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Introduccion

El llamado Modelo Estandar de las interacciones fuertes y electrodébiles describe cor-
rectamente la mayoria de las observaciones experimentales. En el Modelo Estandar
los constituyentes basicos de la materia son los quarks y los leptones, que aparecen
replicados en tres familias practicamente idénticas excepto por su masa. Los quarks
interaccionan fuertemente y su interacciéon viene descrita por la Cromodindmica
Cuéntica (QCD), y tanto los quarks como los leptones interaccionan electromagnética
y débilmente. Esta interaccion electrodébil se describe mediante una teoria “gauge”
basada en el grupo SU(2) x U(1), mientras que la QCD estd basada en el grupo
SU(3). Los leptones pueden ser cargados, como el electrén y sus réplicas maés
pesadas, el muon y el tau, o neutros, los neutrinos, que sélo interaccionan muy
débilmente. En el Modelo Estandar, los neutrinos no tienen masa pues, dados los
elementos existentes en el modelo, el término de masa es incompatible con la simetria
dindmica de la teoria.

A pesar de su indudable éxito fenomenolégico, el Modelo Estandar no puede
considerarse como la descripcién ultima y completa de las interacciones fundamen-
tales. En primer lugar, los datos experimentales sobre oscilaciones de neutrinos
proporcionan la indicacion mas importante de fisica mas alla del Modelo Estandar,
ya que implican que estas particulas tienen masa. Pero hay también otras preguntas
importantes para las que el Modelo Estandar no tiene respuesta. Desde el punto
de vista de la fisica de particulas, el Modelo Estandar no es capaz de explicar el
origen de la estructura observada de masas y mezclas fermionicas, o la unificacion
de las distintas interacciones en una tnica teoria dinamica. Desde el punto de vista
cosmologico, el Modelo Estandar y el modelo cosmolédgico actual no son capaces de
explicar la asimetria materia-antimateria presente en el Universo. Ademds existe
evidencia experimental de que la materia ordinaria que vemos representa soélo el
4% de toda la materia-energia presente en el Universo. Alrededor del 23% de la
materia presente en el Universo no es visible, “materia oscura”, y su naturaleza es
desconocida. Y aun peor, la componente mas abundante del Universo (representa
alrededor del 73%) es la “energia oscura”, que creemos que es la responsable de la
expansion acelerada del Universo, pero cuyo origen es completamente desconocido.
Para intentar responder a algunas de estas preguntas se han propuesto numerosos
modelos llamados “extensiones” del Modelo Estandar.

El descubrimiento de las oscilaciones de neutrinos ha sido uno de los resultados
experimentales més importantes de los ultimos anos en el ambito de la Fisica de
Particulas, y pueden explicarse cuando se introduce una masa para los neutrinos. Si



8 Introduccién

los neutrinos tienen masa, los autoestados de masa son, en general, combinaciones
lineales de los autoestados de la interaccion débil, también llamados autoestados
de sabor. Como consecuencia de esta mezcla, los neutrinos pueden ser detectados
con un sabor diferente de aquel con que fueron producidos, fenémeno que se conoce
como oscilacién de neutrinos. Actualmente se observan oscilaciones de neutrinos
al medir los flujos de neutrinos atmosféricos y solares, y estas oscilaciones se han
confirmado en experimentos totalmente terrestres, Kamland y K2K, en los que el
haz inicial de neutrinos se conoce con gran precision.

Uno de los mecanismos mas sencillos para dar masa a los neutrinos, el llamado
“seesaw” tipo I, consiste en anadir al Modelo Estandar tres leptones neutros pesados
(uno por cada familia), que se mezclan con los neutrinos ligeros. Tras la ruptura
espontanea de simetria electrodébil, aparece un término de masa para los neutrinos
ligeros. Dada la escala de masas que se deduce de los experimentos de neutrinos
que hemos mencionado, los leptones neutros adicionales pueden tener una masa
del orden de la llamada escala de Gran Unificacién, 10'® GeV. Este resultado es
extraordinariamente interesante, porque parece indicar que existe una relacion entre
la masa de los neutrinos y otros dos problemas no resueltos del Modelo Estandar: la
unificacién de las distintas interacciones y la generacién de la Asimetria Barionica
del Universo.

Desde el punto de vista tedrico, es posible extender el grupo de simetria “gauge”
del Modelo Estandar, SU(3) x SU(2) x U (1), a un tinico grupo gauge que lo contiene,
por ejemplo SU(5) o SO(10). Esta extensién posee un profundo significado: cada
subgrupo del Modelo Estandar representa una de las interacciones fundamentales,
de forma que seria posible unificar todas las interacciones en una unica fuerza. La
escala de energias a la que se produce esta unificacién se denomina escala de Gran
Unificacién, y es del orden de 10 GeV. Es més, algunos de los grupos de Gran
Unificacién, por ejemplo SO(10), contienen de forma natural los leptones neutros
pesados que generan masas para los neutrinos en el marco del mecanismo seesaw.
Esto ha motivado muchos trabajos que intentan describir de forma unificada las
masas y mezclas de quarks y leptones, incluyendo, por supuesto, los neutrinos.

La existencia de dos escalas de energia tan diferentes, es decir la escala elec-
trodébil del orden de 100 GeV y la escala de Gran Unificacion, da lugar al llamado
problema de las jerarquias, ya que el Modelo Estandar se vuelve inestable bajo
correcciones radiativas. Existen varias soluciones a este problema, pero una de las
mejor motivadas consiste en extender las simetrias del espacio-tiempo introduciendo
la llamada Supersimetria, que relaciona particulas con espin diferente (fermiones y
bosones). Es remarcable que, con el contenido de particulas del Modelo Esténdar
Supersimétrico Minimo, los tres acoplamientos gauge de las interacciones fundamen-
tales convergen a un unico valor a la escala de Gran Unificacién. Esto se considera
un éxito de la Supersimetria, ya que en el Modelo Estandar no se produce esta
unificacion. Como consecuencia, muchos de los modelos de masas de neutrinos y de
Gran Unificacién son también supersimétricos.

Los resultados de la nucleosintesis primordial y las recientes medidas del fondo
cHésmico de microondas implican que el cociente entre la densidad de bariones y
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la de fotones en el Universo debe ser (6.1 £ 0.3) x 1071%. La produccién de esta
asimetria bariénica a partir de las interacciones entre las particulas elementales se
conoce con el nombre de Bariogénesis. Aunque el Modelo Estandar posee todos los
ingredientes necesarios para producir la asimetria bariénica durante la transicion de
fase electrodébil, predice un valor varios 6rdenes de magnitud mas pequeno que el
medido experimentalmente. Por tanto si queremos explicar la Asimetria Bariénica
del Universo hay que considerar extensiones del Modelo Estandar. En particular, se
ha demostrado que es posible generar esta asimetria barionica como consecuencia de
la desintegracion fuera del equilibrio térmico de leptones neutros pesados, mecanismo
conocido como Leptogénesis. Este tema es de gran interés actualmente, ya que como
hemos dicho, suponiendo la existencia de dichos leptones se puede explicar la masa
de los neutrinos. Asi, se estan realizando numerosos estudios para determinar en
cuales de los modelos de masas de neutrinos propuestos es también posible generar
la asimetria barionica.

Ademas del mecanismo seesaw tipo I existen otras alternativas para generar la
masa de los neutrinos. Son de particular interés aquellos modelos en los que la escala
de “nueva fisica” es mas baja que en el seesaw estandar, del orden del TeV, pues
en tal caso podria haber nuevos fenémenos observables en los laboratorios. Esto
supone una grandisima ventaja ya que estos modelos pueden ser probados por los
experimentos presentes o futuros. Asi, con el acelerador de protones LHC casi en
marcha, es el momento preciso para estudiar este tipo de modelos alternativos al
mecanismo seesaw tipo I.

La tesis que aqui se presenta lleva por titulo “Fenomenologia de neutrinos e impli-
caciones cosmologicas” y pretende ser un analisis de varios aspectos fenomenologicos
de la fisica de neutrinos y sus posibles consecuencias desde el punto de vista cos-
molégico. En particular hemos estudiado los modelos seesaw tipo I y 11, y el modelo
seesaw inverso.

Es bien conocido que uno de los ingredientes necesarios para que pueda generarse
la asimetria baridnica es que exista violacién de CP. Por tanto, si asumimos que la
asimetria bariénica fue generada via el mecanismo de la Leptogénesis, es necesario
que exista violacién de CP en el sector lepténico. En [1] demostramos que en el
contexto del modelo seesaw tipo I, en general, no existe una relacion directa entre la
violacion de CP accesible a bajas energias, y por tanto medible en los laboratorios,
y la violacion de CP responsable de la Leptogénesis con efectos de sabor.

Posteriormente extendimos este estudio a un escenario supersimétrico. El Modelo
Estandar Supersimétrico Minimo con neutrinos pesados predice la existencia de
procesos que violan sabor lepténico y que pueden ser medidos experimentalmente. A
saber, la desintegracién radiativa de muones y taus. En nuestro trabajo [2] asumimos
que los futuros experimentos mediran este tipo de procesos (esto restringe el espacio
de pardmetros de alta energia de los que no sabemos nada), y demostramos que
incluso en este escenario optimista no hay correlacion entre la violacién de CP a
baja energia y Leptogénesis.

También hemos estudiado el modelo seesaw inverso. El interés de este modelo
es que los neutrinos pesados son mas ligeros que en el caso del seesaw tipo I y los
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procesos que violan sabor lepténico no estan suprimidos por las masas de los neutri-
nos, en consecuencia podria haber efectos observables en los aceleradores. Nosotras
[3] estudiamos la Leptogénesis Soft en el contexto del modelo seesaw inverso. La
Leptogénesis Soft es un nuevo mecanismo para generar la asimetria barionica que
fue propuesto para el caso del seesaw tipo I supersimétrico, y en el que se estu-
dian los efectos térmicos de los términos que rompen supersimetria, y que permiten
generar una asimetria leptonica a través de la desintegracion fuera de equilibrio de
los sneutrinos, companeros supersimétricos de los neutrinos.

Por ultimo en esta tesis se ha estudiado el modelo del triplete escalar de Gelmini
y Roncadelli, también llamado seesaw tipo II, como origen de la masa de los neu-
trinos. Las componentes de este triplete pueden ser lo suficientemente ligeras como
para ser producidas en LHC, y entonces su componente doblemente cargada podria
desintegrarse a un par de leptones con la misma carga. El término del lagrangiano
que permite esta desintegracién es el mismo que es responsable de las masas de
los neutrinos. Por esta razén, ver este tipo de eventos en LHC, supondria hacer
una medida directa de la matriz de masa de los neutrinos. En nuestro trabajo [4]
hemos estudiado qué informacion puede extraerse a cerca de las propiedades de los
neutrinos si en LHC se producen estos procesos.



