disappear. Noting that a typical length scale of the network is given
by H−1, the condition that the vacuum pressure exceeds the domain wall
tension is given by

Vdif > Hσwall. (6.30)

The network disappears at the threshold of the above condition:

Hdecay(≡ mZN ) ' Vdif

σwall
. (6.31)
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The energy density of majorons produced by the domain-wall decay is given
by

ρDW ∼
4πH−2

decayNDWσwall

4π/3H−3
decay

' 24
NDW

(
mZN

mJ

)
m2
Jv

2
σ, (6.32)

at H = Hdecay (≡ mZN ). It follows that the relic density at present is:

ΩDWh
2 ∼ N−1

DW

(
mJ

mZN

)1/2 (
mJ

1 meV

)1/2 ( vσ
1012 GeV

)2
e−t0/τJ . (6.33)

The relation between mJ and vσ for a fixed ΩDWh
2 can be changed by

choosing a different mZN (or Vdif). This is shown in Fig. 6.2, where the red,
green, and blue lines represent ΩDWh

2 = 0.12 for mJ/mZN = 1, 1010, and
1020, respectively. While these may seem unnaturally large values for the
ratio, one must keep in mind that their relative size is controlled by a power
of (MP/vσ), since mJ and mZN can come from different high-dimensional
operators and is expected to be large.

Since we are interested in the case where the majorons produced from
these topological defects constitute the dark matter, they must be produced
before the matter-radiation equality. The reason is that since this majoron
domain walls are topological defects in the phase direction of σ, they can
decay only into majorons and gravitational waves (gravitons). These parti-
cles do not interact with the SM particles efficiently and, as a result, they
do not spoil Big-Bang Nucleosynthesis (BBN). This requirement constrains
Hdecay ≡ mZN to be

mZN � 1.6× 10−37 GeV. (6.34)

Combining with ΩDWh
2 . 1, this ensures that the domain walls disappear

before dominating the energy density of the Universe [166]:

ρDW(Hdecay)� 3M2
PlH

2
decay ↔ mZN

mJ

� 8
NDW

(
vσ
MPl

)2
. (6.35)

From these constraints, we cannot take arbitrary small mJ or vσ to explain
the observed amount of dark matter. This is shown as the orange dashed
line in Fig. 6.2, below which ΩDWh

2 cannot reproduce the observed amount
of dark matter (' 0.12) consistently with (6.34) and (6.35). Note that for
larger majoron masses its decay becomes relevant. This is due to the e−t0/τJ
factor in the relic densities (see Eqs.(6.19), (6.23) and (6.33)) and explains
why larger values for mJ are allowed by thermal production constraints
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provided vσ is not larger thanO(107) GeV. This is the case of the well-known
keV majoron [155–159, 161, 184] which would lie in the region between the
boundary of the shaded region and the dashed orange line. This majoron
behaves as decaying warm dark matter when it is thermally produced.

6.3 Possible signatures
Apart from generic signatures associated to neutrino masses and mixing,

such as neutrino oscillations [185] and neutrinoless double beta decay [186],
the majoron scenario can lead to more specific processes involving majoron
emission. For example, majoron emission in neutrinoless double beta decay
has been suggested long ago [187]. In our simplest singlet majoron setup,
the coupling of the majoron to matter is too weak for an observable impact
on neutrinoless double beta decay experiments.

However, as we will see now, this light and cold majoron may induce
interesting signatures that might perhaps lie within the capabilities of up-
coming cosmological observations.

PTOLEMY
We now comment on the possibility that the majoron can be observed by

direct detection experiments for cosmic neutrinos, like PTOLEMY. If the
lifetime of the majoron is of order 10− 100 times longer than the age of the
Universe and its mass is O(1) eV, one expects that PTOLEMY experiment
will observe signals of neutrinos produced from the majoron decay [162,163].
From (6.14), we require vσ = O(106) GeV to make the O(1) eV majoron
decay at around (10−100)t0. This is plotted as a square dot in Fig. 6.2. We
note that such light and relatively short-lived majorons cannot be efficiently
produced from the coherent oscillation (see (6.23)). However, they can be
produced appreciably via the domain-wall decay if there remains a residual
ZN symmetry below the energy scale of mJ . From (6.33), we can see that
the majoron can make up all of the dark matter if mJ/mZN ∼ 1020. This is
consistent with the constraints (6.34) and (6.35).
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6.4 Majoron stars
Before closing this chapter we will study the possibility that DM ma-

jorons form a very particular astrophysical object: boson stars. Indeed,
this will be particularly relevant if the bulk of majoron DM comes from the
decay of the string-wall network.

It is known that an oscillating real scalar field may form a quasi-stable
localized clump under certain conditions8. When the second derivative of
the potential for the scalar field is smaller for a larger field value, one can
find such a localized solution, called an oscillon. There is also a solution sta-
bilized by the gravitational interaction, in which case the solution is called
a boson star. There are several formalisms to calculate the configuration of
these objects [189–194]. In the following qualitative discussion we follow the
formalism developed in Ref. [193], which is accurate enough for our purpose.

The configuration is determined by the balance amongst the gradient
energy, the potential energy, and the gravitational potential energy. For the
case of the majoron, the leading self-interaction (the four-point interaction)
can be either an attractive or a repulsive force. When the self-interaction
is attractive, a smaller configuration is preferred to minimize the potential
energy and the gravitational potential energy, while a smooth and broader
configuration is favoured to minimize the gradient energy. On the other
hand, when the self-interaction is a repulsive force, it prefers a larger con-
figuration. The size of the stable configuration is therefore determined by
the balance of these effects.

We can estimate the typical values of the gradient energy, potential
energy, and the gravitational potential energy normalized to m2

Jφ
2 as:

δx ∼
(∇φ)2

m2
Jφ

2 ∼ (mJR)−2,

δV ∼
|λ4|φ4

m2
Jφ

2 ,

δg ∼ Ψ ∼ 1
M2

Pl

∫ m2
Jφ

2

r
d3r ∼ m2

Jφ
2

M2
Pl
R2,

(6.36)

In the above equation R is the radius of the boson star and φ is a field
value at the center of the boson star. In our case, the majoron J will play

8See, e.g., Ref. [188] in the context of the QCD axion. Boson star formation may also
occur in the context of axion-like particle models.
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the role of φ. We generically denote the quartic interaction coupling of the
majoron as λ4. Being a pseudo-Nambu-Goldstone boson, in absolute value,
this self-interaction is given by |λ4| ∼ m2

J/v
2
σ. The mass of the boson star

is roughly given by M ∼ m2
Jφ

2R3. When the potential energy is negligible,
the configuration is determined by the balance δx ∼ δg, which gives:

M ∼
(
MPl

mJ

)2 1
R
. (6.37)

This kind of configuration is known as a dilute boson star. The critical
radius Rc below which the self-interaction is relevant can be estimated by
the condition δV ∼ δx ∼ δg. This leads to:

Rc ∼

√
|λ4|MPl

m2
J

' 5× 102 m
(

mJ

1 meV

)−1 ( vσ
1012 GeV

)−1
,

Mc ∼
MPl√
|λ4|
' 4× 1018 g

(
mJ

1 meV

)−1 ( vσ
1012 GeV

)
,

(6.38)

where Mc is the critical mass.
When the self-interaction is an attractive force, the dilute boson star

branch, (6.37), is connected to a dense boson star branch around R = Rc.
The configuration is then determined by the attractive self-interaction and
the gradient energy. The dense boson star branch has two types of solutions:
an unstable solution and a stable one. The dilute boson star branch is
connected to the unstable branch, which is shown as a dashed blue curve in
Fig. 6.3.

When the self-interaction is a repulsive one, the boson star is stabilized
by the attractive gravitational force and the repulsive self-interaction when
its mass is larger than the critical mass. The solution (6.37) is therefore
connected to a branch that is determined by the balance δV ∼ δg. Since
this condition gives a constant radius R ∼ Rc, the branch is asymptotic to
Rc as we can see from Fig. 6.3.

Now we shall consider the formation of boson stars. Since the initial
field value of the majoron is random and since the dynamics of the topo-
logical defects is complicated, majorons produced from these mechanisms
have O(1) fluctuations at the time of their production. Due to causality,
maintained within the Hubble volume, the wavelength of the fluctuations is
of order 1/Hdecay. The non-thermally produced majorons inside the comov-
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ing volume of this scale result in the formation of a compact object due to
the gravitational instability during the matter dominated era. We also note
that the relaxation time scale via the self-interactions is much shorter than
the Hubble expansion rate [195]. All in all, the typical mass of the object
is then given by [196]:

M ∼ 4π
3 H−3

decayρJ(Tdecay)

' 2× 1014 g ×N−1
DW

(
mJ

mZN

)2 (
mJ

1 meV

)−1 ( vσ
1012 GeV

)2
,

(6.39)

where we used (6.32) for ρJ and Hdecay ≡ mZN . The ratio between M and
the critical mass, Mc, is given by

M

Mc

∼ 3× 10−5 ×N−1/2
DW

(
mZN

mJ

)−7/4 ( mJ

1 meV

)−1/4
, (6.40)

where we assumed ΩDWh
2 = 0.12 and used Eq.(6.33) to eliminate vσ de-

pendence. Note that the kinetic energy of majorons is extremely small and
their typical de Broglie wavelength is of order 1/Hdecay at the time of their
production. Then a typical occupancy number of majorons is given by

N ∼ 4π
3 H−3

decay
ρJ(Tdecay)

mJ

∼ 1050×N−1
DW

(
mJ

mZN

)2 (
mJ

1 meV

)−2 ( vσ
1012 GeV

)2
.

(6.41)
This extremely large occupancy number implies that majorons form a Bose-
Einstein condensate. As the perturbations grow, a gravitationally bound
object, called a boson star, forms for each condensation. When M . Mc,
the size of the boson star is determined by the offset between the kinetic
energy and the gravitational potential energy as in Eq.(6.37). We then
obtain

R ∼ 1
M

(
MPl

mJ

)2
∼ 107 m ×NDW

(
mJ

mZN

)−2 (
mJ

1 meV

)−1 ( vσ
1012 GeV

)−2
,

(6.42)
where we use Eq.(6.39) in the last equality. Note that (6.42) can be rewritten
as

R ∼ H−1
decay

(
a(Teq)
a(Tdecay)

)(
mJ

mZN

)−2

, (6.43)
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where Teq is the temperature at the matter-radiation equality. This means
that the typical size of boson stars is of the same order with the wavelength
of the perturbations at the matter-radiation equality for the case of mZN ∼
mJ .

On the other hand, when M & Mc, the potential energy becomes rel-
evant. If the interaction is attractive, a boson star, called a dense boson
star, may or may not form. If it forms, the typical lifetime of this kind of
boson star is relatively short and may not survive on a cosmological time
scale. Therefore we do not consider this case further. In contrast, if the
interaction is repulsive, the size of boson star is given by the critical radius,
Rc, which is determined by the offset between the repulsive potential energy
and the gravitational potential energy. The threshold at which M = Mc

is shown as a magenta dotted line in Fig. 6.2, where we assume that the
total amount of non-relativistic majorons is equal to the observed amount
of dark matter. Above the line, dilute (gravitational) boson stars form after
the matter-radiation equality. We can see that this is the case when the
U(1)L is completely broken at H = mJ . It is known that the lifetime of the
dilute boson star is exponentially long, so that it is stable on cosmological
time scales [190,193,197,198]. On the other hand, below the magenta dot-
ted line, where M > Mc, boson stars may or may not form depending on
the sign of the quartic interaction. One expects a stable boson star to form
for the repulsive case.

Next, we comment on the effect of boson stars on the neutrino produc-
tion rate from majoron decay. The neutrino production rate from a boson
star may be saturated by the Pauli statistics near its surface if the density
of majorons is high enough in the boson star [199, 200]. We can check if
this is the case by calculating the total neutrino production rate from the
majorons inside a boson star and comparing it with the upper bound of
the flux from the boson star with radius R. The former quantity is given
by the number of majorons inside a boson star, N , times the decay rate of
individual majorons Γ, while the latter one is [199]

(
dN

dt

)
sat
' m3

JR
2

24π . (6.44)
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Figure 6.3: Phase diagram of boson stars for the majoron with either an
attractive (blue line) or a repulsive (red line) interaction. The dashed blue
line represents an unstable branch. The vertical axis is normalized by the
critical radius Rc and the horizontal axis is normalized by the occupancy
number at the critical radius.

The ratio is given by

NΓ
(
dN

dt

)−1

sat
'


3× 10−17

(
mZN

mJ

)−5 ( mJ

mev

)−3
for M < Mc

3× 10−8
(
mZN

mJ

)−3/2 ( mJ

mev

)−5/2
for M > Mc

 (6.45)

where we assumed ΩDWh
2 = 0.12. If this is larger than unity, the neutrino

production rate is saturated by the Pauli exclusion principle and is given
by (6.44). This is the case for a small mZN/mJ .

In fact, for example, the ratio is of order 1015 for mJ = 1 eV, mZN/mJ =
10−20, and vσ = 106 GeV. Since the neutrino production rate is many
orders of magnitude suppressed by Pauli statistics, the neutrino signal may
not be observable in this scenario. However, the efficiency of boson star
formation may not be so high that all of non-relativistic majorons go into
boson stars. We should note that a typical boson star size R is many orders
of magnitude smaller than the initial size of density perturbations for a
small mZN/mJ . Since the initial density perturbations are not completely
spherical, a significant energy density of majorons may not be absorbed by
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the boson star. Therefore it could happen that most of the non-relativistic
majorons exist in the Universe without forming a boson star. If this is the
case, the prediction of the neutrino signal does not change qualitatively. In
any case, it would be interesting to extend the present work and perform a
quantitative estimation of the amount of majorons that form dense boson
stars.

Summary
In this chapter, based on reference [153], we have studied in detail a

situation where the cosmological DM is composed of majorons, the Nambu-
Goldstone boson associated to the spontaneous breaking of the lepton num-
ber symmetry. We have challenged the standard picture where the majoron
is a thermal DM candidate and studied in detail the different non-thermal
contributions to the majoron abundance: coherent oscillations around the
potential minimum and the decay of topological defects. In particular, we
have found that a O(0.1− 1) eV majoron is a viable dark matter candidate
with lifetime a few orders of magnitude longer than the age of the Universe.
The decay of such a light and short lived majoron might be observed in
direct detection experiments of cosmic neutrinos, such as PTOLEMY (see
Fig.(6.2)).

These non-relativistic light majorons have large density perturbations
because they are produced from the decay of topological defects. We have
considered for the first time in the context of the majoron that these over-
dense regions may condense forming boson stars after the matter-radiation
equality. We have qualitatively discussed the properties of these boson stars,
including their size and mass. Interestingly enough - and unlike other light
bosons such as axions - the majoron can have an attractive or repulsive lead-
ing self-interaction. We have shown that depending on this self-interaction
the properties of majoron stars differ substantially. While for the attractive
self-interaction case we only have stable dilute boson stars, dense boson
stars may form for the repulsive case.





Chapter 7

Colored Scotogenic

As we have seen in Chapter 4, due to the requirement of feeble inter-
actions with the visible sector, the DM candidates are usually asssumed to
be electrically neutral and without color charge. However, in recent years
there has been a surge in interest in DM candidates that challenge these
assumptions. In this chapter we will consider the case of composite DM,
studied in detail in [201]. In this reference, the authors suggest that DM
may be in the form of an hadron composed of two stable color octet Dirac
fermions, Q , with mass around 12.5 TeV. Of course, the interest of this
idea may go well beyond QCD since, as we will see later in Chapter 8, anal-
ogous bound-state DM candidates emerge in models with a new confining
hypercolor interaction [202].

In this chapter, based in [203, 204], after reviewing the basics of the
bound-state DM scenario, we propose the possibility that these new par-
ticles are also involved in the generation of neutrino masses à la scoto-
genic [49]. We will consider the possibility of having Majorana neutrinos
and also a Dirac version of the colored scotogenic model. In the case of
Dirac neutrinos, their Dirac nature is tightly connected to the DM stabil-
ity. We also study the basic phenomenological implications of the model,
such as lepton flavor violation (LFV) processes, which occurs for the Dirac
and Majorana versions, and neutrinoless double-beta decay for the case of
Majorana neutrinos. Finally, we will also discuss how this scenario can be
tested with future hadron colliders.