Introduction

The current Standard Model of Particle Physics describes most of the experimen-
tal observations. The matter content of the Standard Model are quarks and lep-
tons, which appear replicated in three families basically identical except for their
masses. Only quarks can have strong interactions, described by Quantum Cromo-
dynamics (QCD); while both, quarks and leptons, present weak and electromagnetic
interactions. Electroweak interactions are described by the gauge theory based on
SU(2) x U(1) group, whereas QCD is based on SU(3). Leptons can be charged,
as the electrons, muons and taus, or neutral, as the neutrinos which only interact
weakly. Neutrinos are massless within the Standard Model because a mass term for
them is incompatible with the symmetries of the theory.

Despite its undoubted phenomenological success, the Standard Model can not be
regarded as the ultimate and complete description of the fundamental interactions.
First, the experimental data on neutrino oscillations provide the most important
indication of physics beyond the Standard Model, since they imply that these parti-
cles have mass. But there are also other important questions for which the Standard
Model has no answer. First, from the point of view of particle physics, the Standard
Model can not explain the origin of the observed structure of fermion masses and
their mixing, or the unification of the different interactions in a single dynamical
theory. From the cosmological point of view, the Standard Model and the Cosmo-
logical Standard Model do not provide an explanation for the matter-antimatter
asymmetry present in the Universe. Moreover we have experimental evidence that
the ordinary matter that we see represents only 4% of all the matter-energy present
in the Universe. About 23% of the matter is not visible, “dark matter”, and its
nature is unknown. And even worse, the most abundant component of the Universe
(it represents about 73%) is “dark energy”, which is supposed to drive the acceler-
ated expansion, but its origin is completely unknown. In order to answer some of
these questions many models called “ extensions” of the Standard Model have been
proposed.

The discovery of neutrino oscillations is one of the most important experimental
results from recent past years in the field of Particle Physics, and can be explained if
we introduce a mass for neutrinos. If neutrinos are massive, the mass eigenstates are,
in general, linear combinations of the weak interaction eigenstates, usually called
flavor eigenstates. As a result of this mixture, neutrinos can be detected with a
different flavor from that with which they were produced, a phenomenon known as
neutrino oscillation. Currently neutrino oscillations are observed by measuring the
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atmospheric and solar neutrino fluxes, and also in terrestrial experiments, Kamland
and K2K, where the initial neutrino beam is known with high accuracy.

One of the simplest ways to generate neutrino masses is the type I seesaw mech-
anism, where three heavy neutral leptons (one per family) which mix with light
neutrinos are added to the Standard Model matter content. After spontaneous elec-
troweak symmetry breaking, a mass term for light neutrinos appears. Given the
scale of masses inferred from the neutrino experiments that we have mentioned, the
additional neutral leptons can have a mass of the order of the Grand Unification
scale, 101 GeV. This result is extremely interesting because it suggests that there is
a connexion between neutrino masses and two other open problems in the Standard
Model: the unification of the different interactions and the generation of the Baryon
Asymmetry of the Universe.

From a theoretical point of view, it is possible to extend the gauge symmetry
group of the Standard Model, SU(3) x SU(2) x U(1), to a single gauge group that
contains it, for instance SU(5) or SO(10). This extension has a deep meaning: each
subgroup of the Standard Model represents one of the fundamental interactions, so
it would be possible to unify all of them in one single strength. The scale of energies
at which this Unification takes place is called Grand Unification scale, and it is of
the order of 10'® GeV. Moreover, some of the Grand Unification groups, for instance
SO(10), naturally contain the heavy neutral leptons which generate neutrino masses
within the framework of the seesaw mechanism. This has motivated many papers
trying to describe in a unified way the masses and mixings of quarks and leptons,
including, of course, neutrinos.

The existence of two such different energy scales, namely the electroweak scale
of the order of 100 GeV and the Grand Unification scale, originates the so called
hierarchy problem, as the Standard Model becomes unstable under radiative correc-
tions. There are several solutions to this problem, but one of the best motivated is
Supersymmetry, which relates particles with different spin (fermions and bosons).
It is remarkable that, given the particle content of the Minimal Supersymmetric
Standard Model, the gauge couplings of the three fundamental interactions con-
verge into a single value at the Grand Unification scale. This is considered a success
of Supersymmetry, since this unification does not occur in the Standard Model.
Consequently, most models of neutrino masses and Grand Unified Theories are also
supersymmetric.

Primordial nucleosynthesis and the recent measurement of the cosmic microwave
background imply that the baryon to photon density ratio in the Universe is (6.1 +
0.3) x 1079 The dynamical production mechanism of this baryon asymmetry is
known as Baryogenesis. Although the Standard Model contains all the necessary in-
gredients to produce the baryon asymmetry during the electroweak phase transition,
it predicts a value which is several orders of magnitude smaller than the measured
one. So if we want to explain the Baryon Asymmetry of the Universe, some extension
of the Standard Model must be considered. In particular, it has been shown that it
is possible to generate this baryon asymmetry as a result of the out-of-equilibrium
decay of heavy neutral leptons, a mechanism known as Leptogenesis. This issue is



Introduction 13

of great interest today, because as we said, assuming the existence of such leptons
one can explain neutrino masses. Thus, many studies are being conducted to deter-
mine in which models for neutrino masses it is also possible to generate the baryon
asymmetry.

In addition to the type I seesaw mechanism there are other alternative models
to generate neutrino masses. Of particular interest are those where the scale of new
physics is lower than in the standard seesaw, at the TeV scale, because in such a case
there could be new phenomena observable at experiments. This is a great advantage
because these models could be tested at experiments. With the proton accelerator
LHC almost taking data, this may be the right time to study this kind of models.

The thesis presented here is titled “ Neutrino phenomenology and cosmological
implications” and it is meant to be an analysis of several phenomenological aspects of
neutrino physics and their possible consequences from a cosmological point of view.
In particular we have studied the seesaw type I and II, and the inverse seesaw.

It is well known that one of the necessary ingredients to generate the baryon
asymmetry is CP violation. Therefore, if we assume that the baryon asymmetry
was generated via Leptogenesis, there must be CP violation in the lepton sector. In
[1] we show that in the framework of the type I seesaw model, in general, there is no
direct link between the CP violation accessible at low energies, and thus measurable
in neutrino experiments, and the CP violation involved in flavored Leptogenesis.

Subsequently we extended this study to a supersymmetric scenario. The Minimal
Supersymmetric Standard Model with heavy neutral leptons predicts the existence
of processes that violate flavor and that could be measured experimentally. Namely,
the radiative decay of muons and taus. In our work [2] we assume that upcoming
experiments will measure this type of processes (this restricts the high-energy pa-
rameter space from which we do not know anything), and showed that even in this
optimistic scenario there is no correlation between the low energy CP violation and
Leptogenesis.

We have also considered the inverse seesaw model. The interest of this model
is that the heavy neutrinos can be much lighter than in the type I seesaw and
lepton flavor violating processes are not suppressed by neutrino masses, therefore
there could be observable effects at accelerators. We studied [3] the mechanism of
Soft Leptogenesis in the context of the inverse seesaw model. Soft Leptogenesis
is a new mechanism to generate the baryon asymmetry. It was introduced within
the supersymmetric type I seesaw model and it considers the thermal effects of
the terms that break supersymmetry, since they allow to generate an asymmetry in
leptons through the out-of-equilibrium decay of sneutrinos, supersymmetric partners
of neutrinos.

Finally in this thesis we have considered the Higgs triplet model, also called type
IT seesaw, proposed by Gelmini and Roncadelli, as the source of neutrino masses.
The scalar components of this triplet can be sufficiently light to be produced at
LHC, and then the doubly charged component could decay into a pair of same-sign
leptons. The term in the Lagrangian that generates this decay is the same than the
one which is responsible for neutrino masses. For this reason, seeing these kind of
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events at LHC would be a direct test of the neutrino mass matrix. In our work [4]
we studied what can be learnt about neutrinos if LHC discovers such a triplet.



Chapter 1

Neutrino masses

1.1 General properties of neutrino masses

In 1930 Pauli proposed the existence of neutrinos to explain the apparent energy
and spin non-conservation in nuclear § decay. 25 years later Reines and Cowan
discovered them, they measured the escaping neutrinos from a nuclear reactor in
Savannah River.

The experimental challenge of measuring neutrinos continued during the next
years. The Sun is a natural fusion nuclear reactor where a huge amount of neutrinos
are produced. In the late 60s the Homestake experiment, run by Davis, was the first
one built in the attempt of measuring the electron neutrinos coming from the Sun.
A systematic discrepancy between the expected neutrino flux and the observed one
was established. The hypothesis of massive neutrinos which can mix and oscillate
appeared, among others, as a possible explanation to the solar neutrino problem.

A similar problem in the atmospheric neutrino flux was observed. In 1998 Su-
perKamiokande reported evidence of neutrino oscillations in the atmospheric neu-
trino flux. The experiments SNO and KamLAND also confirmed neutrino oscilla-
tions in the solar neutrino flux.

Today we have a strong experimental evidence that neutrinos are massive, as
the rest of fermions of the SM. And we also know that their mass basis is different
from the flavor one, as in the case of quarks. The scheme of massive neutrinos which
mix and oscillate is the only solution capable of explaining the huge amount of solar
5,6, 7,8,9, 10], atmospheric [11], reactor [12] and accelerator [13, 14] neutrino data
collected during the last ten years.

However, when the Standard Model (SM) was being built, during 60s, there was
no evidence for neutrino masses. So they were assumed to be massless. Neutrino
masses is the first signal of physics beyond the SM. Therefore, from the theoreti-
cal point of view, an extension of the SM is needed to explain the neutrino mass
generation.

Moreover, we know that massive neutrinos play important roles in some astro-
physical and cosmological fields. For instance, neutrinos need to be taken into ac-
count in Nucleosynthesis calculations, they can also affect structure formation, and
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they are crucial in type II supernova explosions since they carry 99% of the released
energy. They could also be the clue for the generation of the Baryon Asymmetry of
the Universe, as we discuss in the next chapter.

Neutrinos are neutral fermions with spin 1/2. The fact that neutrinos have no
electric charge allows us to write down two types of mass terms for them: Dirac
and Majorana mass terms. A Dirac mass has the form ma) and it connects fields
with opposite chirality. On the other hand the Majorana mass term, having the
form miTC~11), connects fields of the same chirality. The consequence of having
Majorana neutrinos is that neutrinos would be their own antiparticle. Therefore
lepton number can not be a symmetry of leptons if neutrinos are of the Majorana
type.

From the kinematical point of view Majorana neutrinos can not be distinguished
from Dirac neutrinos, because both mass terms lead to the same energy-momentum
relations. But dynamically, new physical phenomena for Majorana neutrinos are
expected. For instance neutrino-less double beta decay.

In the next section we will review the current neutrino oscillation parameters
and in the rest of this chapter we will present some of the mechanisms available in
literature to generate neutrino masses.

1.1.1 Neutrino oscillation parameters

The flavor neutrino states v,, o = e, u, 7 involved in electroweak interactions are
linear combinations of three mass eigenstates v;, i« = 1,2,3. The simplest unitary
transformation between the flavor and mass eigenstates is given by the PMNS mixing
matrix U:

7a) = D Ul (1)

where U is a unitary complex matrix containing 3 real mixing angles and 3 phases.
The standard parametrization for this matrix is:

2

U= Vdiag(ei%, ei%,ei%) with
i6

C12€13 812€13 S13€ (1.2)
_ 6 is
V= —C23512 — 513523C12€ C23C12 — 513523512€ 523C13
) )
593512 — S13C23C12€" —593C12 — S13C23512€" C23C13

where s;; = sin0;;, ¢;; = cosb;j, d is the so-called Dirac CP violating phase, and o;
are the Majorana phases. Note that only relative phases c;; = a; — «; are physical,
and therefore there are only two independent Majorana phases.

The neutrino mass matrix in the flavor basis can be written in terms of the mass
eigenstates and the PMNS mixing matrix:

m,, = Udiag(my, my, ms)UT = UD,,U" . (1.3)

Oscillation neutrino experiments are only sensitive to neutrino mass squared
differences and mixing angles. Recent global fits determine the following solar and
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Figure 1.1: Possible neutrino mass hierarchy patterns. Am?, = Am3, is known to

be positive, while the sign of Am2,,, = |Am3,| is still unknown and will determine the

neutrino mass hierarchy. Positive Am2 is called normal hierarchy (left pattern), while
negative Am?2,,, is known as inverted hierarchy (right pattern). The colors show the
amount of a given flavor states in each mass state, according to current fits for the mixing

angles.

atmospheric parameters [15]:

sin? 01 = 0.30 £0.02, Amj, = (7.654+0.23) x 107°eV?,

1.4
sin? fo = 0.50 £ 0.07, |Am3,| = (2.40 £ 0.12) x 10 eV?, (1.4)

where we give 1o errors and Am;; = m? —m3. For the mixing angle 6,3 there is
only an upper bound,

sin?fy3 < 0.05 at 30, (1.5)

whereas at present nothing is known about the phases 6, a;;. However future neu-
trino oscillation experiments could determine the Dirac phase. Furthermore, seeing
neutrino-less double beta decay would prove the Majorana nature of neutrinos and
could put some constraints on the Majorana phases.

The ordering of the 3 mass eigenstates in Eq. (1.3) is not known, and it will
be determined by the sign of AmZ,. If Am2, > 0, the lightest neutrino mass is
my and we say that the neutrino mass order is normal, normal hierarchy (NH). For
AmZ, < 0, the lightest neutrino mass is m3 and the hierarchy is inverted (IH), as
shown in Fig. (1.1). The most stringent bound on the absolute scale of the neutrino

mass comes from cosmology, which is sensitive to the sum of the three masses:
>o.m; < 0.5 eV at 95% CL [16].

1.2 The type I seesaw mechanism

The type I seesaw mechanism [17] provides a simple way to generate small neutrino
masses, and has become the standard way to give mass to neutrinos. The idea is to
add three singlet right-handed neutrinos (1V;) to the matter content of the SM. The
new singlets can couple to the left-handed fermion doublets via the usual yukawa
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couplings (A). Since they are completely neutral, they can also have a Majorana
mass. At high energy scales, we can choose a basis where the right-handed Majorana
mass matrix (Djy,) and the charged lepton yukawa matrix (Y,,) are diagonal and
real:

_ _ o~ Dy —
L=-Y, 0, Hep, — Nail, HN; — %N,-Nf + ...+ h.c (1.6)

where the index « labels flavors, [, are the lepton doublets, eg are the charged lepton
singlets, H is the SM Higgs doublet, and H = irp H*, with 7 the Pauli matrix. In
this basis, the neutrino yukawa matrix is a general complex matrix. Three of the six
phases can be removed by redefinition of the lepton doublets, therefore A contains
nine real parameters and three phases. The total number of parameters in the lepton
sector is 21 [18].

The yukawa coupling generates a Dirac mass term after electroweak spontaneous
symmetry breaking, in the same way as happens for quarks and charged leptons.
The complete neutrino mass matrix in the basis (v, N;) can be written in blocks

as:
0 Ay,
my, = ( )\TUU M ) ) (17)

where v, = 175 GeV is the SM Higgs vacuum expectation value. The diagonalization
of this mass matrix leads to the neutrino mass eigenvalues and eigenstates. In the
limit M > v, one finds three light neutrinos mass eigenstates with masses of order
% and three heavy neutrino mass eigenstates with masses of order M. The
smallness of the light neutrino mass eigenstates finds an explanation in the hierarchy

M > v,.

We can do a simple estimation of the energetic scale of the right-handed neutri-
nos. If we take the neutrino yukawa couplings of the order of the top quark yukawa
coupling, Y ~ 1, and we use the cosmological bound on light neutrino masses [16]
(~ %), we obtain an upper bound for the right-handed neutrino mass M ~ 10
GeV. This estimation gives an idea of the energetic scale for new physics, and shows

the difficulty of proving the seesaw as the source of neutrino masses.

On the other hand, one virtue of the seesaw mechanism is that it provides a very
elegant solution for the baryon asymmetry problem of the Universe, through the
mechanism of Leptogenesis which we describe in the next chapter.

Finally, we stress that the main theoretical drawback of the model is that sin-
glet right-handed neutrinos give corrections ~ |M|? to the Higgs mass through loop
effects. This is known as the hierarchy problem. Supersymmetry can solve this prob-
lem because these dangerous contributions to the Higgs mass are exactly canceled
by the sneutrino ones. We describe the type I seesaw mechanism in the context of
the Minimal Supersymmetric Standard Model later in this chapter.
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1.2.1 Seesaw parametrization
Top-down parametrization

The parameters of the seesaw as described above, in terms of the diagonal ma-
trix Dj; and the neutrino yukawa matrix, is usually referred to as the “top-down
parametrization”. In this parametrization one uses as input parameters those acting
on the right-handed sector.

The neutrino yukawa matrix can be written in terms of a diagonal matrix with
real eigenvalues by doing the transformation:

A=VID\Vg, (1.8)

where V;, and Vi are complex unitary matrices. In a “top-down parametrization”
the set of input parameters are D)y, Dy, V;, and Vj.

Let us now show how to write the light neutrino masses in terms of the input
parameters. At low energies (< M), we can integrate out the heavy right-handed
neutrinos in the Lagrangian Eq. (1.6). Thus we obtain an effective lagrangian [19]:

_ 1 _ . -
£ =y, 0, Hep — §(AM6LQH)D;5(A§Z.£§BHT )+ h.c. (1.9)

lep

After electroweak symmetry breaking, the left-handed neutrinos acquire a Majorana

mass ~ —1v7 C~'m, vy, given by:

m, = ADy A2 (1.10)

This light neutrino mass matrix can be diagonalized by the unitary matrix U, the
PMNS mixing matrix whose parametrization we have already introduced in Eq.
(1.2):

m, = UD,,U". (1.11)

Therefore within the top-down parametrization the light neutrino mass matrix can
be obtained through Eq. (1.10).

Bottom-up parametrization

From a phenomenological point of view it is more interesting to use a parametrization
where the input parameters are at the electroweak scale, accessible to experiments.
This is the aim of a “bottom-up parametrization” [20, 21], where input parameters
are those acting on the left-handed sector, which are potentially more accessible.
Thus, input parameters are D,,, U, D, and V7.

It is straight-forward to show that the rest of parameters can be extracted from
these inputs. The singlet neutrino Majorana mass matrix is:

M~ =VyD,}'Vi = D'V, UD, UV D M2 | (1.12)

with matrix Vi diagonalizing the inverse right-handed neutrino mass matrix.
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Casas-Ibarra parametrization

Finally we introduce the “Casas-Ibarra parametrization” [22]. The aim of this
parametrization is to use as input parameters those accessible at neutrino exper-
iments, and encode all the unknown information in a complex matrix R. It uses as
input parameters D,,, U, D, and a general complex orthogonal matrix R. It can
be shown that the most general neutrino yukawa matrix can be written as:

Av, = UDY?RD}/? (1.13)

With the Casas-Ibarra parametrization one losses the information on the high-energy
theory. On the other hand, it turns out to be very useful to perform calculations.

1.2.2 Supersymmetric seesaw

Supersymmetry is desirable in a seesaw scenario because it solves the hierarchy prob-
lem present in the SM. The superpotential of the leptonic sector in a supersymmetric
seesaw model with three right-handed neutrinos is:

M
Wiep = (LLHa)Ye B + (L HAN® + N°—- N, (1.14)

In this expression, A, Y, and M are 3 x 3 matrices, and flavor indices are suppressed.
The H,, Hy are the supermultiplets containing the two scalar Higgs doublets, Ly,
are those containing the left-handed lepton fields, while £ contain the right-handed
charged leptons and N the right-handed singlets. Without loss of generality one can
work in the basis where Y, and M are diagonal, so that the superpotential gives the
same Lagrangian for leptons as the one written in Eq. (1.6).

Since supersymmetry is broken, to this Lagrangian we must add the soft SUSY
breaking terms :

P BD,, ~ - ~ ~ -
_ESSB = ’ﬁlo Z fo + {TMNZCNZC + ao(yeaﬁLQHdéﬁza + )\aigLaHuNic) + hc}
f

(1.15)
where f collectively represents sfermions. This soft part is written at some high scale
My where, in MSUGRA, the soft masses are universal and the trilinear couplings
are proportional to the corresponding Yukawas. MSUGRA is then characterized by
four parameters: the scalar (mg) and gaugino (m;/,) masses, shared by all of them
at the GUT scale; the trilinear coupling involving scalars, ag, at the GUT scale; and
finally the Higgs vev ratio, tan § = v, /v,.