101
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7.1 Bound-state Dark Matter
When a new heavy colored state is introduced in the theory, new QCD

bound-states can form. Since we will consider a fermion transforming under
the SM gauge symmetry as

Q ∼ (8, 1, 0) , (7.1)

two different possibilities arise. The first bound-state that we can form,
which we denote as QQ, involves only the new fermion and is characterized
by a small Bohr-like radius, aB ∼ M−1

Q , and a large binding energy, EB ∼
α2
sMQ. On the other hand, hybrid configurations such as Qg and Qqq̄ can

form when the new colored fermion hadronizes together with a gluon or
a SM quark, respectively. These hybrids have a larger size, ∼ Λ−1

QCD, and
smaller binding energy, comparable to the QCD scale. Their larger size
leads to large cross-sections and, therefore, these configurations are severly
constrained [205].

Fortunately, due to their large binding energy, the pure configuration,
QQ, constitutes the ground state and is the one that will populate the
Universe after these particles thermalize. Indeed, after solving the Boltz-
mann equations, the authors of [201] find that QQ states can reproduce the
observed DM abundance, ΩDMh

2 ≈ 0.12, when their mass is:

MQ = 12.5± 1 TeV . (7.2)

This mass scale is close to the one which is naively expected after a rescaling
of the WIMP miracle result (see Chapter 4). Dangerous hybrids, on the
other hand, are found to be subdominant by a factor 104.

Bound-state dark matter will impart nuclear recoil in underground dark
matter search experiments. By using EFT techniques, the spin-independent
direct detection cross-section can be estimated as [201]:

σSI ≈ 2× 10−45 cm2
(

20 TeV
MQQ

)6 ΩQQ
ΩPlanck

, (7.3)

strongly correlated to the dark matter mass, MQQ = 2MQ, as shown in the
red line in Fig. 7.1. In this figure the star corresponds to the case where our
bound-state DM makes up 100% of the cosmological dark matter. In the
presence of an additional dark matter particle, such as the axion, bound-
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state dark matter masses below 25 TeV can be envisaged, as indicated by
the red line. In this case their contribution to the relic density will be
correspondingly smaller, while the spin-independent cross section would be
correspondingly larger. The blue line denotes the current Xenon1T limit
after 1.0 t×yr exposure [206]. This should be compared with the future
sensitivities expected at XENON1T (2 t×yr) [207], LZ [208] and DAR-
WIN [209] indicated by the black (dashed, dot-dashed and dotted) lines.
We also note that, within the standard thermal cosmological scenario, DM
masses above 25 TeV are ruled out by current observations of the Planck
collaboration [38] (gray band). Notice also that the current LHC limit of
2 TeV [210, 211], implies that the cross section is always small enough so
as to have the bound-state dark matter candidate reaching underground
detectors.

5 10 40
MQQ(TeV)

10-47
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10-45

10-44

10-43

σ
S
I(

cm
2
)

XENON1T (1 t×y)

XENON1T (2 t×y)

LZ

DARWIN
ΩQQ >ΩPlanck

Figure 7.1: Spin-independent cross section as a function of MQQ = 2MQ
(red line). The star represents the mass required for a thermal bound-state
25 TeV dark matter. Lower values can be probed by direct searches, the
current bound is indicated in blue, while the black lines (dashed, dotted
and dot-dashed) correspond to future sensitivities. See text for details.
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7.2 The Dirac case
The Dirac nature of neutrinos may ensure dark matter stability [212].

Here we present a variant realization of this idea where dark matter is
present today in the form of stable neutral hadronic thermal relics. For
definiteness we assume DM is a neutral bound-state of colored constituents,
such as QQ, where Q is the vector-like color octet isosinglet fermion. A
necessary and sufficient condition for dark matter stability in this case is
the presence of a global U(1) symmetry, under which the Q is charged. In
this section we present a model where the role of such apparently ad-hoc
symmetry is played by the usual B − L symmetry present in the SM. In
fact, in our model, dark matter stability and the Dirac nature of the exotic
fermion Q and of the neutrinos are all equivalent, and result from B − L
conservation.

In addition to the heavy Dirac fermion, our model introduces extra
scalars. These states ensure that at least two neutrino masses are nonzero
as required by the neutrino oscillation data in order to account both for so-
lar and atmospheric mass scales [54, 185]. This simple picture can account
for current neutrino oscillation and dark matter phenomena, and can be
falsified relatively soon in nuclear recoil experiments (see Fig. 7.1). More-
over, the extra colored states, including scalar bosons, may lead to new
phenomena at a next generation hadron collider [213].

As a theory preliminary, we recall that, within the type-I seesaw mech-
anism with a single right-handed neutrino, two neutrinos remain massless
after the seesaw [44]. This degeneracy is lifted by calculable loop corrections.
Here we propose a variant radiative seesaw scheme, in which a single col-
ored fermion Dirac messenger Q is introduced, charged under the U(1)B−L
symmetry, plus two sets of colored scalars (see table 7.1). This situation
resembles a (nN , nη) = (1, 2) case of the general scotogenic model, studied
in Sec.2.3.

Apart from the right-handed neutrinos, which are introduced to account
for small Dirac neutrino masses, all of the new particles are colored. For
definiteness, we assign them to the octet SU(3)c representation 1. We also
impose that the B − L symmetry holds, together with a Z2 symmetry.
The former ensures that Q has only a Dirac-type mass term, while the
latter forbids the tree-level Dirac neutrino mass terms from νRiH̃

†Lj. The
relevant Lagrangian for neutrino masses contains the following new terms

1 Notice, however, that our neutrino mass discussion also holds if they had different
SU(3)c transformation properties.



7.2. The Dirac case 105

Particles U(1)B−L (SU(3)c, SU(2)L)Y Z2

Qi =
(
uL dL

)T

i
+1/3 (3,2)1/6 +

uRi −1/3 (3,1)−2/3 +
dRi −1/3 (3,1)1/3 +
Li =

(
νL eL

)T

i
−1 (1,2)−1/2 +

eRi +1 (1,1)1 +
νRi +1 (1,1)0 −
QL −r (Nc,1)0 +
QR r (Nc,1)0 +
H 0 (1,2)1/2 +
σa 1− r (Nc,1)0 −
ηa 1− r (Nc,2)1/2 +

Table 7.1: Left-handed fermions and scalar fields (with a = 1, 2). The
B − L charge ensures that the vector-like quark Q , taken as a color octet,
composes cosmologically stable bound-states.

(summation is implied over repeated indices, and trace over Nc = 8 is
implicit.)

L ⊃−
[
haiQRη̃†aLi +MQQRQL + yai νRi σ

∗
aQL + h.c

]
− V(H, ηa, σa) . (7.4)

The condition r 6= 1 forbids Higgs-like Yukawa couplings of ηα to the Stan-
dard Model fermions (for r = 1 one would need an additional Z2 symme-
try, as in [214]). Hence, by construction, the new Yukawa interactions in
Eq. (7.4) do not affect the stability of our bound-state dark matter, since
the colored scalars are assumed to be heavier than Q, and QQ annihilation
processes mediated by η, σ, are all forbidden by the conserved B − L sym-
metry. The set of scalars ηa, σa in Fig. 7.2 can be either neutral or charged
under B − L, depending on the baryon number assignment. If B − L neu-
tral, both ηa and σa are expected to be unstable, decaying to quarks [215]
and two gluons respectively [216,217].
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The new part of the scalar potential can be cast as

V(H, ηa, σa) = V(ηa) + V(σa) + V(ηa, σa)
+ V(H, ηa) + V(H, σa), (7.5)

where the various terms in the Higgs potential are

V(ηa, σa) = κab Tr
(
σaη

†
b

)
H + λabcdση Tr (σ∗aσb) Tr

(
η†cηd

)
(7.6)

+ λ̃abcdση Tr (σ∗aηb) Tr
(
σcη

†
d

)
+ h.c., (7.7)

V(H, ηa) = λab3ηH

(
H†H

)
Tr
(
η†aηb

)
+ λab4ηH Tr

[(
η†aH

) (
H†ηb

)]
+ h.c., (7.8)

V(H, σa) = λabσH Tr (σ∗aσb)H†H + h.c.. (7.9)

Since CP conservation is assumed, the CP-even and CP-odd scalars do not
mix. Moreover, terms like

(
η†H

)2
are also forbidden and, as a consequence,

the real and imaginary parts of the scalars with nonzero B − L charges
are degenerate. Note, however, that the cubic scalar coupling terms κab
breaking the Z2 symmetry softly allow for the mixing between the σa and
ηa. At the end the 4× 4 mass matrices for the CP-odd and CP-even scalars
are equal, since the κab terms do not break such a degeneracy.

In order to illustrate the neutrino mass generation mechanism we con-
sider the following block-diagonal mass matrix for the CP-even scalars (in
the basis SR = (η0

1R, σ
0
1R, η

0
2R, σ

0
2R)T ):

M2
R =


(µ11

η )2 κ11v√
2 0 0

κ11v√
2 (µ11

σ )2 0 0
0 0 (µ22

η )2 κ22v√
2

0 0 κ22
v√
2 (µ22

σ )2

 . (7.10)

Here we have used the parametrization ηa = (η+
a , (η0

aR + iη0
aI)/
√

2)T , σa =
(σ0

aR + iσ0
aI)/
√

2 and H = (0, (h+ v)/
√

2)T , with h denoting the SM Higgs
boson, and v = 246 GeV. The parameters µabη(σ) are the quadratic mass terms
after electroweak symmetry breaking in V (ηa) and V (σa).

Since the tree-level Dirac mass term is forbidden by symmetry, calculable
Dirac neutrino masses are generated at one–loop order, by the Feynman
diagram displayed in Fig. 7.2. One finds the following effective mass matrix
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L QR QL
νR

σaηa

H

Figure 7.2: B − L flux in the one-loop Dirac neutrino mass.

(Mν)ij =Nc
MQ
64π2

2∑
a=1

hai y
a
j

√
2κaav

m2
Sa2R
−m2

Sa1RF
m2

Sa2R

M2
Q

− F
m2

Sa1R

M2
Q

+ (R→ I) (7.11)

where F (m2
Sβ
/M2

Q) = m2
Sβ

log(m2
Sβ
/M2

Q)/(m2
Sβ
−M2

Q) and the SU(3)c color
factor Nc is assumed to be 8, since the new particles running in the loop
transform as octets. The four CP-even mass eigenstates are denoted as
S1

1R, S
1
2R, S

2
1R, S

2
2R, with a similar notation for the CP-odd ones.

Here the effective one-loop induced neutrino mass matrix has in general
rank two, as in [218], implying two non-vanishing Dirac neutrino masses. As
a simple numerical estimate, let us consider the case µaaη = µaaσ �

√
2κaav.

Taking m2
Sa2R
−m2

Sa1R
=
√

2κaav and m2
Sa2R

+m2
Sa1R

= 2(µaaη )2 one finds

(Mν)ij =Nc
MQ
32π2

√
2κaav

2∑
a=1

hai y
a
j

(µaaη )2 −M2
Q[

1− M2
Q

(µaaη )2 −M2
Q

log
(

(µaaη )2

M2
Q

)]
,

so that if (µaaη )2 �M2
Q one has

(Mν)ij = Nc
MQ
32π2

√
2v

2∑
a=1

κaa
hai y

a
j

(µaaη )2 (7.12)

∼ 0.03 eV
(

MQ
12.5TeV

)(
κaa

1GeV

)(50TeV
µaaη

)2 (hai yaj
10−6

)
.



108 Chapter 7. Colored Scotogenic

One sees that, indeed, small neutrino masses arise naturally by taking rea-
sonable values for the Yukawa couplings, small value for the soft breaking
parameter κab, as well as sufficiently large values for the scalar masses. No-
tice that the smallness of κab is natural in t’Hooft’s sense [84], as the theory
attains a larger symmetry when κab → 0, i.e. the smallness of neutrino mass
is symmetry-protected.

7.3 The Majorana case
In this section we present a model where the symmetry responsible of the

bound-state stability also gives rise to radiative Majorana neutrino masses.
To ensure the stability of the bound-state, the heavy messengerQ is charged
under a dark U(1)D symmetry. In fact, both dark matter stability and the
Dirac nature of the exotic fermion Q are equivalent, resulting from dark
charge conservation. We will see that neutrinos being Majorana particles
does not imply the violation of the U(1)D symmetry, responsible of DM
stability.

As shown in table 7.2, we consider a simple realization of the radiative
seesaw neutrino mass generation picture, in which a single colored fermion
Q is introduced along with two colored SU(2) doublet scalars ηa (a = 1, 2).

Particles U(1)D (SU(3)c, SU(2)L)Y
Qi =

(
uL dL

)T

i
0 (3,2)1/6

uRi 0 (3,1)−2/3
dRi 0 (3,1)1/3

Li =
(
νL eL

)T

i
0 (1,2)−1/2

eRi 0 (1,1)1
QL −1 (Nc,1)0
QR 1 (Nc,1)0
H 0 (1,2)1/2
ηa (−1)a (Nc,2)1/2

Table 7.2: Particle content of the Majorana version of the colored scoto-
genic model. The fermion Q forms the bound-state which composes the
cosmological DM.

Note that, as in previous sections, all dark sector particles carry color
charge. For definiteness, we assign them to the octet SU(3)c representation.
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Notice, however, that our neutrino mass discussion also holds if they had
different SU(3)c transformation properties. The U(1)D symmetry implies
that Q has only a Dirac-type mass term, which is required to ensure the
stability of the bound state, QQ. Hence the relevant terms in the Lagragian
are the following

L ⊃−
[
hiQRη̃†1Li + yiQcLη̃

†
2Li +MQQRQL + h.c

]
− V(H, ηa) , (7.13)

where summation is implied over repeated indices, and trace over Nc = 8
is implicit. The Higgs potential contains the following terms

V(H, ηa) = V (H) + V (ηa)
+
(
λab3ηH

(
H†H

)
Tr
(
η†aηb

)
+ λab4ηH Tr

[(
η†aH

) (
H†ηb

)])
δab + h.c.

+ Tr
[
λη1η2

(
η†1η2

) (
η†2η1

)]
+
{

Tr
[
λη1η2H

(
H†η1

) (
H†η2

)]
+ h.c.

}
(7.14)

Note that terms like
(
η†aH

)2
are forbidden by symmetry reasons.

The Higgs boson triggering EWSB is the same as that in the SM. The
neutral scalar components η0

a of the dark charge carrying scalars, ηa, with
quadratic mass coefficients µa mix into two complex mass eigenstates Sa.
Since the tree-level mass term is forbidden by symmetry, neutrino masses are
calculable at one–loop order, by the Feynman diagram displayed in Fig. 7.3.

L QR QL L

η2η1

H H

Figure 7.3: Feynman diagram representing the neutrino mass mechanism.
Despite the Majorana nature of neutrinos, the U(1)D symmetry remains
exact. See text for details.
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One finds the following effective mass matrix

(Mν)ij =Nc
MQ
32π2 (hiyj + hiyj)

λη1η2Hv
2

m2
S0

2
−m2

S0
1

F
m2

S0
2

M2
Q

− F
m2

S0
1

M2
Q

 .
(7.15)

As in the previous section, the loop function reads

F (m2
Sβ
/M2

Q) = m2
Sβ

log(m2
Sβ
/M2

Q)/(m2
Sβ
−M2

Q) , (7.16)

and the SU(3)c color factor Nc is assumed to be 8, since the new particles
running in the loop transform as octets. Note that the effective one-loop
induced neutrino mass matrix has in general rank two, implying two non-
vanishing neutrino masses, as required to account for neutrino oscillation
data.

As a simple numerical estimate, assuming µ2
η1 � M2

Q, we consider the
case µ2

η1 = µ2
η2 � λη1η2Hv

2 and λ3ηH , λ4ηH � 1. Taking m2
S2 − m2

S1 =
λη1η2Hv

2 and m2
Sa2R

+m2
Sa1R

= 2µ2
η1 , we find

(Mν)ij ∼ 0.04 eV
(

MQ
12.5TeV

)(
λη1η2Hv

2

0.1GeV2

)(
15TeV
µη1

)2 (
hiyj
10−6

)
. (7.17)

As in the Dirac case, small neutrino masses are protected by the parameter
λη1η2H in whose absence the theory acquires a larger symmetry. As a re-
sult, adequate neutrino masses arise naturally for reasonable values of the
Yukawa couplings and scalar potential parameters.

Neutrinoless double beta decay
In contrast to the proposal in the previous section, here total lepton

number is a broken symmetry, hence we expect neutrinoless double beta
decay to occur. The effective mass parameter characterizing the amplitude
for neutrinoless double beta decay is given by [60]

〈mee〉 =

∣∣∣∣∣∣
∑
j

U2
ejmj

∣∣∣∣∣∣ =
∣∣∣c2

12c
2
13m1 + s2

12c
2
13m2e

2iφ12 + s2
13m3e

2iφ13
∣∣∣ , (7.18)
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where mi are the neutrino masses, c12 and s13 correspond to the angles
measured from oscillations and φ12, φ13 are the Majorana phases (here we
use the symmetrical parametrization of the lepton mixing matrix [44]).