The generation of light neutrino masses via the type I seesaw mechanism in the
Minimal Supersymmetric version of the SM (MSSM), works exactly in the same way
as in the SM. So neutrino masses can be written as in Eq. (1.10), with v, = (H,).

Let us note that, in the supersymmetric type I seesaw, neutrino yukawa couplings
induce, through Renormalization Group Equations (RGE) running from high to low
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energies, lepton flavor and CP violating contributions to the slepton masses. At
leading order this correction is [23, 24, 25, 26]:

3mg + af
1672

M?

A 1.16
M?{ (e ( )

Ay, = — Aoi log

At one loop, the off-diagonal slepton mass terms can lead to lepton flavor violating
(LFV) processes at observable rates. This is very interesting because the slepton
mass matrix becomes a low energy footprint of the seesaw mechanism. Of course,
it is possible that there are additional contributions to the slepton matrix different
from the neutrino ones. This could happen if, for instance, the soft terms were not
universal as we are assuming. Therefore, measuring a non-diagonal slepton matrix
would not be a proof of the seesaw, but it would put some bounds on neutrino
yukawas [20].

In chapter 4 we use this nice feature to study if any correlation between the

CP violating phases relevant in Leptogenesis and low energy Supersymmetry can be
established.

1.3 Alternative models for neutrino masses

The seesaw mechanism is the standard mechanism to generate neutrino masses.
However, generically, the large mass of the right-handed neutrinos makes extremely
difficult to test it. Even if we use the bottom-up parametrization described above,
and we assume the most promising supersymmetric scenario where the full slepton
mass matrix can be measured [20], it would be impossible to reconstruct the full
neutrino yukawa matrix and the right-handed neutrino masses. Imposing approx-
imate symmetries, for instance lepton number, would allow to lower the energetic
scale with observable effects of the type I seesaw [27].

Given this unpromising scenario seems reasonable to consider alternative neu-
trino mass models where the energetic scale of new physics is lower, so that they are
potentially testable. In this section we present some of these alternative mechanisms
for neutrino masses.

First we will present a modification of the standard seesaw, the inverse seesaw
model, which allows for much lighter right-handed neutrinos. We will also describe
the called type II and type III seesaw mechanisms. We will refer to models with
explicit lepton flavor violation where neutrino masses are generated via radiative
corrections. Finally we will comment on the possibility that the origin of neutrino
mass is low scale supersymmetry.

1.3.1 Inverse seesaw

This model [28] is a modification of the seesaw where the lepton content is not
minimal. The model incorporates two singlet fermions N; and S; per generation
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which couple to the lepton sector:
,C == —AaizLaﬁNi - Mljgle - ,uljngjc . (117)

We assign lepton number L = 1 to the singlets .S; and NN;. Therefore the mass term
~ 1 violates lepton number. In the original formulation of the model, the singlets
S; were superstring inspired E(6) singlets, in contrast to the right-handed neutrinos
N;, which are in the spinorial representation. More recently this mechanism has also
arisen in the context of left-right symmetry [29] and SO(10) unified models [30].

After electroweak symmetry breaking the 9 x 9 mass matrix of the neutral lepton
sector in (v, N, S) basis is given by:

0 mp 0
M=|mE o MT |, (1.18)
0 M pu

where mp = Av,, M are arbitrary 3 x 3 complex matrices in flavor space and pu is
complex symmetric. In models where lepton number is spontaneously broken by a
vacuum expectation value (o), p = (o) [31]. The matrix M can be diagonalized by
a unitary transformation, leading to nine mass eigenstates n,: three of them corre-
spond to the observed light neutrinos, while the other three pairs of two component
leptons combine to form three quasi-Dirac leptons.

In this “inverse seesaw” scheme, assuming mp, u << M the effective Majorana
mass matrix for the light neutrinos is approximately given by:

m, = m:f)MT_luM_lmD , (1.19)

while the three pairs of heavy neutrinos have masses of order M, and the admixture
among singlet and doublet SU(2) states is suppressed by mp/M. Although M is a
large mass scale suppressing the light neutrino masses, in contrast to the Majorana
mass (AL = 2) of the right-handed neutrinos in the standard seesaw mechanism,
it is a Dirac mass (AL = 0), and it can be much smaller, since the suppression in
Eq. (1.19) is quadratic and moreover light neutrino masses are further suppressed
by the small parameter ;1 which characterizes the lepton number violation scale.

Notice that in the g — 0 limit lepton number conservation is restored. Then, the
three light neutrinos are massless Weyl particles and the six heavy neutral leptons
combine exactly into three Dirac fermions.

In chapter 5 we consider the supersymmetric version of this model and we study
the mechanism of Soft Leptogenesis.

1.3.2 The Higgs Triplet Model: type Il seesaw

This model was first proposed by Gelmini and Roncadelli [32]. A SU(2), Higgs
triplet with hypercharge Y = 2 is added to the SM, then the following normalizable
term can appear in the Yukawa sector of the Lagrangian:

La==Dagl] CTHimAlL, + hec., (1.20)
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where the indices o, § = e, u, 7 label flavors, [ are the lepton doublets, C' is the
charge conjugation matrix, 75 is the Pauli matrix, A denotes the scalar triplet, and
Aag 1s a symmetric complex Yukawa matrix. The components of the triplet are given

by:
B A+/\/§ ATt
A—( AD —A+/\/§)' (1.21)

We assign lepton number L = —2 to the triplet, so that the coupling in Lagrangian
Eq. (1.20) conserves lepton number. To this lagrangian one also adds a scalar
potential which contains all the allowed terms involving the Higgs triplet and the
SM Higgs doublet. In the original version of the model, lepton number was spon-
taneously broken, leading to a Majoron and a light neutral scalar such that the Z
gauge boson would decay into these two scalars. Since there is no room for such
a decay according to LEP measurements, we explicitly break lepton number by a
cubic term in the Higgs potential ~ uHAH.

If the neutral component of the triplet acquires a vacuum expectation value
(VEV) vy, (A% = vp/v/2 a Majorana mass term for neutrinos is generated at tree
level, proportional to vp:

1
—§I/ga6’_1m,,aﬁ vis + h.c. with My, = V2ur fop - (1.22)

Such a triplet arises naturally in many extensions of the Standard Model, for example
in left-right symmetric models [33], or in Little Higgs theories [34, 35]. Assuming
that all other mass parameters in the scalar potential are of the electroweak scale
vy, the minimization of the potential leads to the relation for the triplet VEV vy ~
i, see e.g. [36]. In order to obtain small neutrino masses this VEV and/or the
corresponding Yukawa couplings have to be very small.

If a very high energy scale M > v, is associated to the triplet, one obtains the
well-known seesaw (type-II) relation vy ~ v2 /M as explanation for the smallness of
neutrino masses [37, 38, 39].

We can also consider a different scenario where the triplet states have masses not
too far from the electroweak scale, such that the components of the triplet can be
produced at colliders [40, 41] or lead to sizable rates of LE'V processes [42]. The hi-
erarchy ;1 < v, may find an explanation for example through extra dimensions [43].

In chapter 6 we consider this model for neutrino masses and we study what can
be learnt from neutrinos if LHC discovers such a triplet.

1.3.3 The Fermion Triplet Model: type III seesaw

The type 111 seesaw model considers the addition of SU(2) fermionic triplets to the

SM:
(22 Bt
2_( o _AO/\/E)‘ (1.23)
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The fermion triplets have a gauge invariant mass term and couple to the lepton
sector via a Yukawa interaction:

1 — _ ~
L= —iTr[ZMzgc] — ZLYSZH + h.c. (124)

Without loss of generality, one can work in the basis where My, is diagonal and real.
After spontaneous electroweak symmetry breaking, the yukawa coupling generates
a Dirac mass term for neutral leptons, so that:

My
2

— U, Y —
L= S0y0e - ZEF0,, (1.25)
As in the type I seesaw, at least two fermion triplets are needed in order to have two
non-vanishing light neutrino masses. The effective Majorana light neutrino masses

can be obtained in a analogous way as in the type I seesaw model:
m, = Ye Mg 'Ye v? (1.26)

Within this model lepton flavor violating processes can occur at higher rates than
in the usual type I seesaw [44]. Combinations of both type II and type III seesaws
at energetic scales accesible to LHC have also been studied [45].

1.3.4 Radiative models

We refer here to the class of models where neutrino masses are generated at the loop
level. In this case, the smallness of neutrino masses is achieved by loop and yukawa
suppression.

One possibility is the Zee-Babu model [46]. In addition to the SM fields, the
model contains a singly (h") and a doubly (kT1) charged complex singlets with
hypercharges +1 and +2 respectively. They couple to the lepton sector via the
yukawa couplings:

L= —fupll Climolp,h* — gapep en, kT + hoc. (1.27)

where o and (8 are flavor indices, {1, are the lepton doublets, eg_ are the charged
lepton singlets, C is the charge conjugation matrix, and 7, is the Pauli matrix. f,g
is a complex antisymmetric yukawa matrix, and g,3 a complex symmetric yukawa
matrix. The scalar potential of the model contains all the gauge invariant couplings
involving the new scalars and the SM Higgs doublet, including the trilinear coupling
~ pth?k. Lepton number L = —2 is associated to both scalars, thus this trilinear
coupling breaks lepton number explicitly.

Neutrino masses are generated at two loops, via the couplings in the lagrangian
Eq. (1.27) and the trilinear coupling ~ p. The neutrino mass matrix is approxi-
mately given by [47]:

vall =
My = 5y Y I Jas, (1.28)
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where M is the mass scale of the scalars, Tisa loop factor which depends on the mass
of the scalars, and Y is the charged lepton yukawa matrix. It is important to note
that, in the limit 4 — 0, neutrino masses vanish and lepton number conservation is
recovered.

Since neutrino masses are suppressed by 5 yukawa couplings, these new scalars
can be relatively light. In fact they could be light enough to be produced at present
colliders. Moreover, these scalars can mediate LF'V processes such as y — ey or
i — eee, leading to sizable rates measurable at future experiments. This recent
analysis [47] shows the viability of the model and the possibility of confirming or
rejecting it at the running experiments LHC and MEG.

Another possibility is the Zee model [48], in which a complex scalar singlet and a
scalar doublet are added to the SM and neutrino masses are generated at one loop.