As discussed in Sec. 2.1, since our model predicts the lightest neutrino
to be massless, m1 = 0, it follows that there is one single physical (relative)
Majorana phase φ ≡ φ12−φ13. Furthermore, one can also write the physical
masses directly in terms of the squared mass splittings measured in neutrino
oscillation experiments. Depending on the ordering, these masses read

NO : m2 =
√

∆m2
21 , m3 =

√
∆m2

31 ,

IO : m1 =
√

∆m2
13 , m2 =

√
∆m2

13 + ∆m2
12 .

(7.19)

Given that the lightest neutrino is massless, one can plot the effective
Majorana mass parameter 〈mee〉 as a function of the unknown Majorana
phase φ without loss of generality, see Fig. 7.4. The results are given for the
cases of normal (yellow band) and inverted (green band) mass orderings,
varying the neutrino oscillation parameters within 3σ [185, 219] of their
best fit values. One sees that, in contrast to the general three-neutrino
scenario, here the 0νββ amplitude never vanishes, even when the neutrino
mass ordering is of the normal type (models with this feature typically
require the existence of specific flavor symmetries [220–222]). The top four
horizontal bands represent the 90% C.L. upper limits from CUORE [223],
EXO-200 Phase II [224], GERDA Phase II [225] and KamLAND-Zen [226]
experiments. The sensitivity bands for the upcoming nEXO experiment
after 10 years of data taking [227] as well as for the SNO+ Phase II [228]
and LEGEND [229] experiments are indicated by the horizontal red bands.

7.4 Lepton Flavor Violation
The models presented in previous sections may also lead to indirect

virtual effects, such as charged lepton flavor violation. For example, the
Yukawa interactions in Eqs. (7.4) and (7.13) lead to radiative lepton flavor
violation processes such as µ → eγ, as seen in Fig. 7.5, mediated by the
charged scalar η+

a .
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Figure 7.4: Effective Majorana mass as a function of the Majorana phase for
normal (yellow band) and inverted (green band) mass orderings. The bands
represent the 3σ uncertainties in the neutrino oscillation parameters [185,
219]. The solid black lines represent their best fit values. The horizontal
bands are the experimental limits and sensitivities.

l−i Q l−j

η−
a γ

Figure 7.5: Feynman diagram for the process li → ljγ.

The corresponding decay rate is given as [230],

Γ(li → ljγ) =e
2m5

i

16π

[∑
a

Nch
a
i h

a∗
j

i

16π2M2
η+
a[

−t2 log t
2(t− 1)4 + 2t2 + 5t− 1

12(t− 1)3

] ]2
, (7.20)
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with t = M2
Q/M

2
η+ and Nc = 8. In the limit of heavy scalars, t → 0, the

decay width reads

Γ(li → ljγ) = e2m5
i

16π

[∑
a

Nch
a
i h

a∗
j

i

16π2M2
η+
a

[
− 1

12

] ]2
.

As an example, focusing on the process µ → eγ, one sees that the current
experimental constraint [231]:

BR(µ→ eγ) = Γ(µ→ eγ)
Γtotal

< 4.2× 10−13 , at 90% C.L. (7.21)

can be fullfilled provided
∑

a

haµh
a∗
e

M2
η+
a

2

≤ 4.2× 10−13 G
2
F

αEM

768π
N2
c

. (7.22)

This leads to a relatively mild requirement for the new scalar masses,∣∣∣∣∣∣
∑
a

haµh
a∗
e

(
50TeV
Mη+

a

)2
∣∣∣∣∣∣ . 1.5. (7.23)

7.5 Color octets at hadron colliders
In our model the messengers of neutrino mass generation (both, for

the Dirac and Majorana cases) are the colored constituents of the bound-
state dark matter candidate. Given enough energy, the Q ’s are copiously
pair produced at hadron colliders through the processes qiq̄i → QQ̄ and
gg → QQ̄, and are expected to hadronize. In contrast to standard WIMP
dark matter scenarios, which engender only missing-energy signals, the
bound-state dark matter scenario gives rise to very visible signals at hadron
colliders, as they can form either neutral or charged bound-states, e.g. neu-
tral hybrid states Qg (detected as neutral hadrons, presumably stable) or
charged Qqq̄′ states, or even more exotic Qqqq states, expected to be long-
lived on collider time-scales.

Current LHC data place a limit to the fermion color octet mass,MQ > 2
TeV [210]. Since the cosmological relic abundance requires MQ ≈ 12.5 TeV,
this scenario offers an attractive benchmark for future collider experiments
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beyond the energies attainable at the LHC. In fact, from the estimate in
Ref. [232] one finds that a hadron collider of at least 65 TeV center-of-mass
energy would be required to probe the full cosmologically allowed range of
masses of our bound-state DMmodel. A future hadron collider with a center
of mass energy of 100 TeV, would probe masses up to MQ . 15 TeV [232].
This will allow a cross-check of the DM search results of direct detection
experiments and fully test the colored dark matter hypothesis.

The scalar sector, as we have seen, depends on whether the neutrino is
a Dirac or a Majorana particle. Concerning the Dirac case (see section 7.2),
we have two pairs of scalars, the σa ∼ (8, 1, 0), which are singlets under
SU(2)L, and the ηa, which transform as weak doublets, ηa ∼ (8,2, 1/2). As
color octets, they would also be copiously produced at a hadron collider of
sufficient energy [233, 234]. However, their masses are expected to lie well
above the reach of the LHC. Moreover, in our model these scalars carry
non-trivial B − L charges, see Table 7.1. This makes them relatively inert
with respect to the SM fermions. This, in addition to their heavy masses,
makes them very difficult to probe directly.

In the Majorana case, there is a single pair of color octet scalars. If the
lightest color octet scalar, η1, transforming as a weak doublet, has a mass
close to that of Q, they could be pair-produced with similar cross sections.
The pair produced scalars further decay into a QQ̄ pair and charged leptons
or neutrinos. This gives rise to similar signals with long-lived bound-states
but with extra charged leptons or missing transverse energy.

7.6 Summary
In this chapter, based on [203,204], we have considered a simple and vi-

able model in which dark matter emerges as a stable neutral hadronic ther-
mal relic. Following [201], we employ an exotic color octet Dirac fermion,
Q, with mass around MQ ∼ 12.5 TeV as the DM constituent.

The novel part of this construction - and the central idea of the present
chapter - is that the colored DM candidate is the neutrino mass messenger.
We have considered a minimum particle content leading to two non-zero
neutrino masses (associated to the solar and atmospheric scales) both for
Dirac and Majorana neutrinos. As shown in Fig.(7.1), these models can be
falsified relatively soon by dark matter searches, and could also be cross-
checked later by a next generation hadron collider.
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Chapter 8

Comprehensive Unification

In previous chapters we have studied how our core theory of fundamental
physics, based on promoting SU(3) × SU(2) × U(1) to a local symmetry,
describes a vast range of phenomena precisely and very accurately. In that
sense, it is close to Nature’s last word. On the other hand, it contains a
diversity of interactions and, when we come to the fermions, a plethora
of independent elements. It is attractive to imagine that a deeper unity
underlies this observed multiplicity. Gauge unification, studied in Chapter
5, perhaps most elegantly realized using the group SO(10) and the spinor
16 representation of fermions [145], goes a long way toward that goal. It
leaves us with a single interaction (i.e., a simple gauge group) but three
fermion families, each embodying in a chiral spinor 16 representation. It is
then natural to ask, whether one can take that success further, to unite the
separate families.

As we briefly reviewed in section 5.3, the mathematical properties of
spinor representations are suggestive in this regard [148]. Specifically, for
example, the irreducible spinor 256 representation of SO(18) reduces, upon
breaking SO(18)→ SO(10)× SO(8), according to [235]

256→ (16,8) + (16,8′) , (8.1)

involving spinor representations of the smaller groups (including conjugate
and alternate spinors). From the standpoint of SO(10), then, we have eight
families and eight mirror families. Notably, there are no problematic exotic
color or charge quantum numbers: we get basically the sorts of represen-
tations we want, and no others. Still, there are too many families, and
also mirror families with the “wrong” chirality for low-energy phenomenol-

117
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ogy. Confinement of some SO(8) quantum numbers, or interaction with
condensates, can effectively remove an equal number of families and mirror
families, but it seems difficult to change their net balance by those means.

The idea of comprehensive unification has continued to attract attention
over the years, both in context of SO(18) and in variant forms [236–240],
but the issue of chirality has remained problematic.

In this Chapter, based on [202], we explore a different direction. After
reviewing the orbifold symmetry breaking mechanism we will see how it can
be applied to break SO(18) down to SO(10)× SO(8). The orbifold mech-
anism will allow us to obtain a chiral fermion spectrum with zero modes
in the (16,8) representation. In addition, we postulate condensates that
break SO(8) → SO(5) and decompose 8 → 3 × 1 + 5. The SO(5) in-
teraction then becomes strongly coupled and confining at a scale O(TeV),
effectively leaving only three chiral spinors of SO(10) at low energies. These
unconfined families correspond to the three SM families. When one includes
contributions from the required Higgs fields, an acceptable fit to gauge cou-
pling unification emerges. An interesting consequence of this scheme is the
existence of stable SO(5) hyperbaryons, protected by a Z2 symmetry. Al-
though they annihilate in pairs, a significant relic density emerges from big
bang cosmology. Similarly to the Griest-Kamionkowski bound [132], hyper-
baryons will be required to have a mass M . O(10) TeV in order to have
an acceptable abundance.

8.1 Orbifold symmetry breaking in a nut-
shell

In this section we briefly review the orbifold symmetry breaking mech-
anism, closely following [241]. We will exploit the possibility to obtain
chiral fields by imposing appropriate boundary conditions on orbifolds. Ad-
ditionally, we overview how orbifolding can also reduce an initial extra-
dimensional gauge symmetry down to a smaller symmetry in 4 dimen-
sions. This mechanism has been used in the past in different contexts,
from the hierarchy problem and EWSB [242, 243] to GUTs [241, 244–246],
flavor [247,248] and neutrino mass generation [248,249].

Let’s assume, for simplicity, a 5-dimensional space where the extra di-
mension is compactified on a circle S1. In addition, we impose a Z2 trans-
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formation acting on the extra dimension:

y → −y . (8.2)

This symmetry transformation divides the circle in two intervals of length
πR, with R the radius of the extra dimension. In this way we obtain the
simplest, one-dimensional orbifold S1/Z2. Additionally, there are a couple
of 3-branes (4D walls) at the fixed points: y = 0, πR.

In our toy model, any 5D bulk field will transform under the orbifold
parity:

φ(xµ, y)→ φ(xµ,−y) = Pφ(xµ, y) . (8.3)

The parity eigenvalue, P , determines the 4D behavior of the field. In the
5D space under consideration, M4 × S1/Z2, any field can be written as a
KK expansion, which in a flat space-time is just a Fourier expansion:

φ+(xµ, y) = 1√
πR

∞∑
n=0

φ
(n)
+ (x) cos

(
ny

R

)
,

φ−(xµ, y) = 1√
πR

∞∑
n=0

φ
(n)
− (x) sin

(
ny

R

)
.

(8.4)

In the equation above, the sign ± refers to the orbifold parity of the 5D field
and n corresponds to the integer that labels the n-th KK mode, φ(n)

± (x).
For the sake of simplicity, let us consider the case of a scalar field. From

the 5D free-field Lagrangian

L(5)
φ = |∂Mφ|2 , (8.5)

one can see that these KK modes get a mass given by mn ∼ n/R due to the
derivatives with respect to the extra dimension. An immediate consequence
is that only bulk fields with positive parity have zero modes that, from a
low-energy 4D perspective, correspond to massless fields.

In the case we have a set of scalars which transform non-trivially un-
der a certain symmetry group, G, the orbifold parity does not necessarily
commute with the generators of G. This mismatch generates a symmetry
breaking process that reduces the initial group G due to the lack of zero
modes. As an example, if we have Nf complex scalar fields forming a vector
with Nf components, Φ(xµ, y), the symmetry group is some sort of flavor
group given by G = U(Nf ). In this case P is a Nf × Nf matrix that
determines the transformation of the multiplet under the orbifold parity.
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Whenever P is not proportional to the identity matrix, it does not com-
mute with the generators of U(Nf ) and, then, the group is broken. For
example, if the orbifold symmetry is

P =
 Inf

−INf−nf

 , (8.6)

with Inf the nf × nf identity matrix, the initial U(Nf ) symmetry is bro-
ken down to U(nf ) due to the orbifold boundary conditions. As a result,
from the low energy point of view - that is, at energies E � R−1 - a 4D
observer will notice a set of nf massless complex scalars with a U(nf ) flavor
symmetry.

Chiral fermions and orbifolds
5-dimensional Lorentz invariance requires that fermions come in Dirac

pairs
Ψ = (ψL , ψR)T . (8.7)

This seems to preclude the possibility to obtain the SM fermion content from
a theory with one extra dimension. However, as we have seen, the orbifold
parity allows us to select which bulk fields have zero modes. Fortunately,
this mechanism can be applied to fermions to obtain a chiral 4D spectrum.

Let’s consider the 5D Dirac Lagrangian for a free, massless fermion,

L(5)
D = iΨ̄γM∂MΨ . (8.8)

Since ∂/∂y is odd under the orbifold parity transformation, the Lagrangian
above can only be invariant under the orbifold symmetry if ψL and ψR
transform differently

ψL(xµ,−y) = PψL(xµ, y)
ψR(xµ,−y) = −PψR(xµ, y)

(8.9)

For example, if P = +1 , then only the LH component

ψL(xµ, y) ∼
∞∑
n=0

ψ
(n)
L (x) cos

(
ny

R

)
(8.10)
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has a zero mode. The RH component, involving only sin
(
ny
R

)
functions,

has only non-zero KK modes at the 4D walls. We have obtained a 4D chiral
spectrum from a non-chiral 5D theory! In addition, a Dirac mass termmΨ̄Ψ
is forbidden due to the orbifold parity1.

Fermion flavor symmetry reduction works in close analogy to the scalar
case. If the orbifold symmetry is

P =
 Inf

−INf−nf

 , (8.11)

then the initial 5D symmetry, U(Nf ) ≡ SU(Nf ) × U(1)V , is broken down
to

SU(nf )L × SU(Nf − nf )R × U(1)V × U(1)A (8.12)

As in the scalar case, this symmetry breaking process occurs due to the lack
of fermion zero modes. The resulting symmetry group is larger due to the
presence of LH and RH fermions.

Gauge symmetry breaking by orbifolding
Gauge symmetry can also be reduced due to the orbifold boundary con-

ditions. This occurs when some of the would-be zero modes of the 5D gauge
field, AM(xµ, y), are removed from the spectrum. Being in the adjoint repre-
sentation, the transformation properties ofAM(xµ, y) = (Aµ(xµ, y), A5(xµ, y))
slightly differ from the previously studied cases:

Aµ(x, y)→ Aµ(xµ,−y) = PAµ(xµ, y)P−1 ,

A5(x, y)→ A5(xµ,−y) = −PA5(xµ, y)P−1 .
(8.13)

Let’s assume that the gauge symmetry is given by G = SU(N) and the
orbifold transformation matrix is:

P =
 In

−IN−n

 , (8.14)

The boundary conditions do not respect the full gauge symmetry and the
generators, T a, that transform as PT aP−1 = −T a are broken after orbifold-

1Although we will not consider this case further, bulk fermion masses can be dynam-
ically generated through the coupling to a scalar field, see [250] for a recent discussion.
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ing. Because of the transformation properties of the adjoint representation,
the unbroken group is larger than the case of a scalar in the fundamental
representation. In this case, the symmetry breaking reads:

SU(N)→ SU(n)× SU(N − n)× U(1) . (8.15)

The case N = 5, n = 3 has been studied in the original reference [241] as a
candidate to obtain the SM gauge group from a fundamental SU(5) GUT
in 5 dimensions, using the simplest orbifold S1/Z2.

An interesting consequence is that the fifth component of the 5D gauge
field, A5(xµ, y), has the opposite transformation properties. Therefore, in
the S1/Z2 orbifold, for each of the broken generators there is a massless
scalar field, A(0)

5 (x), in the 4D theory.

8.2 Model construction
Our model of comprehensive unification employs a SO(18) bulk gauge

symmetry and an S1/(Z2 × Z ′2) orbifold. The fermion content includes a
single 256 spinor that will unify all the SM families. As will be shown
below, the motivation for this orbifold with two different parities is that it
allows to obtain the appropriate chiral spectrum of fermions. Specifically,
we consider a circular fifth dimension of radius R = 2L/π, with walls at
y = 0, L and a warped metric [251]:

ds2 = e−2σ(y)ηµνdx
µdxν + dy2 , (8.16)

with

σ(y) = σ(y + 2L) = σ(−y) (8.17)
σ(y) = ky for 0 ≤ y ≤ L .