1.3.5 Supersymmetric models

Supersymmetric models with R-parity violation can lead to lepton number violation
and generate neutrino masses. R-parity is a multiplicative symmetry defined as:

Rp — (_1>R — (_1)3B+L+2S’ (1'29>

where B denotes baryon number, L lepton number and S the spin of the particle.
R-parity is conserved in the MSSM. However if one allows R-parity violating terms
in the superpotential, one obtains a source of lepton number violation. For instance
one could have a bilinear term that mixes neutrinos and neutralinos and violates
lepton number in one unit. Thus, a non-vanishing Majorana mass for neutrinos
can be obtained at tree level [49]. In general, radiative corrections may lead to
new mass terms. Usually one expects the tree level mass to be of the order of the
atmospheric mass splitting and loop corrections to generate the solar one. Therefore,
one naturally obtains a hierarchical neutrino mass spectrum.
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Chapter 2

Leptogenesis

2.1 Baryon asymmetry of the Universe

Our Universe is made of matter: protons, neutrons and electrons; the only evidence
of antimatter are the antiprotons observed in cosmic rays, but the measured rate is
consistent with secondary production of antiprotons in high energy collisions. There
is a matter-antimatter asymmetry, baryon asymmetry of the Universe (BAU), and it
is maximal. One can define the BAU as the difference between the number of baryons
and antibaryons in the Universe per unit volume: ng — ng. Since the Universe is
expanding, this quantity is not constant during the history of the Universe. So, it
turns out convenient to normalize this quantity to the photon number density or
the entropy density of the Universe. The current experimental values of these two
quantities are [50]:
= BB _(6.14+0.3) x 1071,
Ty
np

Yy = BB (87404) x 107! (2.1)
S

The numerical value of the BAU can be inferred from two different observations:
Big Bang Nucleosynthesis [51] data and Cosmic Microwave Background temperature
anisotropies, measured recently by WMAP [52]. The fact that these two completely
different measurements give compatible results is a success of modern cosmology. In
this theses we will use the WMAP measurement given above as reference value.

We do not think that the BAU was an initial condition of the Universe. Even
if it were, we expect that during inflation any preexisting asymmetry was diluted,
because of the accelerated expansion. This means that the BAU was dynamically
generated at some point during the early Universe. This generation of the BAU is
the mechanism known as Baryogenesis.

In 1964 [53], Sakharov showed that there are three necessary ingredients for
Baryogenesis:

e First, if we assume that there is no preexisting asymmetry, it is clear that we
need an interaction that violates baryon number.
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e Second, we need C and CP violation. Otherwise, processes involving an-
tibaryons would generate a baryon asymmetry exactly equal but opposite in
sign, to the one generated by those involving baryons.

e Finally, we need out of equilibrium conditions. The equilibrium distribution
of a particle depends only on its mass, and since the mass of a particle and
its antiparticle is the same, we need the above interactions to occur out of
equilibrium.

In the SM baryon (B) and lepton (L) number are violated at the quantum level,
due to the triangle anomaly, with the combination B-L being conserved [54]. This
leads to a kind of processes that violate baryon (and lepton) number, the so called
sphaleron processes [55]. At zero temperature sphaleron interactions are extremely
suppressed. But at higher temperatures, above the electroweak phase transition,
they are in equilibrium and can occur at an observable rate. It is also well known
that C and CP are symmetries violated in Nature. And out-of-equilibrium conditions
can take place during the electroweak phase transition. Therefore, the SM contains
all the necessary ingredients for Baryogenesis. However it turns out that the amount
of CP violation is too small, and the phase transition is not strongly first order in SM
to generate the right BAU. Therefore an extension of the SM is needed to explain
the matter-antimatter asymmetry of the Universe.

In [56], Fukujita and Yanagida proposed an alternative mechanism to produce
the BAU. Since sphaleron processes conserve the combination B-L, it is possible to
generate an asymmetry in baryon number from one in lepton number. This scenario
can take place in the context of the seesaw mechanism, where right-handed neutrinos,
whose interactions violate lepton number, are added to the matter content of SM.
The yukawa couplings of the right-handed neutrinos provide the necessary source of
CP violation, and the out-of-equilibrium condition can be satisfied if the yukawa in-
teraction rates are small compared to the expansion of the Universe. Then sphaleron
processes can partially convert the leptonic asymmetry into baryonic asymmetry.

The above mechanism is known as Leptogenesis and has attracted physicist s
attention during the last years because it connects two open questions in particle
physics and cosmology: neutrino masses and the generation of the BAU. A recent
and very useful review is [57].

2.2 Flavored Leptogenesis in the type I seesaw

In this section we try to outline the mechanism of thermal leptogenesis in the stan-
dard seesaw model.

The heavy right-handed neutrinos (N;) violate lepton number in their decay into
a lepton and a Higgs: N; — I, H, 1, H. This decay rate is governed by the neutrino
yukawa matrix, which in general is a complex matrix. Therefore CP violation is
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expected. The N; decay rate is:

AL M
Ip=) T,= % (2.2)

™

The leading order of the CP asymmetry in these decays is computed [58] by evalu-
ating the interference between the tree-level and one-loop diagrams contributing to
the process. Here we show the asymmetry produced in the decay of N; into leptons
of a given flavor:

F(Nl — gaH) — F(Nl — Zaﬁ)

3M;
Wlm {Naa[miNaa} (2.3)

€a =

By making use of Eq. (1.10) in the above expression, one can demonstrate that at
least two generations of right-handed neutrinos are needed to have a non-vanishing
CP asymmetry. The asymmetry comes from phases in the yukawa couplings, thus
in general it contains contributions from low energy phases (phases in the PMNS
mixing matrix) and unmeasurable high energy phases. A correlation between the
values of the low energy phases and successful leptogenesis can not be established
in general. This question is the main issue of chapters 3 and 4.

Most of leptogenesis studies assume hierarchical singlet neutrinos and focus on
the asymmetry generated by the lightest right-handed neutrino N;. The asymme-
tries generated by the heavier states N, 3 tend to be diluted by AL = 2 processes
mediated by N;. Scenarios where the asymmetry generated by N, is not destroyed
have been studied [59, 60, 61].

The general picture is as follows: at T' & M, the N; are thermally produced by
scattering processes, qrtg — H — [Ny and [,tg — H — g, N7, and inverse decays,
loH — Ni;. A lepton asymmetry is generated in the thermal plasma during N;
production. At T" ~ M; N, CP violating decays generate an asymmetry which is
opposite in sign to the former one. The existence of out-of-equilibrium wash-out pro-
cesses, namely inverse decays and AL = 2 scatterings, [, — Ny — [, H, prevent
an exact cancellation between the two contributions. Once the out-of-equilibrium
condition is achieved, the existing asymmetries in each flavor may survive.

Since the Universe is expanding, the out-of-equilibrium condition is fulfilled at
temperatures at which the neutrino yukawa interactions are slow compared to the
expansion rate of the Universe: 'y < H|p, where:

T2
H =1.66g/>— | (2.4)
mpp
g« = 106.75 for SM, it represents the number of degrees of freedom in the thermal
plasma, and mp; = 1.22 x 10! GeV is the Planck Mass. For T' < M;/100 all the
interactions are frozen and the existing asymmetry remains constant until sphalerons
partially convert it into a baryon asymmetry.
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The realization of the out-of-equilibrium dynamics depends on the region of
the parameter space under consideration. It is convenient to define the following
quantities, which represent respectively the singlet neutrino decay rate I'p and the
expansion rate of the Universe H at temperature T" = M, and are of the order of
the light neutrino mass scale:

SN - v; RARYE
m= za:maa = SWWFD = N, vy, (2.5)
. Aarl® 5
aoa — 2.6
il 2 (26)
2
v
my = 87T—uH|T:M1 (27)
M

The parameter K = m/m, = I'p/H(T = M;) can be used to define the type of
wash-out regime. We first discuss the strong wash-out regime, where K > 1. In this
case, at T' ~ M; neutrino interactions are already in equilibrium. This means that
at higher temperatures 7' > M; the singlet neutrinos N; were thermally produced,
and at 1" ~ M their distribution has reached the equilibrium abundance. Therefore
the existing lepton asymmetry at that time is null. Then the N; populating the hot
plasma start to decay generating a lepton asymmetry. Inverse decays wash-out the
produced asymmetry while they are fast enough. Once inverse decays are out-of-
equilibrium, at temperatures for which I';p(T) < H(T'), this cancellation stops and
an asymmetry survives.

In the weak wash-out regime: K < 1. In this case, at temperatures T ~ My,
the N7 have not reached their equilibrium density. Hence the asymmetry produced
during thermal production of N; does not vanish. As the temperature goes down,
N start to decay producing an asymmetry opposite in sign to the one produced
during thermalization. Thanks to the out-of-equilibrium inverse decays, an exact
cancellation is avoided.

It was a common thing in Leptogenesis calculations to work in the one-flavor ap-
proximation by summing over all three flavors. However it has been recently shown
(62, 63, 64] that flavors can play a role in Leptogenesis. If a flavor is distinguishable
in the thermal bath, then the corresponding lepton asymmetry follows an indepen-
dent evolution, because the asymmetry generated in a given flavor o can only be
washed-out by leptons of that flavor [,. This occurs when the charged lepton yukawa
Y, interaction rate T'y ~ 5 x 1073Y>T is in equilibrium, faster than the expansion
rate H and the Ny inverse decay rate.

At temperatures 7' > 10'2 GeV all flavors are out-of-equilibrium, and the single
flavor approximation is valid. In the temperature range 10° < T' < 10*? GeV 7s are
in equilibrium. Therefore the out-of-equilibrium N; decays generate an asymmetry
in flavor 7 and in flavor o, where [, defines the flavor combination orthogonal to
7 into which Ny decays: £, = (Ayft + Ae1€)/(\/|A\u1]? + [Ae1|?). The asymmetries
stored in these two flavors evolve independently.
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The inclusion of flavor in Leptogenesis affects the wash-out processes. For in-
stance, it might be possible that we are in a strong wash-out scenario for all flavors
except one, for which the yukawas are small. This situation can lead to an enhance-
ment of the surviving lepton asymmetry.

2.2.1 Boltzmann Equations

In order to track the lepton asymmetry in each flavor along the history of the
Universe, one should solve the set of Boltzmann equations that describe the out-of-
equilibrium dynamics for the kinetic distributions of all the particles involved [65].
The Boltzmann equation for a given species X is:

Ofx H %

S - Hp k= —5 Ol 23

where fx is the momentum distribution of the particle X, t is the time, p and F
are the momentum and energy of the particle, H is the Hubble parameter, and the
collision integral is given by:

Clx) = SN [fifm (L fO(L fi) o W (Imee e — Xj )=

Jlm

— fxfy AE LA f) WX — )]

where (1 + f) are the Bose enhancement and Pauli blocking factors,

It / dp; / d°py / &pr,
fm... (2m)32E; ") (2m)32E, ) (2m)32E,,
and W(Xj---—Im...) is the squared transition amplitude in which particle X is

involved, summed over initial and final spins.
The number density is:

I
ne =ax [ Ao, 29

where gx is the number of internal degrees of freedom. If we integrate Eq. (2.8) over
the momentum of the X particle, we obtain:

d .
%_‘_BHHX - ]Zl;bAl)f’"{ [flfm“‘(lifX)(lifj)...W(lm--._>Xj“‘)_
— fxfi A f)AEf) . W(Xj—Im.. )] (2.10)

In the case of Leptogenesis the key processes that need to be taken into account
are the decays, inverse decays and AL = 2 scatterings mediated by N;. Here we
show the so called integrated Boltzmann equations for the the right-handed neutrino
Yn, = ny, /s, and the asymmetries in different flavors Y, =Y, —Y; = (ny, —ng,)/s
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normalized to the entropy density s, under the following assumptions: thermal
equilibrium for the Higgs, and kinetic equilibrium for leptons. We also neglect Bose
enhancement and Pauli blocking factors, and only terms which are quadratic in the
neutrino yukawa couplings are considered, which is a good approximation as long
as all the neutrino yukawa couplings are small:

dYn, Ki(z)
—L = —Kz2(Yy, =Y/ 2.11
dZ Z( Ny Nl)KQ(Z) ’ ( )
dYe Ki(z) 22
2 = e Kz2(Yy, — Y/ — —K.K1(2)Y,, , 2.12
dz € Z( Ny Nl)KQ(Z) 4 1(2) Lo ( )

where the dimensionless parameter z is defined as z = M; /T, K;(z) are the modified
Bessel functions of the second kind of order i, and the decay parameter K = > K,,
K, =T,/H(T = M) is the parameter that describes the type of wash-out regime,
as we discussed in the previous section.

It is clear from the Boltzmann equations in Eq. (2.11) that the three Sakharov
conditions are satisfied. Lepton number is violated by N; interactions. If singlet
neutrinos were always in equilibrium, no asymmetry would be generated. And if the
CP asymmetry vanishes, so does the lepton asymmetry.

An analytical solution for Egs. (2.11) can be obtained [66, 64]. Using those
approximated solutions, the final baryon asymmetry can be parametrized as:

Y~ C YY) eata . (2.13)

«

where C is the fraction of lepton asymmetry converted into baryon asymmetry by
sphalerons [67]. The SM value is C' = 12/37. The equilibrium distribution for the
singlet neutrinos is given by:

nS¢ 135¢(3)
Vil = = 2.14
N s 4rtg, (2.14)

the CP asymmetry for the type I seesaw was given in Eq. (2.3), and 7, is the effi-
ciency factor which depends on the type of wash-out regime, and whose approximate
value can be written in terms of the parameters m, and Mmqq [57]:

No ™~ — strong (M > M., Maa > M)
maa
maa . . ~ ~
No ~ intermediate (M > My, Maa < M) (2.15)
iy
MeaaM - -
No ™~ aa2 weak (M < My, Mo < My)
m

Most studies of leptogenesis use the integrated Boltzmann equations Eq. (2.11)
to follow the evolution of the heavy particle number density and the lepton asymme-
try. This approach, as we have mentioned, assumes Maxwell-Boltzmann statistics,
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as well as kinetic equilibrium for all particles, including the heavy species. This
assumption is normally justified in freeze-out calculations, where elastic scattering
is assumed to be much faster than inelastic reactions. However in the present con-
text, kinetic equilibrium in the heavy species would have to be maintained by the
decays and inverse decays alone, and it is not obvious that the integrated Boltz-
mann equation is always a good approximation. In general, 1 <+ 2 processes are
inefficient for thermalization compared to 2 «» 2 processes, and in some parameter
ranges there can be large deviations from kinetic equilibrium. In [68], the impact
of this difference on the lepton asymmetry produced during Leptogenesis has been
studied, and it was found that in the strong washout regime the final asymmetry is
changed by 15 — 30% when the full Boltzmann equation is used.

2.2.2 Lower bound on M;

In [69] it was shown that a model independent upper bound on the CP asymmetry
in Eq. (2.3) exists, for a seesaw model with hierarchical right-handed neutrinos.

This analysis shows that the CP asymmetry and the lightest right-handed neu-
trino mass are not independent parameters. If one adds the requirement of successful
leptogenesis to the picture, a lower bound on the lightest right-handed neutrino mass
can be obtained. In the case of interest for us, thermal production of the singlet
neutrinos, this lower bound is M; 2 10° GeV. A thermal production of N; requires
a reheating temperature of the order of M;.

If supersymmetry is considered, this bound could be in trouble with the upper
bound on the reheating temperature that prevents the overproduction of gravitinos.
This is the so called gravitino problem, which we will comment in the next section.

2.2.3 Supersymmetric Leptogenesis

In this section we present the new features of the Leptogenesis mechanism in a
supersymmetric model. We concentrate in the MSSM with three hierarchical right-
handed neutrinos and sneutrinos.

Once supersymmetry is included into the picture, also the sneutrinos can con-
tribute to produce the lepton asymmetry, which will be later reprocessed by spha-
lerons into a baryon asymmetry:

Ny — I H, I,H, i,h, [ 4

]\71 — lNOCH

N — IIHT I,h
Neglecting soft supersymmetry breaking terms, the decay rates and the CP asym-
metries in these decays are equal for neutrinos and sneutrinos. The numerical value

of the CP asymmetry ¢, doubles the SM value, Eq. (2.3). Since the number of
decay channels doubles, the decay rate also doubles the SM value:

T
FD_ZF AA”Ml, (2.16)
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where Ty, verifies: 'y, = I'/ = I' = I'//2 = ') /2, with 'L the decay of Ny into
leptons or sleptons, and T/ the decay of Ny and ]\71T into fermions or scalars.

It is straight-forward to see how the integrated Boltzmann equations are mod-
ified in the supersymmetric case. The Boltzmann equations for the neutrino and
sneutrino distributions, and the total lepton number asymmetry are:

dYNl o eq Kl(z)
— = —Kz(Yy, — YNI)KQ(z) : (2.17)
d(Yy, + Y1) K\ (2) K4(2)
M TN K (Ve — YO k(v — Yoyl 2.1
7 Z( N Nl)KQ(Z) Z( Nir NI)KQ(Z) ) ( 8)
d(Ye, +Yz) e Ka(2) 2
TL = €q KZ(YNl - YN?)KQ(Z - ZK Kl(Z)(YLa + Y[‘,a) +
Z

.y
+ e K2(Yy, YNI)K2

28 - ZZK Ki(2)(Ye, +Yz,), (2.19)

— K Ki(2)(Ye, +Y5) +

+ o KoYy —Yi0)

where Y, =Yg, — Yz, and Y; =Y; —Y;i are the lepton number asymmetries
stored in leptons and sleptons, respectlvely, and K = You o, Ko =Ty /H(T = M)
with I',, defined in Eq. (2.16).

Since the form of the equation is the same as in the non supersymmetric case,
the approximate solution given in Eq. (2.13) stands:

Y C (Yo + Y, + Y1) D €alla (2.20)

«

in the MSSM C=10/31, the neutrino equilibrium distribution was given in Eq. (2.14)
and the sneutrino one is 4/3 Yy,. The efficiency factors have the same functional
form as in the SM, Eq. (2.15), with M., and m, defined as:

m=> i, _ZM“” v? (2.21)

«

ArvH (T = M)
My = ,
M?

where H = 1.66gi/2T2/mpl , and the number of degrees of freedom in MSSM is
g« = 228.75. Note that the value of m, in the MSSM is about a factor /2 smaller
than the SM value. The final numerical value for the generated baryon asymmetry
is approximately a factor v/2 larger than the SM one, in the limit of strong wash-out
for all flavors.

Concerning flavor effects, some comments are in order. Since in the MSSM
charged lepton yukawas are larger than in SM: Y, = m,/(cosf x 174GeV), they
come into equilibrium earlier. At very high temperatures 7' > tan? 3 10'2 GeV !,

(2.22)

"'We approximate tan 3 ~ 1/ cos 3 because sin 3 ~ 1 and tan 3 is a more familiar parameter.
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the charged lepton yukawa interactions are out of equilibrium (I';, < H) and there
are no flavor effects, so leptogenesis can be studied in one-flavor case. However,
as the temperature drops, the 7 interactions come into equilibrium. In the range
tan? 3 10° < T < tan? 10'? GeV, we have an intermediate two-flavor regime,
so that the lepton asymmetry produced in the 7 evolves separately from the lepton
asymmetry created in the linear combination: /, = (Aufet A1)/ (VA ual? + [ A |?).
For T' < tan? 8 10° GeV, also the 1 Yukawa interactions come into chemical equi-
librium and all the three flavors become distinguishable.

Finally, let us say a few words about the gravitino problem [70]. In the early
Universe gravitinos can be copiously produced and their late decay can jeopardize
successful nucleosynthesis. In order to avoid the overproduction of gravitinos, an
upper bound on the reheat temperature Try exists. Since Leptogenesis takes place
at temperatures T ~ M, this bound can be translated into an upper bound on
the singlet neutrino mass, M; < 5 Try. It can exist some tension between this
upper bound on M; and the upper bound coming from the requirement of successful
Leptogenesis, M; > 10° GeV.

There are various ways to obtain Try ~ 10° — 101° GeV. If the gravitino is
unstable, the nucleosynthesis bound leads to very stringent upper bounds on the
reheating temperature after inflation [71]: Try < 10* — 10° GeV for mgz, < 10
TeV, or Try < 107 — 10" GeV for mgz;, > 10 TeV. A sufficiently high reheat
temperature is obtained for very heavy gravitinos because they decay before BBN.
Alternatively, if the gravitino is the stable LSP, a correct dark matter relic density
can be obtained for Try ~ 10° — 10'° GeV. In this scenario, one must ensure that
the decay of the NLSP does not perturb BBN. This can be obtained, for instance
by choosing the NLSP with care [72] or by having it decay before BBN via R-parity
violating interactions [73].

2.3 Soft Leptogenesis

It is well known that Supersymmetry must be broken if it exists. It has been
shown recently [74, 75, 76] that Leptogenesis can be successful if we consider the
soft supersymmetry breaking parameters as the source of lepton number and CP
violation.