We define the equivalence relations [246]

P0 : y ∼ −y ,
P1 : y′ ∼ −y′ .

(8.18)

where y′ ≡ y + L. Thus the second relation in Eq. (8.18) is equivalent to
y ∼ y+2L. In the standard Randall-Sundrum terminology, we can say that
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the bulk region, 0 < y < L, is sandwiched between a Planck brane (y = 0)
and a IR brane (y = L).

The action of these equivalences P0, P1 on matter fields is

Φ(x, y) = PΦ
0 Φ(x,−y) ,

Φ(x, y′) = PΦ
1 Φ(x,−y′) ,

(8.19)

where PΦ
0 and PΦ

1 are matrices that represent the action of the Z2 on the
bulk fields. As in the simpler S1/Z2 case, we can classify fields by their
(PΦ

0 , P
Φ
1 ) values. It will be convenient to write the orbifold conditions for

gauge fields as: Aµ

Ay

 (x, yj − y) = PA
j

 Aµ

−Ay

 (x, yj + y)(PA
j )−1 , (8.20)

where (y0, y1) ≡ (0, L). Thus

AM(x, y + 2L) = UAM(x, y)U−1, (8.21)

with U = PA
1 P

A
0 .

We will choose the orbifold parities:

PA
0 = diag(I10,−I8) ,
PA

1 = diag(I18) .
(8.22)

and the corresponding representation matrices for PΦ
j . These boundary

conditions reduce SO(18) → SO(10) × SO(8) and allow a chiral fermion
spectrum in 4 dimensions.

As before, we can decompose a generic five-dimensional field as:

Φ(x, y) = 1√
L

∞∑
n=0

φ(n)(x)fn(y) , (8.23)

where φ(n) are the Kaluza-Klein (KK) excitations and the KK eigenmodes,
fn(y), in RS space obey:

1
L

∫
dy e(2−s)σfm(y)fn(y) = δmn . (8.24)
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The index s = 2, 4, 1 depends on whether the field is a vector field, a scalar
or a fermion, respectively. See [242] for details.

In more detail, according to Eq. (8.20), the SO(18) gauge adjoint rep-
resentation will split as

153 = (45,1)++ + (1,28)++ + (10,8)−+ , (8.25)

so, due to the action of PA
0 , only adjoint fields corresponding to SO(10)×

SO(8) have zero modes. Because the fifth components, Ay, have opposite
boundary condition, they have only Kaluza-Klein modes.

A left-handed fermion field will have a massless zero-mode only when it
has Neumann (+) boundary conditions at both Planck and IR branes

φ(++)(x, y) = 1√
L

(φ(0)
++(x)f(y)(0) + higher modes) , (8.26)

The same occurs with right-handed fields that have Dirichlet (−) boundary
conditions at both branes, while fields with (+,−) or (−,+) do not have
zero modes regardless of their chirality. The φ(0)(x) zero mode is a massless
field in four dimensions, while the φ(n)(x) Kaluza-Klein modes have masses
of order O(1/L), and do not appear in the low-energy spectrum of the
theory.

The main motivation for considering the S1/(Z2×Z ′2) orbifold instead of
the S1/Z2 can be easily understood when we study the fermion zero modes.
As before, fermions that propagate in the bulk come in Dirac pairs with
both chiralities. Therefore, the 256 spinor has a LH and a RH compontent.
If we were to have the simplest S1/Z2:

256L(xµ,−y) = P 256L(xµ, y) ,
256R(xµ,−y) = −P 256R(xµ, y) .

(8.27)

If P does not break the SO(18) gauge symmetry, that is P = diag(I18), then
we have zero modes only for 256L. On the other hand, if we consider P =
diag(I10,−I8), massless zero modes will appear for (16,8)L and (16,8′)R
(see Eq.(8.1)). In either case one does not improve the situation with respect
to the standard 4D scenario [148]. The way out, and the novel part of this
work, is to consider S1/(Z2×Z ′2). This orbifold allows us to obtain a chiral
spectrum from the SO(10) and Lorentz point of view. In other words,
P1 = diag(I18) removes the zero modes of 256R and P0 = diag(I10,−I8)
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breaks the initial SO(18) gauge symmetry and, additionally, removes the
zero modes of (16,8′)L.

Focusing on the LH fermion spinor (the situation for the RH component
changes accordingly) we have:

256 = (16,8)++ + (16,8′)−+ . (8.28)

Since only the first of these supports zero modes, the mirror families, to-
gether with 256R, decouple from low-energy phenomenology.

Together with the bulk spinor and gauge fields, we will incorporate
brane-localized scalars which implement spontaneous symmetry breaking
by condensation (Higgs mechanism). Further breaking to the Standard
Model might proceed through intermediate steps associated with either a
Pati-Salam [252] or left-right symmetric [253] stage. However, here we as-
sume just the simplest case of direct breaking (see section 5.3) by Higgs
fields in the representations

(210,1) + (126,1) + (10,1) . (8.29)

While the scalars (210,1) and (126,1) are localized at the Planck brane, the
(10,1) is confined to the IR brane. As we will see, quantitative unification
of couplings roughly supports this simplest choice a posteriori. The (10,1)
lies at the TeV scale and drives electroweak breaking. Planck brane scalars
naturally acquire large masses, thanks to the warp factor.

A special feature of SO(8) is the existence of three different 8-dimensional
representations: vector, spinor, and alternate spinor. They are equivalent
to one another under a symmetric S3 “triality” group of outer automor-
phisms. For our purposes, it may be simpler to regard the spinor 8 of our
fermions as an equivalent vector, and break SO(8) → SO(5) by means of
an adjoint, or three vectors. Alternatively, we might take the spinor as it
comes, and note that it decomposes as 8 → 2 × 1 + 6 under the natural
SU(4) subgroup of SO(8). We can break to that using a spinor. Then ex-
ploiting the isomorphism SU(4) → SO(6), we break down to SO(5) using
a vector of SO(6). In either case, we have 8→ 3× 1 + 5 under the break-
ing: SO(8)→ SO(5). Assuming that this breaking occurs through SO(10)
singlet scalars, the details do not influence low energy phenomenology.

The upshot is that our chiral, low-energy fermions transforms as 3 ×
(16,1) + (16,5) under SO(10)×SO(5). Running of couplings down to low
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energies suggests that the SO(5) becomes strongly interacting at O(TeV)2.
Thus the 5 will be confined, and at low energies we arrive at just three
chiral spinor families of SO(10), as desired. (The mechanism of “heavy color
confinement” has a long history in this context, see Refs. [46,148,254]).

Proton decay is potentially very rapid, if the scale of the IR brane is
low. The simplest solution is to make that scale large, e.g. associated with
conventional unification or with gravitational physics. In this scenario, we
are using the extra dimension to address chirality, rather than the hierarchy
problem. Other solutions may be possible [255,256].

8.3 Gauge coupling evolution
One can write the running of the gauge coupling constants in the four

dimensional unified gauge theory

α−1
i (MZ) = α−1

GUT + bi
2π log MGUT

MZ

+ ∆i , (8.30)

where ∆i denote threshold corrections. Within a five dimensional warped
space-time one should take into account contributions from the Kaluza-
Klein modes, as well. In [257] it was argued that warped extra dimensions,
unlike flat extra dimensions, lead to logarithmic running of couplings. In-
deed, an equation similar to Eq. (8.30) holds, with the bi given as [255,257]:

bRSi = 1
3[−C2(G)(11I1,0(Λ)− 1

2I
1,i(Λ))+

+ 2I1/2,0(Λ)Tf (R) + I2,0(Λ)Ts(R)] .
(8.31)

We take the cut-off scale to be Λ ∼ k, which implies the numerical values
[257]:

I1,0 = 1.024 ,
I1,i = 0.147 ,
I1/2,0 = 1.009 ,
I2,0 = 1.005 .

(8.32)

2Note that if confinement takes place above EW scale the only allowed condensate is
formed by the SM singlet contained in the (16,5).



8.3. Gauge coupling evolution 127

100 105 108 1011 1014 1017
E(GeV)0

10

20

30

40

50

60

70

80
α-1

Figure 8.1: Running of gauge couplings (top-down approach): below the
SO(10) scale we have the SO(5) gauge coupling (green line) in addition to
the Standard Model couplings (red, orange and brown lines). See text.

For scalars localized on branes, we just change I2,0(Λ)→ 1. In Fig. (8.1) we
fix, for definiteness, the unification scale at 1015 GeV, and perform a first
estimate of the electroweak mixing angle within a top-down approach. We
find sin2 θw ≈ 0.215, to be compared with the observed value 0.22. Given
our neglect of (inherently uncertain) threshold corrections and higher order
renormalization, this seems an acceptable result (see below).

Note that in this simplest case (see section 5.3) one breaks the SO(10)
directly to SU(3)×SU(2)×U(1). One finds that the SO(5) coupling reaches
non-perturbative values at O(TeV) (green curve). This fact is reflected
into a kink in the evolution of the Standard Model couplings at this value.
Thanks to the large number of “active” flavors (at energies above the SO(5)
confinement scale we have 8 families contributing to the beta functions) the
evolution of g3 is nearly flat all the way from few TeV up to the GUT scale
(see red curve). Above the GUT scale α10 (blue curve) rises again due to
the large Higgs boson multiplets.

In Fig. (8.2) we compare the bottom-up running at one loop compared
with a similar Standard Model extrapolation. One sees that our simple uni-
fication scenario gives a marginal improvement with respect to the minimal
Standard Model case. However, these results come from a rough estimate,
taking renormalization group evolution to first order and neglecting thresh-
old corrections.
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Figure 8.2: Running of gauge couplings below the SO(10) scale compared
with the SM (dashed lines). Bottom-up approach.

Charged fermion masses arise from the 〈(10,1)〉 vacuum expectation
value3, while neutrino masses can be induced by the conventional (high
scale) seesaw mechanism [44,46,47,253,258,259]. The doublet-triplet split-
ting problem may be solved with a generalization of the Dimopoulos-Wilczek
mechanism [260] for SO(18), using a heavy bulk scalar that leaves the SU(2)
doublet massless.

As a final comment we note that the breaking of the SO(3) subgroup of
SO(8) will be important in connection with the flavor puzzle, and could lead
to new ways of addressing details of the family mass hierarchy and mixing
pattern. The implementation of specific mechanisms will be the main goal
of the next chapter.

8.4 Hypercolor and hyperbaryons
The evolution of each of the SO(10) and SO(8) coupling constants can

be computed imposing the initial unification condition

g10(M18) = g8(M18) , (8.33)
3The 10 scalar belongs to a 18 localized at the IR brane, where the SO(18) is not

broken by boundary conditions. When orbifold breaking takes place this scalar splits
as 18 → 10 + 8, and the 8 can be decoupled using a generalized Dimopoulos-Wilczek
mechanism.
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at some scaleM18 <∼MP where gauge couplings meet. (In our concrete esti-
mates we set M18, the scale which breaks SO(8) to SO(5), at ≈ 1017 GeV.)
The value of g10(M18) can be inferred from the observed value of Standard
Model couplings. The largest Standard Model coupling at low energies is
the g3 of strong SU(3). Being a larger gauge symmetry, our SO(5) is “more
asymptotically free” than the QCD interaction, characterized by the group
SU(3), and we expect that its coupling becomes confining at a larger mass
scale. This is confirmed by our numerical estimates. We infer a confine-
ment scale around O(TeV), in order of magnitude. We will refer to SO(5)
as hypercolor, and the SO(5) vector fermions as hyperquarks.

SO(5) supports a Z2 conserved quantum number, which counts the num-
ber of vector indices [261]. It is analogous to quark number (or baryon num-
ber) in QCD, but of course the distinction between Z2 and conventional,
additive baryon number has major physical consequences. The lightest un-
confined Z2 odd (SO(5) singlet) states are hyperbaryons. In quark model
language, they are formed from 5 hyperquarks; in operator language, the
lowest mass dimension operator that creates them involves the product of
5 hyperquark fields. Although they are highly stable individually, hyper-
baryons can annihilate into ordinary matter in pairs. Conversely, they might
be pair-produced in high energy collisions.

At high enough temperatures in the early universe, T � 10 TeV, hyper-
baryons would be in thermal equilibrium and their number density will be
comparable to the photon number density. As the temperature cools below
their mass M ∼ 10 TeV, their equilibrium abundance will diminish, until
they become so rare that annihilation cannot keep up with the expansion
of the universe, and a residual abundance freezes out. This scenario has a
long history in cosmology and has been reviewed in chapter 4.

The ratio of the residual number density of hyperbaryons to photons
is of order ∼ M/MPlanck, and the freezout temperature is parametrically
less than M by a logarithmic factor, roughly lnM/MPlanck. A more careful
calculation, following [132], gives

Ωχh
2 ≈ 10−5

(
M/TeV

)2
(8.34)

Thus for M . 10 TeV the relic hyperbaryons contribute only a small
fraction of the mass density of the universe. In consequence, though the
current hyperbaryon relic abundance presents no obvious phenomenological
catastrophe, the relic hyperbaryons might conceivably be detectable. One
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may also envisage that the lightest hyperbaryon contributes to the dark
matter density, as suggested in Ref. [262]. It is noteworthy that this cosmo-
logical mass bound ensures that if they exist at all, hyperbaryons are not
far beyond the reach of high-energy accelerators currently under discussion
(see [213]).

As a final remark, we note that if such a strong hypercolor interaction
exists it may also have interesting implications for axion physics. The rea-
son is that, since SO(18) brings together QCD and hypercolor, in principle
the instantons associated to the hypercolor interaction could induce a po-
tentially large mass for the axion, as recently studied in [263, 264]. In this
case one expects a mass relation for the axion:

m2
af

2
a ∼ Λ4

QCD + Λ4
HC ≈ Λ4

HC . (8.35)

Where we have used that the confinement scale of hypercolor is much larger
than the QCD scale. This scenario, however, deserves a detailed study that
will be presented elsewhere.

8.5 Summary
In this chapter, based on reference [202], we have presented a model of

comprehensive unification, bringing together both gauge and family struc-
ture, with several attractive features. Within this approach, the existence of
multiple fermion families and the fact that they appear in spinor represen-
tations of SO(10) are intimately connected. Thanks to a novel approach,
combining orbifold projection, Higgs symmetry breaking, and hypercolor
confinement in a reasonably simple way we can obtain just three chiral
families, as is observed. As we have shown, an interesting consequence of
this new framework is the emergence of highly stable hyperbaryons, with
mass ∼ 10 TeV, protected by a discrete Z2 symmetry associated with the
SO(5) hypercolor group. These particles provide an attractive target for
accelerator and astrophysical searches.



Chapter 9

SO(3) as a gauge family
symmetry: the threefold way

Since the late ’70s and beginning of the ’80s many proposals have been
made to explain family replication and the pattern of fermion masses and
mixings. To this end, it seems appropriate to consider symmetry groups
containing triplet representations. Many possibilities emerge. For example,
one can use discrete symmetries like ∆(27) [265], A4 [266] or T7 [267] as fla-
vor symmetries, since all of them contain triplet representations. However,
only two options appear if one considers continuous symmetries: SU(3) and
SO(3). Therefore, the requirement of a gauged theory of flavor reduces our
possible choices considerably.

SU(3) is an appealing possibility that has been studied in the past (see
for example [268, 269]). This family symmetry is particularly interesting
because one can use Higgses in sextet, 6, representation. The 6 is an inter-
esting representation to explain why the third family is much heavier than
the second and first generations. A fermion mass term, in this case, must
come from the VEV of a Higgs with SU(3) charge

Mf ∼ yf f̄L〈H〉fR . (9.1)

This possibility, however, requires a chiral assignment of flavor charge to
fermions, fL ∼ 3 and fR ∼ 3∗, and is plagued by anomalies unless extra,
exotic fermions are introduced to cancel them. Therefore one loses mini-

131



132 Chapter 9. SO(3) as a gauge family symmetry: the threefold way

mality to generate the hierarchy among generations1. We will not consider
this possibility further.

In this chapter, based on reference [271], we consider SO(3) as a gauge
family symmetry. The SO(3) group is theoretically interesting because it
is more easily compatible with the ideas of GUTs. In the usual SU(5)
and SO(10) theories one embeds the Standard Model particle content in
the chiral, anomaly free sets of representations: 3 × (5̄ + 10) for SU(5),
and 3 × 16 for SO(10). Assigning these representations as SU(3) triplets
would have lead to anomalies. For example, in a SO(10) × SU(3) theory
the standard (16,3) combination has an [SU(3)F ]3 anomaly. This is not
the case for SO(3) because it is automatically anomaly free. Therefore,
it is interesting to consider, as a source of guidance, its possible deeper
origin. This was explored in the previous chapter (based in [202]) where we
revived the idea of Comprehensive Unification, merging gauge and family
symmetry, that was unsuccessfully proposed in the ’80s [148].

More specifically, the breaking scheme SO(18) → SO(10) × SO(5) ×
SO(3) [46] allows for the standard SO(10) gauge unification together with
a hypercolor SO(5), which confines the 5 extra families (leaving 3), and an
SO(3) family symmetry group. This motivates consideration of SO(3) as
a family unification group. SO(3) as a gauge family symmetry was first
proposed in [33]. In their pioneer work, Wilczek and Zee proposed that in
the same way the SU(2) group relates up and down-type fermions a new
interaction relating families in the horizontal direction could explain family
replication. In addition, the authors also propose a particular symmetry
breaking pattern as the origin of the fermion mass and mixing hierarchies.

The use of SO(3) family symmetry was a successful, predictive scenario.
First of all, in that framework quark mixing angles can be written, in first
approximation, in terms of quark masses:

VCKM ≈


1 −

√
md
ms

+
√

mu
mc

√
mumc
m2
t
−
√

mdms
m2
b√

md
ms
−
√

mu
mc

1 0
−
√

mumc
m2
t

+
√

mdms
m2
b

0 1

 .

(9.2)
1Note that this requirement of anomaly cancellation is absent if the SU(3)F is a

global symmetry. However, quantum gravity might require that all symmetries should
be gauged [270].
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Additionally, a relation between quark and lepton masses appears:

memµ

m2
τ

= mdms

m2
b

= mumc

m2
t

. (9.3)

With this formula, Wilczek and Zee predicted a very light top quark:

mpredicted
t ≈ 15 GeV. (9.4)

It is important to remark that this idea was born 16 years before the top
quark was discovered!2 In 1995 the top quark was discovered with a mass
mt ∼ 173 GeV, ruling out the original proposal. Notice also that due to the
predicted CKM matrix, the b quark - whose properties were not very well
known by that time -, was expected to decay mainly to up quarks.

In this chapter, based on reference [271], we will explore a new approach
to SO(3) as a gauge family symmetry inspired by Comprehensive Unifi-
cation. Within a reasonably economical model, several appealing features
emerge:

• A Peccei-Quinn symmetry, leading to axions, which is both natural
and crucial to ensure correct mass relations

• Extreme fine tuning is not required

• A characteristic “golden” formula relating quark and lepton masses,
given in Eq. (9.14), (similar relations appear in other context [266,
267,272])

• A successful explanatory framework for the CKM matrix, with two
predictions, Eqs. (9.16) and (9.17)

• A conventional seesaw mechanism for neutrino mass generation at
the PQ scale, supplemented by a connection between lepton number
and PQ breaking, which relates the axion and neutrino mass scales,
Eq. (9.22)

9.1 Model construction
We now develop a new, consistent flavor extension of the Standard Model

in which the gauge symmetry is enlarged by adding the local SO(3)F fam-
2The author of this Thesis himself is few months older than the top quark.
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ily symmetry. In addition to Standard Model particles, the model has an
enlarged scalar sector and right handed neutrinos. This minimal extension
is enough to accommodate fermion masses and mixings without fine tuning
of parameters, and the other features mentioned earlier.

The field content of our model is displayed in Table 9.1. Especially
noteworthy are the Peccei-Quinn charge assignments3. They arise from a
transformation that commutes with SO(10): all the fermion fields which
occur in the SO(10) spinor have the same PQ charge. It also commutes
with SO(3)F .

qL uR dR lL eR νR Φu Φd Ψu Ψd σ ρ

SU(3)C 3 3 3 1 1 1 1 1 1 1 1 1
SU(2)L 2 1 1 2 1 1 2 2 2 2 1 1
U(1)Y

1
6

2
3 -1

3 -1
2 −1 0 -1

2
1
2 -1

2
1
2 0 0

SO(3)F 3 3 3 3 3 3 5 5 3 3 5 1
U(1)PQ 1 -1 -1 1 -1 -1 2 2 2 2 2 2

Table 9.1: Particle content and transformation properties under the SM
and flavor SO(3) gauge groups. The VEVs of SM singlets σ and ρ break
U(1)PQ and lepton number, generating Majorana neutrino masses.

Symmetry breaking
In the model under consideration, symmetry breaking proceeds through

the following set of scalar fields (see table 9.1 for the PQ charge assignment):
3Recently, an alternative framework with flavor-dependent Peccei-Quinn charges has

been proposed in [273,274]. Our U(1)PQ symmetry is related to flavor in a rather different
way, through the SO(3) family symmetry.
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Ψu ∼ (1,2,−1/2,3) ,
Ψd ∼ (1,2, 1/2,3) ,
Φu ∼ (1,2,−1/2,5) ,
Φd ∼ (1,2, 1/2,5) ,
σ ∼ (1,1, 0,5) ,
ρ ∼ (1,1, 0,1) .

(9.5)

In addition to the EW doublets, there are two SU(3)c ⊗ SU(2)L ⊗ U(1)Y
singlet scalars, σ ∼ (1,1, 0,5) and ρ ∼ (1,1, 0,1). All of these fields will
acquire nonzero vacuum expectation values.

Both SO(3) singlet as well as the quintuplet, carry nontrivial PQ charges.
Therefore, the spontaneous breaking of the Peccei-Quinn symmetry is trig-
gered by their large vacuum expectation values (VEVs). On the other hand,
the SO(3) family symmetry breaking is associated to the VEV of the SM
singlet scalar σ;

〈σ〉 = vσ diag(0, 1,−1) and 〈ρ〉 = vρ diag(1, 1, 1) (9.6)

As we will see later, both VEVs play a key role in breaking lepton number,
generating Majorana neutrino mass, and accounting for the large neutrino
mixing angles observed in neutrino oscillations.

In order to break the electroweak symmetry we assume VEVs for the
SU(2)L scalar doublets, i.e. Φu and Φd, transforming as SO(3) quintuplets,
as well as Ψu and Ψd, transforming as SO(3) triplets. We assume the
following pattern for the VEVs:

〈
Φu,d

〉
=


0
−ku,d εu,d1

εu,d1 ku,d


〈
Ψu,d

〉
=


vu,d

0
εu,d2

 ,

(9.7)

where the small parameters parameters εi denote a perturbation with re-
spect to the simplest alignments diag(0,-1,1) and (1,0,0). This symmetry
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breaking pattern minimizes the Higgs potential [33], and provides a good
description of the observed fermion mass hierarchy as we will see in the next
section.

An important feature of the model is the existence of a spontaneously
broken U(1) global PQ symmetry. For definiteness, we fix the PQ quantum
numbers as given in Table 9.1. The VEVs of SM singlets σ and ρ break
U(1)PQ as well as lepton number. The alignment of the associated Nambu-
Goldstone boson, G, is

G ≈ 1
(v2
σ + v2

ρ)1/2

(
vσσ

I + vρρ
I + . . .

)
(9.8)

where ρI etc. denote the imaginary parts of scalars and . . . denotes com-
ponents along the isodoublet scalars ΨuI ,ΨdI ,ΦuI ,ΦdI , weighted by their
VEVs and times their PQ charges. Notice that, through these projections,
G will couple directly to quarks and leptons at the tree level. These cou-
plings are suppressed linearly by the PQ-breaking scale (v2

σ+v2
ρ)1/2. Thus we

arrive at a model of the DFSZ type [98] (see Chapter 3) including coupling
to neutrinos.

9.2 “Golden formula” for quarks and lepton
masses

Given the SO(3) multiplication rules, 3×3 = 1+3+5 , one can use the
vector (triplet) and the two-index symmetric traceless tensor (quintuplet)
representations to build the following invariant Yukawa Lagrangian,

L = q̄L(y1Ψu+y2Φu)uR+q̄L(y3Ψd+y4Φd)dR+l̄L(y5Ψd+y6Φd)eR+h.c. (9.9)

Note that the “duplicated” scalar sector, with two scalar doublets selec-
tively coupled to up-type/down-type fermions, does not imply an effective
nonminimal low-energy Higgs sector, as we shall discuss further below.

After electroweak breaking, Eq. (9.9) leads to the quark mass matrices

Mu =


0 y1ε

u
2 0

−y1ε
u
2 −y2k

u y1v
u + y2ε

u
1

0 −y1v
u + y2ε

u
1 y2k

u

 (9.10)
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Md =


0 y3ε

d
2 0

−y3ε
d
2 −y4k

d y3v
d + y4ε

d
1

0 −y3v
d + y4ε

d
1 y4k

d

 , (9.11)

and for the charged leptons

M e =


0 y5ε

d
2 0

−y5ε
d
2 −y6k

d y5v
d + y6ε

d
1

0 −y5v
d + y6ε

d
1 y6k

d

 , (9.12)

where we take into account the VEV alignment patterns of the SO(3) triplet
and quintuplet scalars, respectively.

These matrices allow a good description of the charged fermion masses.
Indeed, neglecting the εi parameters, assumed small, which describe the
departure from the simplest VEV alignment, the eigenvalues of the matrices
are given as

mu,d,e = 0 ,
mc,s,µ = |y2,4,6k

u,d − y1,3,5v
u,d| ,

mt,b,τ = |y2,4,6k
u,d + y1,3,5v

u,d| .
(9.13)

When one takes into account the small perturbations, εi, one finds that an
interesting connection between fermion masses

mτ√
memµ

≈ mb√
mdms

. (9.14)

This successful formula nicely relates down-type quark and charged lep-
ton masses. On the other hand, the doubled Higgs structure forced by
PQ symmetry allows us to avoid the unwanted top quark mass prediction
mτ√
memµ

≈ mt√
mumc

, present in [33]. Analogous relations between quark and
lepton masses also emerge in other flavor symmetry schemes, such as the
ones proposed in [266, 267, 272], but without connection to an underlying
Peccei-Quinn symmetry.
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9.3 Emergence of the CKM matrix
We now show that, in addition to Eq. (9.14), our SO(3) family symmetry

scheme provides a dynamical framework for the CKM matrix describing
quark mixing and CP violation.

It is clear from Eqs. (9.10), (9.11) and (9.12) that, in the limit of van-
ishing εi, the charged fermions of the first family are massless. Moreover,
when the perturbations εi → 0, the matrix that diagonalizes Mu,d.M

†
u,d is

given by

Uu,dL =


1 0 0
0 1/

√
2 1/

√
2

0 −1/
√

2 1/
√

2

 , (9.15)

for up and down-type quarks, with eigenvalues given by Eq. (9.13). The
CKM matrix, defined as VCKM = UuLU †dL, is naturally “aligned” to be just
the identity matrix.

The perturbations of the eigenvectors ofM.M † which result from turning
on the perturbations around the minima get translated into a small shift
of the matrices in Eq. (9.15), which no longer coincide. Their mismatch is
the CKM matrix. After turning on these perturbations, the electron and
the up and down quarks, all get nonzero masses, while small quark mixing
angles emerge naturally.

Thanks to the structured breaking of the SO(3) family symmetry, one
can predict mixing angles in terms of quark masses. We have the well-known
Gatto-Sartori-Tonin [275] relation for the Cabibbo angle

θC ≈
√
md

ms

−
√
mu

mc

, (9.16)

while for |Vub| we get

|Vub| ≈
√
mdms

mb

−
√
mumc

mt

, (9.17)

which extends a relation found in Ref. [33]. Finally, the doubling of scalar
quintuplets

〈
Φu,d

〉
plays a crucial role in generating |Vcb|, given as

|Vcb| =
εu1

2ku −
εd1

2kd . (9.18)
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In contrast to θC and |Vub|, the |Vcb| matrix element can only emerge from
the duplicated set of quintuplets, i.e. from the fact that Φu and Φd are
different fields. Otherwise, the b quark would decay predominantly to up
quarks through the weak charged current. Thus, in the present framework,
mass hierarchies and mixing angles arise as perturbations around the sym-
metry breaking minima of the scalar potential, rather than hierarchies in the
Yukawa couplings. CP violation can be accommodated through nontrivial
phases in the Yukawa couplings, but no useful prediction emerges.

9.4 Neutrino masses and mixings
Neutrino masses arise naturally in SO(10) unification through a conven-

tional (type-I) seesaw mechanism [44–48]. In order to capture this at our
level of analysis we add right-handed neutrinos νR transforming under the
Peccei-Quinn symmetry, as in Table 9.1.

The relevant Yukawa Lagrangian to generate neutrino masses is given
by

Lν = l̄L(yDΨu + ỹDΦu)νR + ν̄cR(yMσ + y′Mρ)νR , (9.19)

The vacuum expectation values of ρ and σ break the Peccei-Quinn symmetry
spontaneously, as well as lepton number. The last terms in Eq. (9.19)
generate Majorana masses for νR after symmetry breaking. Notice also
that 〈σ〉 breaks the SO(3) family symmetry.

To support a viable seesaw mechanism, both ρ and σ are necessary. If
there were only the flavor singlet, neutrino mixing would be similar to that
of quarks, hence small, and ruled out by the neutrino oscillation data [185].
Were there only the quintuplet, a two index traceless symmetric tensor, the
seesaw would be singular, leaving four light neutrinos, instead of three. The
symmetry breaking pattern obtained through the simultaneous presence of
σ and ρ plays a key role in order to account for why neutrinos mix in such
a different way from quarks.

In short, in our model the quark mixing and the mass hierarchies arise
from departures from the simplest VEV alignment of the Higgs fields, εi 6= 0
in Eq. (9.7), and are significantly constrained. In contrast, neutrino masses
and (generically large) lepton mixing are directly associated with Peccei-
Quinn breaking.
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9.5 Higgs scalar spectrum
Our explicit implementation of SO(3) flavor symmetry requires several

scalar multiplets. In the context of renormalizable quantum field theory,
without further constraints, there are many scalar coupling terms, and -
given that most of the spectrum is lifted to a high mass scale - few observa-
tional handles on them. Thus a complete analysis is both impractical and
pointless; but we do need to ensure that an acceptable low-energy sector
can emerge.

Generically, all the fields other than the axion will acquire mass terms
of order the flavor and PQ breaking scale, barring cancellations between
bare and induced mass terms. For purposes of SU(2) × U(1) breaking,
we require at least one much lighter doublet. Notoriously, that requires
a conspiracy or fine-tuning among parameters. This is an aspect of the
hierarchy problem, which we do not address here. The only slight good news
is that the existence of more than one doublet would require additional fine
tuning, so that the minimal one doublet structure, which so far is supported
by experimental observations, is minimally unnatural.

To illustrate the mechanism whereby induced mass terms arise, consider
the quartic operator Ψ†uΨuσ

†ρ. Its contraction is unique and can be easily
visualized in matrix form. If 〈σ〉 is aligned in the diagonal (recall it is
symmetric and traceless) and ρ is an SO(3) singlet we get, after SO(3)
breaking takes place,

〈ρ〉Ψ†u
〈
σ†
〉

Ψu = vρ
(

Ψ†1u Ψ†2u Ψ†3u
)

0 0 0
0 −vσ 0
0 0 vσ




Ψ1u

Ψ2u

Ψ3u


= −vσvρ|Ψ2u|2 + vσvρ|Ψ3u|2 .

(9.20)

One sees that the vacuum expectation value of the above operator gener-
ates a splitting of order the flavor/PQ breaking scale among the electroweak
doublet components of Ψu, so that two of them can be made heavy, i.e. at
the large symmetry breaking scale, leaving only one massless. This argu-
ment may be escalated to the full scalar potential, which contains many
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relevant quartics, viz.

Φ†uΦuσ
†σ , Φ†uΦuσ

†ρ , Φ†uΦuρ
†ρ , Ψ†uΨuσ

†σ , Ψ†uΨuσ
†ρ , Ψ†uΨuρ

†ρ ,

Φ†dΦdσ
†σ , Φ†dΦdσ

†ρ , Φ†dΦdρ
†ρ , Ψ†dΨdσ

†σ , Ψ†dΨdσ
†ρ , Ψ†dΨdρ

†ρ ,

Φ†uΨuσ
†σ , Φ†uΨuσ

†ρ , Φ†uΨuσρ
† ,ΦdΨ†dσ†σ , ΦdΨ†dσ†ρ , ΦdΨ†dσρ† ,

ΦuΦdσ
†σ† , ΦuΦdσ

†ρ† , ΦuΦdρ
†ρ† , Ψ†uΨ

†
dσσ , Ψ†uΨ

†
dσρ , Ψ†uΨ

†
dρρ ,

ΦdΨuσ
†σ† , ΦdΨuσ

†ρ† , Φ†uΨ
†
dσσ , Φ†uΨ

†
dσρ (9.21)

These operators can be obtained in a systematic way using the code in [276].
Most of the operators above have several, different contractions. One finds
that, after breaking, the scalar mass2 matrix typically contains suitable off-
diagonal terms, ensuring that the light doublet is a linear combination of
Ψu,Ψd,Φu,Φd wherein each appears with a nonzero coefficient. This light
doublet, responsible of EWSB, corresponds to the Higgs found at the LHC.