Soft supersymmetry breaking terms involving the singlet sneutrinos remove the
mass degeneracy between the two real sneutrino states of a single neutrino genera-
tion, and provide new sources of lepton number and CP violation. As a consequence,
the mixing between the two sneutrino states generates a CP asymmetry in the de-
cay, which can be sizable for a certain range of parameters. The lower bound on M;
does not apply in this new mechanism for leptogenesis, and in fact it has been shown
that the asymmetry is large enough for a right-handed neutrino mass scale relatively
low, in the range 10° — 10® GeV. This value for the right-handed neutrino mass is
well below the reheat temperature limits, what solves the cosmological gravitino
problem.
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Moreover, contrary to the traditional leptogenesis scenario, where at least two
generations of right-handed neutrinos are required to generate a CP asymmetry in
neutrino/sneutrino decays, in this new mechanism for leptogenesis the CP asymme-
try in sneutrino decays is present even if a single generation is considered.

In chapter 5 we analyze this mechanism in the context of the inverse seesaw
model.



Chapter 3

Insensitivity of Leptogenesis with
Flavor effects to Low Energy
Leptonic CP Violation

3.1 Introduction

CP violation is required to produce the puzzling excess of matter over anti-matter
observed in the Universe [53]. If this Baryon Asymmetry of the Universe (BAU) was
made via leptogenesis [56, 77, 66], then CP violation in the lepton sector is needed.
The required CP violation is encoded in the CP violating phases of the lepton sector.
Three of them are the well known Dirac and Majorana phases of the PMNS mixing
matrix, that are in principle measurable. So any observation thereof, for instance in
neutrino oscillations, would support leptogenesis by demonstrating that CP is not a
symmetry of the leptons. It is interesting to explore whether a stronger statement
can be made about this tantalizing link between low-energy observable CP violation
and the BAU.

In the paper [1], we address a phenomenological question: “is the baryon asym-
metry sensitive to the phases of the lepton mixing matrix (PMNS matrix)?”. Elec-
troweak precision data was said to be sensitive to the top mass, meaning that a
preferred range for m; could be extracted from the data. Here, we wish to ask
a similar question, assuming the baryon asymmetry is generated, via leptogenesis,
from the decay of the lightest right-handed (RH) neutrino: given the measured value
of the baryon asymmetry, can an allowed range for the PMNS phases be obtained?

It was shown in [78] that the BAU produced by thermal leptogenesis in the type
I seesaw, without flavor effects, is insensitive to PMNS phases. That is, the PMNS
phases can be zero while leptogenesis works, and the CP asymmetry of leptogenesis
can vanish for arbitrary values of the PMNS phases. In fact, the “unflavored”
asymmetry is controlled by phases from the RH sector only, and it would vanish
were this sector CP conserving. However, it was recently realized that lepton flavor
matters in leptogenesis [62, 63, 64]: in the relevant temperature range 10° — 10'2
GeV, the final baryon asymmetry depends separately on the lepton asymmetry in
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7s , and on the lepton asymmetry in muons and electrons. So in our work, we revisit
the question addressed in [78], but with the inclusion of flavor effects.

The question we address, and the answer we find, differ from recent discussions
(79, 80, 81, 82, 83, 84, 85] in that we wish to do a bottom-up analysis of the three
generation seesaw. Ideally, we wish to express the baryon asymmetry in terms of
observables, such as the light neutrino masses and PMNS matrix, and free parame-
ters. Then, by inspection, one could determine whether fixing the baryon asymmetry
constrained the PMNS phases.

3.2 Notation and review

We consider a seesaw model [17], where three heavy (M 2 10° GeV) Majorana
neutrinos N; are added to the Standard Model, as described in section 1.2:

_ - Dy —
L=-Y, 0, Hep — A\ily, HN; — 2M NN+ ...+ h.c., (3.1)

where « is a flavor index, and the order on the Yukawa matrices Y;, A is left-right.
We work in the basis where the charged lepton yukawa matrix and the Majorana
mass matrix for right-handed neutrinos are diagonal and real.

There are 6 phases among the 21 parameters of this Lagrangian. We can work in
the mass eigenstate basis of the charged leptons and the /N;, and write the neutrino
Yukawa matrix as:

A =V/D\Vg, (3.2)

where D) is real and diagonal, and V,Vy are unitary matrices, each containing
three phases. So at the high scale, one can distinguish CP violation in the left-
handed doublet sector (phases that appear in V) and in the right-handed singlet
sector (phases in Vg). Leptogenesis can work when there are phases in either or
both sectors.

As we described in section 1.2, at energies accessible to experiment, well below
the NV; mass scale, the light left-handed neutrinos acquire an effective Majorana
mass matrix Egs. (1.3, 1.10):

m, = AM\"? =UD,, U, (3.3)

where v, = 174 GeV is the Higgs vev, D,, is diagonal with real eigenvalues, and
U is the PMNS matrix. There are nine parameters in m,, which is “in principle”
experimentally accessible. Two mass differences and two angles of U are measured,
leaving the mass scale, one angle and three phases of U unknown.

From the above we can write:

D,, = UWID\WVipDVED\V;U*0?, (3.4)

so we see that the PMNS matrix will generically have phases if V; and/or Vi are
complex. Like leptogenesis, it receives contributions from CP violation in the LH
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and RH sectors. Thus it seems “probable”, or even “natural”, that there is some
relation between the CP violation of leptogenesis and of the PMNS matrix. However,
the notion of relation or dependence is nebulous [21], so we address the more clear
and simple question of whether the baryon asymmetry is sensitive to PMNS phases.
By this we mean: if the total baryon asymmetry is fixed, and we assume to know all
the neutrino masses and mixing angles, can we predict ranges for the PMNS phases?

We suppose that the baryon asymmetry is made via leptogenesis, in the decay
of the lightest singlet neutrino Ny, with M; ~ 10! GeV. Flavor effects are relevant
in this temperature range [62, 63, 64]'. N; decays to leptons /,, an amount ¢,
more than to anti-leptons /,, and this lepton asymmetry is transformed to a baryon
asymmetry by SM processes (sphalerons). We will further suppose that the partial
decay rates of N; to each flavor are faster than the expansion rate of the Universe
H. This implies that N; decays are close to equilibrium, and there is a significant
washout of the lepton asymmetry due to N; interactions (strong washout regime);
we discuss later why this assumption does not affect our conclusions.

Flavor effects are relevant in leptogenesis [62, 63, 64] because the final asymmetry
cares which leptons ¢ are distinguishable. N interacts only via its Yukawa coupling,
which controls its production and destruction. The washout of the asymmetry, by
decays, inverse decays and scatterings of N, is therefore crucial for leptogenesis
to work, because otherwise the opposite sign asymmetry generated at early times
during N; production would cancel the asymmetry produced as they disappear. To
obtain the washout rates (for instance, for £ + H — Nj), one must know the initial
state particles, that is, which leptons are distinguishable.

At T ~ M, when the asymmetry is generated, SM interactions can be cate-
gorized as much faster than H, of order H, or much slower. Interactions that are
slower than H can be neglected. H ! is the age of the Universe and the timescale
of leptogenesis, so the faster interactions should be resummed— for instance into
thermal masses. In the temperature range 10° < T < 10'2 GeV, interactions of the
7 Yukawa are faster than H, so the ¢, doublet is distinguishable (has a different
“thermal mass”) from the other two lepton doublets. The decay of Nj therefore
produces asymmetries in B/3 — L., and in B/3 — L,, where ¢° (“other”) is the
projection in ¢ and ¢* space, of the direction into which N; decays [87]:

Y WY
i, = Sl ¥ Aac (3.5)

T VAP RGP

Following [64], we approximate these asymmetries to evolve independently. In this
case, the baryon to entropy ratio can be written as the sum over flavor of the flavored
CP asymmetries €, times a flavor-dependent washout parameter 7, < 1 which is
obtained by solving the relevant flavored Boltzmann equations [62, 63, 64]:

12 1

a9 (67'777' + 60770) ) (36)

b= ﬁiﬂg*

Iprovided the decay rate of Ny is slower than the interactions of the 7 Yukawa [86]
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where g, = 106.75 counts entropy, and the 12/37 is the fraction of a B— L asymmetry
which, in the presence of sphalerons, is stored in baryons.

In the limit of hierarchical RH neutrinos, the CP asymmetry in the decay N; —
¢, H can be written as:

3M,

€a = —mmg—w)\]nlm{v\]m[mp\]al}’ (3.7)

where m,, is defined in Eq. (3.3).
In the case of strong washout for all flavors, which corresponds to I'(N; —
loH) > Hp=p,) for o = 7,0, the washout factor is approximately 64, 88]:

1.16
My My
=13 ——mm— _— .
" 3 <6Aaamaa> - 5Aaamaa <3 8>

where there is no sum on «a, m, ~ 1072 eV, and A, ~ A,, ~ 2/3 [87, 64]*>. The
(rescaled) N; decay rate is:

Z~ _Z M‘”' . (3.9)

3.3 Baryon Asymmetry

Combining Egs. (3.6,3.7,3.8), we obtain:

Y X € /Mrr + €,/ Moo (3.10)
where « is not summed,
€a 3M1 |)\5|
Im{\, — A1
Moo 16m0%m Z Pamm, }| ol (3:11)

and the Yukawa couplings of N; have been written as a phase factor times a mag-
nitude : A\y|A\a| = Aa1. So the baryon asymmetry can be approximated as:

Im{\-mi A Im{ A, mi: Ao}

Yy ~ YY +
B B ( Am?2, Am,
Tmd A mf- 3 1
L ImfA il A} lw N MT'D = (3.12)

Am2 |)\7’| |)\o|

atm

The prefactor of the parentheses:

12 My\/Am?, ., m,

de:__
B 37 16w 5g.m

(3.13)

2The A matrix parametrizes the redistribution of asymmetries in chemical equilibrium.
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is the upper bound on the baryon asymmetry, that would be obtained in the strong
washout case by neglecting flavor effects. Recall that this equation is only valid in
strong washout for all flavors.

This equation reproduces the observation [64], that: (i) for equal asymmetries
and equal decay rates of all distinguishable flavors, flavor effects increase the upper
bound on the baryon asymmetry by > Al ~ 3. (ii) More interestingly, having
stronger washout in one flavor, can increase the baryon asymmetry (via the term
in brackets). So models in which the Yukawa coupling A, is significantly different
from A1, Ae1, can have an enhanced baryon asymmetry (with cooperation from the
phases).