9.6 Discussion
Before closing, we comment briefly on several issues which deserve men-

tion.

1. The PQ symmetry U(1)PQ is conserved at the classical level, and
to all orders in perturbation theory, but violated nonperturbatively.
One can visualize the breaking using QCD instantons, and infer its
character by analyzing anomalies. In this way, one may discover that
a nontrivial ZN subgroup of U(1)PQ is valid even nonperturbatively.
Our model, as it stands with doubly PQ-charged scalar fields, has
N = 12. If scalar fields which are not ZN singlets acquire VEVs, the
possibility of domain walls arises. Such domain walls are very dan-
gerous for early universe cosmology [165]. The most straightforward
way to avoid this difficulty is to assume that the ZN breaking is fol-
lowed by a period of cosmic inflation, so that potential domain walls
get pushed beyond the horizon. Another possibility is to arrange that
N = 1. (We could also allow N = 2, since the PQ-breaking VEVs
have PQ charge 2). This does not occur in our model as it stands, but
it can be achieved by adding suitable colored fermions. In the absence
of other motivations, however, that construction seems contrived. An-
other compelling solution could be the mechanism proposed in [105]
by the author of this Thesis and A. Caputo.
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2. The vacuum expectation values of the ρ and σ scalars are respon-
sible both for Peccei-Quinn and lepton number symmetry breaking.
This entails an interesting conceptual relation between the axion and
neutrino mass scales, of the form

ma ∼ (ΛQCDmπ/v
2)mν , (9.22)

where mπ is the pion mass and v is the electroweak scale. This rela-
tion, implies that the axion mass is parametrically smaller than the
neutrino mass, according to the square of the ratio of QCD to elec-
troweak scales. Since it assumes that the Yukawa couplings involving
the neutrino field is of order unity, it should be applied using the
heaviest of the light neutrinos. Of course, we cannot preclude the
possibility that PQ symmetry breaks at a higher scale, through con-
densates which do not generate neutrino masses; this effect could drive
the axion mass down further. Such light axions, ma � O(µ)eV, usu-
ally tend to overproduce DM through the misalignment mechanism.
A compelling solution in which the axion field relaxes to its minimum
during inflation, hence reducing its relic abundance, has been recently
proposed [277,278].

3. The presence of extra gauge bosons coupled to flavor will mediate
∆F = 2 neutral flavor changing interactions at tree-level. The most
sensitive probe appears to be K0 − K̄0 mixing [279]. From this we
estimate

g2

M2
F

<∼
1

[104 TeV]2 , (9.23)

where the gauge boson mass isMF ∼ gfa. This constrains the Peccei-
Quinn breaking scale to be fa >∼ 107 GeV, a much weaker bound than
the one from astrophysical constraints (see Chapter 3).

4. It is tempting to imagine that the small departures from the vacuum
alignment in Eq.(9.7), εi, are generated through quantum corrections.
This possibility has been very recently explored by Weinberg in [280]
using a different family gauge group, SO(3)L×SO(3)R. Interestingly
enough, the radiative corrections do not disappear in the limit of large
gauge boson mass,MG →∞. The fact that these quantum corrections
do not disappear does not contradict the decoupling theorem of quan-
tum field theories. WhenMG is large, it implies that the family group
breaks at a large scale and, from an EFT point of view, the low-energy
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theory is symmetric only under the EW group, SU(2) × U(1). This
ensures that in the case εi are generated through quantum corrections,
they will remain finite in the limit of large gauge boson masses4. This
allows to have sizeable quantum effects and being consistent with the
∆F = 2 bounds mentioned above. The application of this mechanism
for our SO(3) scenario will be considered in a near future.

9.7 Summary
Motivated by ideas arising in comprehensive unification based on spinors

(see chapter 8), the goal of this chapter, based on reference [271], has been
to consider the consequences of supplementing the SM gauge symmetry
with commuting SO(3) flavor and PQ symmetries in a way consistent with
SO(10) embedding. Proceeding in a bottom-up way, we have analyzed a
novel, minimal SO(3)F ×U(1)PQ extension of the SM unifying together the
three families of matter. Fairly simple choices of multiplet structure and
symmetry breaking pattern allowed us to accommodate the known phe-
nomenology of quark and lepton masses and mixings, and to make several
nontrivial connections among them. The PQ symmetry is a crucial ingredi-
ent, and of course it continues to serve its familiar roles in ensuring accurate
strong T symmetry and in providing, in axions, a good dark matter candi-
date.

4I thank S. Weinberg for raising this point during an interesting email correspondence.
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Final Thoughts and
Conclusions

If you are reading this, you made it! You managed to go through the
Thesis and now you are probably wondering what are the conclusions. There
is no definite conclusion, though. In this Thesis, I have shown you what is
my personal vision of BSM physics. Another reason why there are no con-
crete conclusions is because I find satisfaction in learning about different
things. I am strongly convinced that only learning and studying the many
faces and aspects of Nature we will obtain a better understanding of our
world. This is the main reason why, during the different parts of the The-
sis, I have always tried to connect different open questions in fundamental
physics.

In the first part I have done my best to motivate the reader about the
need of going beyond the Standard Model of particle physics. Despite it is an
incredibly successful theory and predicts many phenomena very accurately,
we have several compelling indications that point in the direction of a more
fundamental theory. Since the list of open questions is excessively long for
any PhD Thesis (see 1.3), I have restricted myself to neutrino masses, dark
matter, flavor and GUTs, with particular emphasis in their possible links.

On the other hand, parts II and III are based on research articles that
I have completed during my PhD. Here, in this section, I summarize the
main results and findings of each chapter.

Spontaneous breaking of lepton number and dark mat-
ter

In chapter 6 we have discussed the possibility of having a U(1)L lep-
ton number symmetry spontaneously broken after inflation, and examined
whether relatively light majorons can form the cosmological dark matter.
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The spontaneous violation of the U(1)L symmetry results in the formation
of cosmic strings. We assume that the majoron has a nonzero mass, which
explicitly breaks the U(1)L symmetry at low energies. This breaking effect
leads to the formation of domain walls attaching cosmic strings, when the
Hubble parameter decreases to the majoron mass scale, mJ . These topolog-
ical defects shrink to a point because of the tension of the domain walls and
subsequently decay into non-relativistic majorons. In this thesis we have
determined the parameter region where the total amount of majorons is
consistent with the observed amount of dark matter. In particular, we have
found that a majoron with mJ . O(1) eV or even lighter is a viable dark
matter candidate with lifetime, in some cases, a few orders of magnitude
longer than the age of the Universe. The decay of such a light and short
lived5 majoron leads to an observable neutrino signal to the PTOLEMY
experiment [162, 163]. A small fraction of relativistic majorons can also
be produced thermally which, due to their small mass mJ ≤ O(1) eV, con-
tributes to the energy density of the Universe as dark radiation. This would
be indirectly observed by the future observation of CMB anisotropies, like
CMB-S4 [181,182].

Non-relativistic majorons have large density perturbations because they
are produced from the decay of topological defects. Overdense regions con-
dense forming boson stars after the matter-radiation equality. We have
discussed for the first time the properties of these majoron stars, including
their size and mass. Moreover, we have shown that the neutrino production
rate from a boson star may be drastically suppressed by the Pauli statistics
at its surface. However, a precise determination of the amount of majorons
that condense in these boson stars requires a more careful quantitative anal-
ysis.

Colored dark matter and radiative neutrino masses
In the standard scenario, DM candidates are usually asssumed to be

electrically neutral and without color charge. Nevertheless, under certain
circumstances colored particles can also constitute the dominant part of
cosmological DM. This is precisely the case that has been studied in chapter
7, where DM is a bound state of a new colored fermion.

In this chapter we have considered a fermion transforming as Q ∼
(8, 1, 0). The hadronic state, QQ, is able to describe the observed DM

5Short here means comparable to the age of the Universe.
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relic abundance if the fermion mass is [201]:

MQ = 12.5± 1 TeV . (9.24)

In this thesis we have explicitly shown that such an exotic fermion can
also be the neutrino mass messenger under certain circumstances. We have
considered two models where we have Dirac and Majorana neutrino masses.
In the first case, for Dirac neutrinos, the DM stability plays a crucial role
to forbid the Majorana mass terms at the Lagrangian level. Additionally,
the same symmetry that explains DM longevity, together with a discrete
Z2 symmetry, forbids the tree-level Dirac neutrino mass. In the case of
Majorana neutrinos, DM stability and the fact that the DM particle carries
color charge forbid the tree-level Dirac mass terms for neutrinos. In close
analogy to the Dirac case, only radiative Majorana mass terms are allowed.
Both variants slightly differ in their particle content, as we can see in tables:
7.1 and 7.2.

Regarding the phenomenology, both models have aspects in common
such as the LFV process µ → eγ studied in section 7.4. This process
constrains the scalar masses to be:∣∣∣∣∣∣

∑
a

haµh
a∗
e

(
50TeV
Mη+

a

)2
∣∣∣∣∣∣ . 1.5. (9.25)

Another implication which does not depend on the nature of the neutrino
mass is the production of colored fermions, Q, at hadron colliders. Due to
their color charge, one expects that these particles are coupiously produced
at colliders, given enough energy, in processes such as qiq̄i → QQ̄ and
gg → QQ̄. From LHC data, we know that MQ > 2 TeV. Despite this limit
is still far from the colored DM prediction, MQ = 12.5 TeV, the relevant
parameter space of these models will be fully tested once we combine direct
DM detection limits (see Fig.7.1) and data from future hadron colliders.

A process which only appears in the case of Majorana neutrinos is neu-
trinoless double beta decay. Despite the process is not specific of this model,
we have considered this possibility in section 7.3, comparing the preditions
to the experimental limits and future sensitivities.
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Comprehensive unification using spinors
As we have seen in part I, despite the SM describes a vast range of phe-

nomena precisely and very accurately, it contains a diversity of interactions
and, when we come to the fermions, a plethora of independent elements.
Theories based on the SO(10) gauge group beautifully unify fundamental
interactions and all the particles of a given family. Indeed, upon symmetry
breaking down to the SM gauge group, the SO(10) spinor representation
splits as:

16→ qL + ūR + d̄R + lL + ēR + ν̄R . (9.26)

In addition to the quantum numbers of a SM family, this spinor contains a
representation with the quantum numbers of a right-handed neutrino.

The SO(10) theory, however, offers no information about family replica-
tion, since the number of spinors, 16, is just a free parameter. As we have
reviewed in section 5.3, one can go beyond the minimal SO(10) theory to
explain family replication using spinors. This occurs thanks to the proper-
ties of spinors, which decompose repetitively. In particular, after symmetry
breaking, a SO(2n + 2m) spinor with dimension 2n+m−1 decomposes into
2m copies of the SO(2n) spinor.

It has been shown in the past [148] that the smallest group with spinor
representations containing (at least) three SM families is the SO(18) group.
One can easily see that, in this case, the 256 spinor splits as

256→ (16,8) + (16,8′) , (9.27)

when the the SO(18) gauge symmetry breaks down to SO(10) × SO(8).
From the SO(10) point of view, the spinor 256 contains 8 families and
8 mirror families with the wrong chirality. The problem of removing the
mirror families and obtaining just 3 chiral families was unsolved since the
’80s.

In chapter 8, in order to solve the problematic proliferation of fermions,
we have considered a theory based on the SO(18) gauge group in a com-
pletely new, extra-dimensional framework. The fundamental idea is to com-
bine the mechanism of orbifold symmetry breaking together with hypercolor
confinement. The mirror families disappear from the low-energy spectrum
thanks to the orbifold symmetry breaking. On the other hand, the extra
families are confined thanks to the hypercolor interaction, effectively leaving
just three chiral SM families.
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In more detail, we have employed a gauge theory in a 5-dimensional
space-time. The boundary conditions on the S1/(Z2×Z ′2) orbifold break the
initial gauge symmetry down to SO(10)× SO(8) and remove the fermionic
zero modes of the (16,8′) part.

The extra families, corresponding to the (16,8) part, are removed from
the low-energy spectrum when the SO(5) subgroup of SO(8), which remains
unbroken, becomes strongly coupled and confining at around the TeV scale.
For historical reasons we refer to this interaction as hypercolor. When we
consider the breaking SO(10)× SO(8)→ SO(10)× SO(5), the representa-
tion splits as:

(16,8)→ 3× (16,1) + (16,5) . (9.28)

This means that the three observed SM families are precisely given by the
hypercolor singlets, 3× (16,1).

Similarly to the baryon number in the strong interaction, the SO(5) in-
teraction supports a conserved quantum number. Unlike baryon number,
in the case of hypercolor, the conserved symmetry is a discrete Z2 symme-
try under which the hyperquarks, (16,5), are charged. Due to this exact
symmetry, and because of group theoretic properties of SO(5), the lightest
unconfined state (Z2 odd and SO(5) neutral) are hyperbaryons composed of
5 hyperquarks. These particles are thermally produced in the early universe
with a relic abundance today given by:

Ωχh
2 ≈ 10−5

(
M/TeV

)2
, (9.29)

with M the hyperbaryon mass. For M . O(10) TeV, despite they are
conceivably detectable at future colliders, the relic hyperbaryons contribute
only a small fraction of the mass density of the universe.

SO(3) as a gauge family symmetry
Since the late ’70s and beginning of the ’80s many proposals have been

made to explain family replication and the pattern of fermion masses and
mixings. To this end, it seems appropriate to consider symmetry groups
containing triplet representations. In analogy to other fundamental interac-
tions it seems compelling to relate the SM families with a gauge symmetry.
In this case there are only two possibilities: SU(3) and SO(3). The SU(3)
option is challenged by gauge anomalies if one considers a minimal fermion
content. On the other hand, the SO(3) group is anomaly free. Additionally,



152 Conclusions

SO(3) is a natural subgroup of SO(18). Therefore it fits perfectly with the
idea of comprehensive unification using spinors developed in chapter 8.

This sort of gauge family symmetries were studied by Wilczek and Zee
at the end of the ’70s [33]. In their work, in addition to other predictions,
they obtained an interesting relation between fermion masses:

memµ

m2
τ

= mdms

m2
b

= mumc

m2
t

. (9.30)

While the first relation is reasonably well satisfied, the second predicted a
too light top quark: mt ≈ 15 GeV. When the top quark was discovered
with a much larger mass (today we know that its mass is mexp

t = 172.9±0.4
GeV), the minimal SO(3) model was ruled out.

In this thesis, and in particular in chapter 9, we have determined the
minimal requirements of a theory with a SO(3) gauge family symmetry to be
consistent with experimental data and, at the same time, keep the successful
predictions. Specifically we have studied a theory with commuting SO(3)
family and PQ symmetries in a way consistent with SO(18) comprehensive
unification. Within a reasonably simple model, several appealing features
appear:

• Thanks to the Peccei-Quinn symmetry, in addition to solving the
strong CP problem, we obtain axion DM.

• We keep the successful, interesting connection between down-type
quarks and charged lepton masses, memµ

m2
τ

= mdms
m2
b
. At the same time,

thanks to a duplicated Higgs sector (see table 9.1), the top quark mass
becomes a free parameter.

• We explain the origin of the CKMmatrix and obtain some of the quark
mixing angles as a function of their mass. The Cabibbo angle is given
by θC ≈

√
md
ms
−
√

mu
mc

. We also get a relation for the CKM matrix
element: |Vub| ≈

√
mdms
mb

−
√
mumc
mt

. Unlike in the original proposal, we
obtain a small but non-zero |Vcb| matrix element (see Eq.(9.18)).

• The smallness of the neutrino mass scale is explained thanks to the
type-I seesaw mechanism and we obtain a conceptual relation between
this scale and the axion mass: ma ∼ (ΛQCDmπ/v

2
EW )mν .

• The PQ and SO(3) family symmetries are spontaneously broken at the
same energy scale. Since SO(3) gauge bosons contribute to ∆F = 2
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processes like K0 − K̄0 mixing, we obtain a lower bound for axion
decay constant: fa > 107 GeV.

Looking for connections between different aspects of Nature has been in-
credible fruitful in the past. Despite there is no guarantee that it will remain
useful in the future, as physicists we need to keep trying and continue look-
ing for simple and predictive theories that can be tested. In the end, it is
the experiment and not the beauty of our theories what will show us the
path towards the understanding of Nature.





Resum de la Tesi

El tema principal d’aquesta Tesi és l’estudi de la física més enllà del Model
Estàndard (ME). Aquest és, clarament, un camp tremendament ampli que
recull molts aspectes de física fonamental, incloent-hi branques de la física
de partícules i la cosmologia. Durant aquests anys he pogut gaudir de nom-
broses col·laboracions (vegeu llistat de publicacions) amb físics i físiques de
renom, algunes de les quals he inclòs en aquesta tesi. Per motius obvis, du-
rant la realització d’aquesta tesi m’he centrat en un nombre finit d’aspectes
de la física més enllà del ME els quals inclouen la generació de les masses
dels neutrins, la matèria fosca i les teories de gran unificació i del sabor.

Els continguts d’aquesta tesi es troben dividits en tres parts clarament
diferenciades. En la primera, he introduït el ME i he enumerat els diferents
motius, o indicis, que ens fan sospitar la necessitat de trobar una teoria
més profunda, més fonamental. A més, en diferents capítols i amb relativa
profunditat he descrit els temes principals sobre els quals he basat la meua
investigació: la generació de la massa del neutrí (2), la matèria fosca (4) i
les teories de gran unificació (5). En aquests capítols, corresponents a la
primera part de la tesi, he intentat fer una revisió bibliogràfica dels temes
en qüestió perquè el lector no expert puga adquirir el nivell adequat per a
una comprensió plena de les parts 2 i 3, les quals estan basades en treballs
d’investigació publicats en articles en revistes de nivell internacional.

La part 2 està basada en articles on he estudiat la possible connexió entre
l’origen de la massa del neutrí i la naturalesa de la matèria fosca. D’altra
banda, en la part 3 m’he centrat en determinades teories que permeten
l’explicació de l’origen del sabor al ME i també dels números quàntics de
les partícules fonamentals.

Per tal de simplificar la discussió, he dividit aquest resum en 3 parts, de
manera que cadascuna resumeix una de les parts de la tesi.
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El Model Estàndard i més enllà
Durant el segle XX, diferents avanços a nivell teòric i experimental van

desencadenar el naixement del Model Estàndard, la teoria confirmada més
precisa que disposem per una descripció de la Natura al nivell més profund.
El ME és una teoria gauge de les interaccions fortes i electrofebles. Per
tant, a més d’invariància sota transformacions del grup de Lorentz, el ME
es basa en la invariància gauge, és a dir a nivell local, respecte del grup:

SU(3)C × SU(2)L × U(1)Y . (9.31)

EL ME conté els 8 gluons de la interacció forta, SU(3)C , i els 4 bosons
corresponents a la part electrofeble, SU(2)L × U(1)Y . D’altra banda, els
fermions del ME s’agrupen en diferents representacions del grup de gauge
en funció a la seua quiralitat: νl

e


L

,

 u

d


L

, eR , uR , dR . (9.32)

Tal com veiem, els camps levogirs s’organitzen en doblets del grup SU(2)L
mentre que els camps dextrogirs són singlets de SU(2)L, violant la simetria
de paritat al nivell més fonamental. Aquesta estructura és replicada tres
vegades, donant-nos el que coneixem com les famílies del ME. Aquest és un
dels misteris que s’han investigat en les parts de recerca d’aquesta tesi.

Si la simetria gauge 9.31 fos exacta, el món seria molt diferent del que
coneixem. El motiu és que les partícules elementals no tindrien massa i, a
més, la força nuclear feble tindria un abast infinit i una major intensitat.
Per tant, resulta necessari trencar aquesta simetria. Aquesta ruptura ha
de ser d’un tipus molt particular, el que coneixem com ruptura espontània
de la simetria. El mecanisme de Higgs és el responsable d’aquest procés
al ME. La idea principal de la ruptura espontània de simetries és que el
Lagrangià preserva la simetria mentre que el buit, entés com a estat de
mínima energia, la trenca. Aquesta idea simple i bonica és portada a terme
al ME per un camp escalar complex, el que coneguem com a camp de Higgs,
que es transforma com:

H =
 H+

H0

 . (9.33)
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Al ME, l’estat de mínima energia s’assoleix quan el Higgs desenvolupa
un valor d’expectació del buit:

〈H〉 = 1√
2

 0
v

 . (9.34)

A causa de la interacció amb aquest condensat, el grup de gauge del ME
(vegeu equació (9.31)) es trenca espontàniament, donant lloc a la interacció
electromagnètica:

SU(2)L × U(1)Y → U(1)EM . (9.35)

Les masses dels fermions es generen quan els fermions interaccionen amb
el buit del Higgs per mitjà de les interaccions de Yukawa (vegeu Eq. (1.26)).
Aquesta interacció genera les matrius de massa dels fermions:

M f
ij = Y f

ij

v√
2
, (9.36)

que es diagonalitzen per mitjà de rotacions de les components levogires i
dextrogires:

fiL = UfL ijf ′jL , fiL = UfR ijf ′jR . (9.37)

En les equacions anteriors l’índex f indica el tipus de fermió: quarks de
tipus up, quarks de tipus down i leptons carregats.

El fet de que els estats de massa i els estats de sabor no coincideixen,
és a dir que les matrius de canvi de base UfL ij 6= I, i a més que les matrius
corresponents als quarks tipus up i dels quarks tipus down són diferents,
UuL ij 6= UdL ij, resulta en l’aparició de la matriu CKM, VCKM . Aquesta
matriu, ve donada per:

VCKM = UuLU †dL =


Vud Vus Vub

Vcd Vcs Vcs

Vtd Vts Vtb

 , (9.38)

i és la responsable de les transicions de sabor entre diferents famílies en el
sector dels quarks. En el ME aquestes transicions estan mediades per el
corrent carregat i connecten quarks de tipus up amb quarks de tipus down.
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Un altre aspecte important del ME que està íntimament lligat a l’estructura
en famílies és la violació de la simetria CP per la interacció feble. La raó
és que aquest fenomen, en el sector dels quarks, solament és possible si ex-
isteixen almenys 3 famílies. A més, la violació de CP requereix que tots els
angles de mescla de la matriu CKM siguen diferents de zero.

Una vegada hem resumit els aspectes clau del ME, cal recordar les difer-
ents evidències i motivacions que tenim per a anar més enllà:
• La generació de massa dels neutrins. En el ME els neutrins no

tenen massa. No obstant això, gràcies als experiments d’oscil·lacions
de neutrins sabem que aquestes partícules tenen una massa no nul·la.
A més, explicar que les seues masses estan a una escala ordres de
magnitud més menuda que la dels fermions del ME ens fa sospitar
que aquest mecanisme va més enllà del mecanisme de Higgs.

• El problema del sabor. És un fet remarcable que els fermions
del ME s’organitzen en famílies i que aquestes estiguen replicades 3
vegades. A més, la jeràrquica distribució de les seues masses i el
peculiar patró de mescles no està explicat en el ME.

• La matèria fosca. Les observacions astrofísiques i cosmològiques
indiquen que n’hi ha aproximadament 5 vegades més matèria de la
que vegem. Les interaccions i la naturalesa d’aquesta matèria fosca
són actualment desconegudes.

• La unificació de les forces. La quantització de la càrrega elèctrica
és un dels problemes més importants de la física. Amb el naixement
del ME, aquesta pregunta ha sigut reescalada a explicar l’origen de
les diferents interaccions i les seues intensitats relatives. Les teories
de gran unificació responen aquestes preguntes gràcies a l’ús de grups
de simetria gauge simples que, per baix d’una determinada energia,
es trenquen espontàniament al grup del ME.

• Asimetria matèria-antimatèria. Resulta impossible explicar, en
el marc de la teoria del Big Bang, perquè l’Univers conté matèria i no
antimatèria. Per a explicar-ho cal anar més enllà del ME introduïnt
ingredients que permitisquen realitzar les conegudes com a condicions
de Sakharov.

• Violació de la simetria CP en la interacció forta. El fet que la
interacció feble sí viola la simetria CP, és complicat explicar per què
aquest fenomen no es dona en el sector de la interacció forta.
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• El problema de la jerarquia. Explicar la diferència de magnitud
entre l’escala de Planck i l’escala electrofeble, aproximadament un
factor 1016, és un dels problemes oberts que ha tractat d’explicar la
física teòrica durant els últims 40 anys.

• Inflació cosmològica. Amb la finalitat de resoldre el problema de la
planitud i el problema de l’horitzó de la teoria del Big Bang, l’univers
inflacionari és la millor explicació que tenim actualment de les pecu-
liars condicions inicials del nostre Univers. Es desconeix la duració i
el moment en el qual va ocórrer aquesta fase de l’Univers primitiu, si
és que va ocórrer.

• La constant cosmològica i energia fosca. De les observacions
cosmològiques sabem que actualment l’Univers s’expandeix de forma
accelerada. En aquest cas el problema radica en entendre perquè
l’Univers pareix estar dominar per un fluid, anomenat energia fosca,
que es comporta de forma semblant a una constant cosmològica amb
una densitat d’energia ρvac ∼ (3 meV)4.

• Gravetat quàntica. Mentre que l’electromagnetisme i les forces nu-
clears forta i feble tenen una descripció quàntica satisfactòria, de mo-
ment no tenim una teoria quàntica de la gravitació. Probablement, el
candidat més prometedor és la teoria de cordes en la qual u canvia la
descripció de la Natura en termes de partícules per objectes tals com
cordes i membranes.

Aquesta tesi recull els diferents avanços publicats en diferents articles
sobre els primers quatre problemes.

L’origen de la massa del neutrí i la seua relació
amb la matèria fosca

El descobriment de les oscil·lacions de neutrins va conduir a Takaaki Ka-
jita i Arthur McDonald a guanyar el premi Nobel en física en 2015. Aquest
fenomen mecanoquàntic és actualment una de les evidències més sòlides de
la necessitat d’anar més enllà del ME. Aquestes oscil·lacions ocorren quan
els autoestats de massa i autoestats de sabor no coincideixen. En aquest
cas, existeix una probabilitat no nul·la que un neutrí produït amb sabor α
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siga detectat com a neutrí de sabor β. Aquest procés només pot ocórrer si
almenys dos neutrins tenen masses no degenerades.

Al contrari que la resta de fermions, els neutrins no tenen massa en el
ME. No obstant això, cada vegada tenim més indicis que el ME és solament
una teoria efectiva d’una realitat més fonamental. Per tant, podem pren-
dre el ME com una teoria efectiva i afegir una col·lecció d’operadors amb
dimensió d > 4:

L = L(4)
SM +

∞∑
i=4

Ci
Λi−4Oi . (9.39)

Aquests operadors, Oi, han de respectar les simetries gauge del ME però no
necessàriament les simetries globals tals com el número leptònic o bariònic.
De fet, Weinberg va ser el primer a adonar-se que l’operador:

O5 ∼ lLlLφφ , (9.40)

genera masses per als neutrins després de la ruptura espontània de la sime-
tria electrofeble. En aquest cas, l’escala típica de la massa del neutrí ve
donada per mν ∼ 〈φ〉2 /Λ i és possible acomodar el valor experimental
mν ∼ O(0.1) eV si Λ és suficientment gran.

Existeixen diferents possibilitats per a obtenir l’operador de Weinberg
(9.40) en el marc d’una teoria renormalitzable. D’una banda tenim els
mecanismes de seesaw que el generen a nivell arbre i d’altra banda podem
generar-lo a nivell radiatiu, és a dir degut a correccions quàntiques, ha-
bitualment conegudes amb el nom de loops. Com veurem a continuació, en
aquesta tesi hem considerat les dues possibilitats i, a més, hem estudiat com
aquests mecanismes poden relacionar-se amb la matèria fosca cosmològica.

La natura de la matèria fosca és una de les qüestions més urgents en física
fonamental. Gràcies a diferents observacions, des de les corbes de rotació
de les galàxies al fons còsmic de microones, actualment tenim evidència
sòlida que existeix aproximadament 5 vegades més matèria no relativista que
de matèria bariònica que observem en l’espectre electromagnètic. Aquesta
matèria no relativista addicional és allò que anomenem matèria fosca i la
seua composició és un dels misteris més profunds de l’Univers.

En funció del mecanisme de producció, la seua estabilitat i la detectabil-
itat, existeixen diferents tipus de matèria fosca. La idea fonamental és que
aquesta component s’ha de comportar com a matèria no relativista i ha de
ser produïda de forma controlada a l’univers primitiu. A més, la interac-
ció amb el sector del ME ha de ser suficientment feble per tal d’evitar els
límits experimentals (vegeu secció 4.2). Exemples de candidats a matèria
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fosca inclouen els WIMPS, és a dir, partícules massives que interaccionen
feblement amb el ME, i els axions i altres bosons lleugers.

La part 2 d’aquesta tesi inclou les dues possibilitats. Mentre que en un
cas la matèria fosca presenta un comportament molt semblant a un WIMP,
també s’ha considerat la possibilitat de que la matèria fosca estiga formada
per un bosó extremadament lleuger. En ambdós casos la matèria fosca juga
un paper clau en la generació de massa per als neutrins.

Matèria fosca amb color i masses de neutrins radiatives
En el cas estàndard, la matèria fosca és una partícula sense càrrega

elèctrica ni color. No obstant això, sota determinades circumstàncies, és
possible que la matèria fosca siga un estat hadrònic compost per partícules
amb color. Aquest és el cas que s’ha estudiat al capítol 7, en el qual un
nou fermió més enllà del ME forma estats hadrònics amb un comportament
molt semblant a un WIMP.

En aquest capítol s’ha considerat un fermió Q que es transforma baix
els números quàntics del ME com:

Q ∼ (8, 1, 0) . (9.41)

Aquest estat hadrònic, QQ, és capaç de descriure l’abundància actual de
matèria fosca quan la massa de Q és:

MQ = 12.5± 1 TeV . (9.42)

A més, gràcies a tècniques de teories de camp efectives, podem estimar
la seua secció eficaç en experiments de detecció directa com

σSI ≈ 2× 10−45 cm2
(

20 TeV
MQQ

)6 ΩQQ
ΩPlanck

. (9.43)

En aquest capítol, a més, s’ha demostrat com el fermió Q no solament
compon la matèria fosca sinó que a més és l’ingredient clau en la generació
de la massa dels neutrins per a dues variants: neutrins de Dirac i neutrins
de Majorana. En el primer cas, per a neutrins de Dirac, l’estabilitat de
la matèria fosca juga un paper clau en prohibir els termes de massa de
Majorana a tots els ordres en teoria de pertorbació i, a més, fer que la
massa de Dirac aparega únicament a nivell radiatiu. Per al cas de neutrins
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de Majorana, l’estabilitat de la matèria fosca és la responsable de que els
termes de massa de Dirac no apareguen a nivell arbre i que únicament
tinguem aquests termes de majorana a nivell radiatiu. Ambdues variants
difereixen en el seu contingut de partícules com vegem en les taules 7.1 i
7.2.

Respecte a la fenomenologia associada a les dues variants, n’hi ha as-
pectes comuns i altres que depenen de si els neutrins tenen masses de Dirac
o de Majorana. Per exemple, en les dues variants u espera tindre desintegra-
cions exòtiques dels muons del tipus µ→ eγ. Aquests processos es coneixen
genèricament com a processos de violació del sabor leptònic i, en els casos
que hem considerat, es deuen a la presència d’escalars amb càrrega elèctrica
que inevitablement acompanyen als escalars responsables de la generació de
masses dels neutrins. Aquest procés restringeix l’espai de paràmetres dels
escalars: ∣∣∣∣∣∣

∑
a

haµh
a∗
e

(
50TeV
Mη+

a

)2
∣∣∣∣∣∣ . 1.5. (9.44)

Una altra implicació fenomenològica que no depén de la naturalesa del
neutrí és la producció dels fermions Q a acceleradors de partícules. Com
que són partícules amb càrrega de color, u espera que els fermions que
componen la matèria fosca en aquest cas siguen produïts copiosament en
col·lisionadors d’hadrons com el LHC. A partir de processos com qiq̄i → QQ̄
i gg → QQ̄, actualment sabem que la massa d’aquest fermió deu serMQ > 2
TeV. Malgrat que encara està lluny de la predicció del model MQ = 12.5
TeV, aquestos valors seran posats a prova a futurs acceleradors tals com
FCC.

Finalment, cal mencionar que hi ha altres implicacions fenomenològiques
que sí depenen de la natura de la massa del neutrí. Com és ben sabut,
l’observació d’una doble desintegració β sense neutrins és un senyal in-
equívoc que els neutrins són partícules de Majorana. Encara que no és
un fenomen exclusiu del model que hem estudiat, aquesta possibilitat s’ha
estudiat en la secció 7.3.

Ruptura espontània del número leptònic i matèria fosca
En el capítol 6 hem estudiat les implicacions a nivell cosmològic de la

violació espontània del número leptònic. L’idea principal és que quan la
simetria associada al número leptònic es trenca espontàniament, degut al
teorema de Goldstone, un bosó sense massa apareix a la teoria: el majoron.
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No obstant això, per tal de ser un bon candidat a matèria fosca, el majoron
ha de tindre una massa mJ . O(1) KeV. Al llarg del capítol s’ha considerat
la possibilitat que efectes (de moment) desconeguts indueixen operadors
efectius que trenquen la simetria de número leptònic de forma explícita i,
per tant, el majoron obté una massa menuda. Al llarg del capítol hem estu-
diat l’evolució cosmològica i també els diferents mecanismes de producció de
majorons, tèrmics i no tèrmics, a l’univers primitiu. S’ha demostrat explíci-
tament que quan el majoron és lleuger, els mecanismes no tèrmics tals com
oscil·lacions coherents al voltant del mínim de potencial i la desintegració
de defectes topològics, dominen la producció d’aquesta partícula.

Respecte a les implicacions fenomenològiques associades a la cosmologia
del model del majoron, cal destacar la possibilitat de detecció d’aquesta
partícula a experiments de detecció de neutrins còsmics tals com Ptolemy.
En aquest cas, hem demostrat explícitament que si Ptolemy detectara un
majoron, aquests majorons necessàriament provenen de la desintegració
d’un defecte topològic associat a la ruptura del número leptònic, U(1)L.

Finalment, també hem estudiat la possibilitat que els majorons formen
estats gravitatòriament lligats, també coneguts com a estrelles de bosons.
Les propietats d’aquestes poden ser estudiades qualitativament emprant els
mètodes descrits en la secció 6.4, els quals es basen a estudiar l’equilibri
entre diferents contribucions a l’energia de l’estrella. En funció de quina és
la contribució dominant: l’energia potencial gravitatòria, l’energia cinètica
dels majorons o l’energia degut a l’autointeracció d’aquests bosons, dis-
tingim dos règims qualitativament diferents. Al primer, corresponent al
règim diluït, l’energia potencial gravitatòria és compensada per l’energia
cinètica dels majorons, que impedeix el col·lapse. D’aquest equilibri obtenim
el radi crític

Rc ∼
√
λ4MP

m2
J

, (9.45)

que determina el radi per davall del qual l’autointeracció dels majorons
s’esdevé important. A mesura que la massa total augmenta, el radi de-
creix i arribem a Rc, i entrem en el règim dens de l’estrella, en el qual
la massa total pot augmentar mentre que el radi roman constant R ∼
Rc. L’estabilitat d’aquest règim dens depèn del tipus d’autointeracció dels
bosons. Si l’autointeracció és atractiva, l’estrella col·lapsara, possiblement
formant el que es coneix com a bosenova. D’altra banda, si l’autointeracció
és repulsiva, aquesta branca s’espera que siga estable a escales de temps
cosmològiques i podria tindre implicacions molt interessants.



164 Resum de la Tesi

En aquest capítol hem estimat que la desintegració dels defectes topològ-
ics pot donar lloc a estrelles molt més massives d’allò que s’obté al considerar
altres mecanismes de producció de bosons tals com les oscil·lacions coher-
ents. Si a més, la autointeracció dels majorons és repulsiva, aquest mecan-
isme de producció podria donar lloc a estrelles de bosons supermassives amb
implicacions interessants per a la formació d’estructures a l’univers primitiu
i, fins i tot, l’explicació de l’origen dels forats negres super massius que es
creu existeixen al centre de totes les galàxies.

Gran Unificació i física del sabor
Des del naixement de la teoria quàntica, els físics i físiques han intentat

demostrar l’existència de la unitat de càrrega elèctrica elemental. En altres
paraules, han intentat demostrar que la càrrega elèctrica està quantitzada.
Paul Dirac va ser el primer a demostrar que l’existència de monopols mag-
nètics automàticament implicaria la quantització de la càrrega elèctrica.
Durant quasi cent anys, diferents experiments han intentat, sense èxit, tro-
bar aquests elusius monopols magnètics. Hui en dia, més de 80 anys després
del treball de Paul Dirac i gràcies al descobriment de les teories gauge com
a descripció de les interaccions fonamentals, la majoria de físics i físiques
estan convençuts que els diferents números quàntics de les partícules del
ME tenen el seu origen a una teoria unificada que descriu la Natura mit-
jançant una única interacció. En llenguatge modern, parlem de teories de
gran unificació com aquelles teories gauge que unifiquen les interaccions fon-
amentals del ME a energies molt elevades, al voltant de MGUT ∼ 1016 GeV.
La forma d’aconseguir-ho és mitjançant un grup de simetria simple que,
després d’un procés de ruptura espontània molt semblant a la ruptura de la
simetria electrofeble, ens dona el grup de gauge del ME a baixes energies.
Per tant, aquestes teories unificades, a més d’explicar perquè les partícules
del ME tenen els números quàntics que tenen, també expliquen la raó de
l’existència de les múltiples interaccions i les seues respectives intensitats.

D’altra banda, i com hem mencionat abans, un dels problemes oberts
en física és el problema del sabor. Aquest es basa en la dificultat d’explicar
les diferents masses dels diferents fermions del ME i la seua particular
mescla. El problema del sabor, radica en una qüestió encara més fonamen-
tal: l’estructura en famílies del ME. Cadascuna de les partícules elementals
està replicada 3 vegades, amb masses cada vegada més grans. Per exemple,
a més de l’electró tenim els leptons: muó i tau, que són partícules amb els
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mateixos números quàntics però amb una massa creixent. Mentre que el
muó té una massa que és 200 vegades més gran que la massa de l’electró, el
tau és aproximadament 17 vegades més pesat que el muó. El mateix ocorre
en el sector dels quarks on, per exemple, el quark top és aproximadament
105 vegades més pesat que el quark up.

La part 3 de la tesi ha estat dedicada a l’estudi del problema de les
famílies del ME. Primerament, en el capítol 8 hem explorat la possibili-
tat d’unificar no solament les diferents interaccions del ME sinó també les
diferents famílies en única representació d’un grup de gauge simple. D’altra
banda, al capítol 9, des d’un punt de vista de baixes energies hem consid-
erat la possibilitat de que una nova interacció gauge relacione les diferents
famílies del ME. Com veurem, les dues formes d’abordar el problema de
les famílies estàn relacionades, ja que el grup de gauge que considerem en
el capítol 9, SO(3)F , és un subgrup del grup en el qual es basa la teoria
unificada del capítol 8.

Unificació de les famílies del ME amb SO(18)
Com hem dit abans, malgrat que el ME descriu una immensitat de

fenpmens amb una precisió remarcable, existeixen una sèrie de propietats
sobre les quals no ofereix cap informació. Entre ells estan la diversitat
d’interaccions i números quàntics que tenen les partícules elementals. Les
teories de gran unificació, i en concret les teories basades en el grup gauge
SO(10), aconsegueixen unificar les interaccions fonamentals i també resulten
exitoses unificant les diferents partícules corresponents a cada família. Per
posar un exemple, la representació espinorial del grup SO(10), representada
per 16, conté els números quàntics apropiats per a descriure una família del
ME:

16→ qL + ūR + d̄R + lL + ēR + ν̄R . (9.46)

Aquest espinor, a més, conté un camp amb els números quàntics correspo-
nent a un neutrí dextrogir i, per tant, conté els ingredients mínims per a
generar masses per als neutrins.

Malgrat que la teoria SO(10) explica les diferents interaccions i números
quàntics, és una teoria que no aporta informació sobre el sabor de les
partícules. En altres paraules, el número de famílies i les seues masses car-
acterístiques són paràmetres lliures. Aquesta és la principal motivació per a
anar més enllà i considerar teories que, a més d’unificar les diferents inter-
accions, aconseguisquen explicar l’estructura de famílies del ME. Com s’ha
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demostrat al capítol 8, les teories de gran unificació basades en representa-
cions espinorials resulten particularment apropiades. El motiu és que, com
hem vist a la secció 5.3, els espinors es descomponen de forma repetitiva.
En concret, un espinor del grup SO(2n+ 2m), el qual té dimensió 2n+m−1,
es descompon com 2m copies del seu subgrup SO(2n). Aquesta propietat
resulta particularment suggerent per a acomodar la repetitiva estructura en
famílies del ME.

Altre avantatge de les teories de gran unificació basades en grups del
tipus SO(N) és que tots (amb excepció de SO(6), el qual és isomòrfic a
SU(4)) estan lliures d’anomalies. A més, els grups corresponents a la sèrie
SO(4n+ 2) tenen representacions complexes. Per tant, els grups d’aquesta
sèrie resulten particularment apropiats per a descriure el ME, el qual es
basa en l’ús de representacions quirals. Òbviament, el cas n = 2 correspon
a la teoria de gran unificació basada en SO(10).

Tenint en compte aquestes consideracions, el grup més menut capaç de
descriure 3 famílies quirals és el grup de gauge SO(18). Per a veure-ho,
resulta convenient considerar el procés de ruptura de simetria SO(18) →
SO(10) × SO(8). En aquest cas, l’espinor de SO(18), el qual té dimensió
256 es descomposa com:

256→ (16,8) + (16,8′) . (9.47)

Per tant, des del punt de vista de SO(10), el espinor 256 conté 8 famílies i 8
antifamílies (les quals tenen els números quàntics de les famílies usuals però
amb la quiralitat oposada). Aquest problema va fer que en el període de
temps des dels anys 80 fins a hui les teories d’unificació de famílies basades
en SO(18) no es consideraren massa seriosament.

En el capítol 8 hem reconsiderat la possibilitat d’emprar la representació
espinorial de SO(18) des d’un punt de vista completament nou. L’idea
bàsica és que combinant el mecanisme de ruptura de simetria basat en
orbifolds junt amb el confinament d’una interacció forta nova, anomenada
hipercolor, aconseguim que l’espectre de baixes energies continga únicament
les 3 famílies del ME.

En més detall, hem emprat una teoria gauge 5-dimensional que permet
eliminar els modes zero corresponents a les antifamílies. Açò ocorre gràcies
al fet que la dimensió addicional està plegada amb una topologia semblant
a un cercle, l’anomenat orbifold. Gràcies a unes condicions de contorn no
trivials en el orbifold, la part corresponent a (16,8′) no apareix a baixes en-
ergies i, així, eliminem el problema de les antifamílies del espinor de SO(18).
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No obstant això, encara tenim massa famílies, ja que la representació cor-
responent a (16,8) és equivalent a 8 famílies del ME. Per tal d’eliminar la
resta de famílies de l’espectre, hem suposat que el grup SO(8) experimenta
un procés de ruptura espontània en direcció al grup SO(5). A més, hem de-
mostrat que aquest grup resultant, que anomenem hipercolor, aconsegueix
confinar a energies properes a l’escala del TeV. En altres paraules, després
de considerar el procés de ruptura de simetria, el grup de simetria gauge ve
donat per SO(10)× SO(5) i la representació es descompon com:

(16,8)→ 3× (16,1) + (16,5) . (9.48)

La part 3× (16,1) correspon a les famílies del ME i els fermions continguts
a (16,5) són confinats gràcies a l’hipercolor, SO(5).

De forma semblant al número bariònic de la interacció forta, la interac-
ció hipercolor basada en SO(5) conté una simetria conservada. En aquest
cas és una simetria discreta del tipus Z2. Cadascun dels hiperquarks tenen
càrrega (−1) sota aquesta simetria, de forma que existeix un estat anom-
enat hiperbarió el qual és estable gràcies a la conservació de Z2. Aquests
hiperbarions, compostos per 5 hiperquarks, poden produir-se en l’univers
primitiu. L’abundància d’aquests pot estimar-se com:

Ωχh
2 ≈ 10−5

(
M/TeV

)2
, (9.49)

on M és la massa de l’hiperbarió. Per tant, per a M . O(10) TeV, els
hiperbarions contribueixen d’una forma subdominant a la densitat d’energia
de l’Univers. No obstant això, si M ∼ TeV aquests podrien detectar-se a
acceleradors de partícules i, possiblement, altres experiments de detecció
directa de matèria fosca.

La simetria SO(3) com a simetria gauge entre famílies
Des de finals dels anys 70 i principis dels anys 80, s’han proposat mul-

titud de teories amb la intenció d’explicar la replicació de les famílies i la
particular distribució de masses dels fermions i la seua mescla. La majoria
de les propostes contenen algun grup de simetria que relaciona les diferents
famílies i, únicament quan aquesta simetria es trenca, expliquem per que
els fermions tenen unes masses distribuïdes de forma tan jeràrquica.

Mentre que existeixen vàries possibilitats per a descriure 3 famílies em-
prant grups de simetria discrets, únicament existeixen 2 grups continus amb
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representacions de triplets. Aquests són els grups SU(3) i SO(3). El prob-
lema de SU(3) és que si u considera únicament el contingut fermiònic del
ME, aquest grup generalment presenta anomalies. En canvi, SO(3) és un
grup de simetria que conté triplets i, a més, no pateix d’aquest problema.
Per tant, una interacció gauge basada en el grup SO(3) és l’elecció mínima
per a descriure 3 famílies amb un contingut de fermions fidel al ME. A més,
SO(3) és un subgrup de SO(18). Per tant, si u considera que, a molt altes
energies la Natura ve descrita per una teoria unificada basada en SO(18),
és natural esperar que a energies intermitjes puga aparèixer una simetria
gauge SO(3) que relaciona les diferents famílies del ME. Aquestes raons fan
el grup SO(3) particularment interesant.

Aquest tipus de teoria va ser considerat, en primer lloc, per F. Wilczek
i A. Zee a finals dels 70. En un treball pioner, van estudiar com aquesta
simetria gauge és capaç d’oferir prediccions de les masses i mescles dels
fermions del ME. Després d’un mecanisme de ruptura de la simetria SO(3),
els fermions del ME obtenen massa i apareix una relació entre les masses
de quarks i leptons:

memµ

m2
τ

= mdms

m2
b

= mumc

m2
t

. (9.50)

A pesar de que la primera igualtat es satisfà amb una precisió raonable, la
segona està en contradicció amb l’experiment, ja que prediu un quark top
amb una massa de mt ≈ 15 GeV. Cal mencionar que aquesta teoria va ser
proposada quasi 20 anys abans del descobriment del top, que hui en dia
sabem que té una massa de mexp

t = 172.9± 0.4 GeV.
En el capítol 9 hem estudiat quina és l’extensió mínima que tenim que

fer de la teoria original per tal d’evitar la predicció errònia de la massa
del quark top. Inspirats en la teoria de gran unificació basada en SO(18),
hem considerat la teoria gauge de famílies basada en SO(3) i l’hem extès
afegint la simetria de Peccei-Quinn, U(1)PQ. Aquesta simetria és respons-
able de resoltre el problema de la violació de la simetria CP per la interacció
forta. Amb un model relativament senzill, obtenim vàries característiques
atractives:
• Degut a la simetria de Peccei-Quinn, obtenim l’axió, partícula que a

més de resoldre el problema de la violació de la simetria CP per la
interacció forta és un bon candidat a matèria fosca (vegeu capítol 4).

• Obtenim un relació interessant entre masses de quarks tipus down i
leptons carregats: memµ

m2
τ

= mdms
m2
b
.
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• Expliquem l’origen de la matriu CKM i relacionem la mescla dels
diferents quarks amb la seua massa. Per a l’angle de Cabibbo obtenim
θC ≈

√
md
ms
−
√

mu
mc

. Per a l’element de la matriu CKM obteim la
predicció: |Vub| ≈

√
mdms
mb

−
√
mumc
mt

.

• Explicació de l’origen de la massa del neutrí per mitjà del mecanisme
de seesaw a la escala d’energia de la ruptura de la simetria de Peccei-
Quinn. Per tant, obtenim una relació entre la massa del axió i la
massa del neutrí: ma ∼ (ΛQCDmπ/v

2)mν .

A més, cal afegir que els bosons de gauge corresponents a SO(3) són
responsables de processos d’oscil·lació de mesons tals com les oscil·lacions
K0 − K̄0. Per tant, podem posar un limit inferior a la massa d’aquestos
bosons, relacionat amb l’escala de ruptura del grup de simetria, donat per:

g2

M2
F

<∼
1

[104 TeV]2 . (9.51)

En el model que hem estudiat, MF = gfa, i així obtenim un limit inferior a
constant de desintegració del axió, fa > 107 GeV.
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