Finally, this equation is attractive step towards writing the baryon asymmetry
as a real function of real parameters ( Y3, depending on M; and 7, ), times a phase
factor [89]. In this case, the phase factor is a sum of three terms, depending on the
phases of the N; Yukawa couplings, light neutrino mass matrix elements normalized
by the heaviest mass, and a (real) ratio of Yukawas.

3.4 CP violation

In this section, we would like to use Eq. (3.12) to show that the baryon asymmetry is
insensitive to the PMNS phases. The parameters of the lepton sector can be divided
into “measurables”, which are the neutrino and charged lepton masses, and the three
angles and three phases of the PMNS matrix U. The remaining 9 parameters are
unmeasurable. We want to show that for any value of the PMNS phases, there is at
least one point in the parameter space of the unmeasurables where a large enough
baryon asymmetry is obtained. The approximations leading to Eq. (3.12) are only
valid in a subset of the unmeasurable parameter space, but if we can find points in
this subspace, we are done. We first show analytically that such points exist, then
we do a parameter space scan to confirm that leptogenesis can work for any value
of the PMNS phases.

If the phases of the \,; were independent of the PMNS phases, and a big enough
Yz could be obtained for some value of the PMNS phases, then our claim is true by
inspection: for any other values, the phases of the A\,; could be chosen to reproduce
the same Yp. However, there is in general some relation between the phases of m,,
and those of \,1, so we proceed by looking for an area of parameter space where the
phases of the A\,; can be freely varied without affecting the “measurables”. Then
we check that a large enough baryon asymmetry can be obtained.

Such an area of parameter space can be found using the R matrix parametrization
of Casas-Ibarra [22], where the complex orthogonal matrix R is defined such that

Avy = UD; 2RD}\f. Taking a simple R of the form:

cosp 0 —sing
R= 0 1 0 , (3.14)
sing 0 cos¢
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and using the standard parametrization of U (see section 1.1.1 and Eq. (1.2), U =
Vdiag(e@1/?, eio2/2 ¢ies/2)) gives:

AU my . sin ¢
—— = Up/— + U, o~ , 3.15
Mo 14/ - cos ¢ 3sin ¢ (3.15)

M,
A, 1U m . sin

\/ﬁ = Uul,/ﬁ;cosgbjLngsmgb: 75 (3.16)
Ae1¥ my .

— = Ug,/— + U, , 3.17
o, 1,/m3 cos ¢ + Uegsin ¢ (3.17)

where we took hierarchical neutrino masses. We neglect \.; because its absolute
value is small. With this choice of the unknown R, the phases of the \,; are
effectively independent of the PMNS phases. So for any choice of PMNS phases
that would appear on the m, of Eq. (3.12), the phases of the Yukawa couplings can
be chosen independently, to ensure enough CP violation for leptogenesis.

%

We now check that a large enough baryon asymmetry can be obtained in this
area of parameter space. The parentheses of Eq. (3.12) can be written explicitly as:

t 02 Lk 1
m { sin” ¢ (Mrr + My + 27”;”)} —_— (3.18)

| sin ¢|? Am?2, .

Writing ¢* = p — iw, the final baryon asymmetry can be estimated from Eq. (3.12)
as:

Y) M i inh h
B _( 1 )( sin p cos psinh w cosh w ’ (3.19)

10-10 10''GeV / (sin® p cosh® w + cos? psinh® w)?
which can equal the observed (8.7 4 0.4) x 107! [52] for M; ~ few x10' GeV, and
judicious choices of p and w. A similar argument can be made if the light neutrino
mass spectrum is inverse hierarchical.

The scatter plots of figure 3.1 show that a large enough baryon asymmetry can
be obtained for any value of the PMNS phases.

The plots are obtained by fixing M; = 10'° GeV, and the measured neutrino
parameters to their central values. To mimic the possibility that § (= ay/2) and
0 could be determined +15°, (3-0 space is divided into 50 squares. In each square,
the programme randomly generates values for: 3,9, .001 < #13 < .2, the smallest
neutrino mass < /Am? /10, and the three complex angles of the R matrix. It
estimates the baryon asymmetry from the analytic approximations of [64], and puts
a cross if it is big enough. The programme is a proto-Monte-Carlo-Markov-Chain,
preferring to explore parameter space where the baryon asymmetry is large enough.

Parametrising with the R matrix imposes a particular measure (prior) on param-
eter space. This could mean we only explore a class of models. This is ok because
the aim is only to show that, for any PMNS phases, a large enough asymmetry can
be found.
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Figure 3.1: A random selection of points where the baryon asymmetry is large enough, for
some choice of the unmeasurable parameters of the seesaw. The light neutrino masses are
taken non-degenerate, and the Majorana phase of the smallest one can be neglected. The

“Dirac” phase ¢ is defined such that U.3 = sin 3¢

—id

, and 8 = ay/2 is the majorana phase

of my = |ma|e?®. The baryon asymmetry arises in the decay of Nj of mass M; = 10'°

GeV.
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3.5 Discussion

The relevant question, in discussing the “relation” between CP violation in the
PMNS matrix and in leptogenesis, is whether the baryon asymmetry is sensitive to
the PMNS phases. The answer was “no” for unflavored leptogenesis in the Standard
seesaw Model [78]. This was not surprising; the seesaw contains more phases than
the PMNS matrix, and many unmeasurable real parameters which can be adjusted
to obtain a big enough asymmetry. In our paper, we argue that the answer does
not change with the inclusion of flavor effects in leptogenesis: for any value of the
PMNS phases, it is possible to find a point in the space of unmeasurable seesaw
parameters, such that leptogenesis works. This “flavored” asymmetry can be writ-
ten as a function of PMNS phases, and unmeasurables as entered the unflavored
calculation. These can still be adjusted to get a big enough asymmetry. In view
of this discouraging conclusion, it is maybe worth to emphasize that CP violation
from both the left-handed and right-handed neutrino sectors, contributes both to
the PMNS matrix and the baryon asymmetry.

In the demonstration that the baryon asymmetry (produced via thermal lepto-
genesis) is insensitive to PMNS phases, we found an interesting approximation for
the “phase of leptogenesis” (see Eq. (3.12)), when all lepton flavors are in strong
washout.



Chapter 4

CP Violation in the SUSY Seesaw:
Leptogenesis and Low Energy

4.1 Introduction

In the paper [2], we aim to answer the same phenomenological question addressed in
last chapter 3 [1]. Can the BAU be sensitive to low-energy phases? In this new study
we focus on a supersymmetric seesaw, that has the interesting feature to potentially
add new observables in the lepton sector, through the enhancement of flavor and
CP violating processes (see eg [90] for a review and references on leptonic flavor and
CP violation, induced by supersymmetry.).

The intent of this work is to clarify the relation between the CP violation accessi-
ble to low-energy experiments, and the CP violation necessary for leptogenesis, in a
phenomenological bottom-up perspective, with minimal assumptions about the high
scale theory. We just assume that the neutrino Yukawa couplings are hierarchical,
which is the most natural assumption given the observed values of the charged lep-
ton and quark Yukawas. Neutrino oscillation data then leads to hierarchical singlet
masses. We suppose the observed BAU is generated via thermal leptogenesis, and
enquire whether this restricts the range of the phases.

Since leptogenesis occurs at a very high-energy scale, a supersymmetric scenario
is desirable in order to stabilize the hierarchy between the leptogenesis scale and the
electroweak one. However, if supersymmetry exists at all, it must be broken and, in
principle, the soft supersymmetry breaking Lagrangian can contain off-diagonal (in
flavor space) soft terms, that would enhance lepton flavor violating (LFV) processes.
These are strongly constrained by current experiments; this is the so-called super-
symmetric flavor problem. In order to avoid it, we focus on the most conservative
minimal Supergravity (MSUGRA) scenario with real boundary conditions, where
the dynamics responsible for supersymmetry breaking is flavor blind and all the
lepton flavor and CP violation is controlled by the neutrino Yukawa couplings. Su-
persymmetric expectations for LE'V [23, 24, 25] and possible relations to leptogenesis
(85, 90, 91, 92, 93] and EDMs [94, 95] have been studied by many people.

In this context, we perform a scan over the seesaw parameters, looking for those
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points that give a large enough BAU, and where y© — ey and one of 7 — {y
would be seen in upcoming experiments. The aim is to verify if such experimental
inputs imply a preferred range of values for the low-energy PMNS phases. We
also estimate the contribution to the CP violating electron electric dipole moment.
A detailed analysis of the MSUGRA scenario would require a scan also over the
supersymmetric parameters, which is beyond the scope of our analysis.

Due to the large number of unknown parameters, instead of doing a usual grid
scan in the seesaw parameter space we construct a Markov Chain using a Monte
Carlo simulation (MCMC — see e.g. [96, 97]). This technique allows to efficiently
explore a high-dimension parameter space, and we apply it for the first time to
the supersymmetric seesaw model'. Our work is thus pioneering in the exhaustive
scanning of the seesaw parameters, which would be otherwise prohibitive without
the MCMC technique.

4.2 Framework: Minimal Supergravity

We consider the superpotential for the leptonic sector in a supersymmetric seesaw
model [17] with three hierarchical right-handed neutrinos (M; < My < M3), already
introduced in section 1.2.2, Eq. (1.14):

Wiep = (L Hg)YeEC + (L H,)ANC + NC%NC , (4.1)
where flavor indices are suppressed, and L, E and N are the supermultiplets con-
taining left-handed lepton fields, right-handed charged leptons and right-handed
neutral singlets, respectively. We work in the basis where Y, and M are diagonal,
therefore the neutrino yukawa matrix is in general not diagonal and complex. The
previous superpotential leads to a lagrangian for leptons that contains the charged
lepton yukawa couplings Y,, the neutrino yukawa couplings A\,; and a Majorana
mass term for singlet neutrinos M; (see section 1.2.2 and Eq. (1.6)).

Since supersymmetry is broken, to this Lagrangian we must add the soft SUSY
breaking terms. We consider MSUGRA, so this soft part is written at some high scale
Mx where the soft masses are universal and the trilinear couplings are proportional
to the corresponding Yukawas, Eq. (1.15):

o BM - . _ _ .

—Lssp = 1y Z ff+ {TNZ'CNZ'C + ao(Ye L7 - Haly + Aaily - HyNY) + h.c.} ;
f

) (4.2)

here f collectively represents sfermions. MSUGRA is then characterized by four

parameters: the scalar (mg) and gaugino (m;/,) masses, shared by all of them at

the GUT scale; the trilinear coupling involving scalars, ag, at the GUT scale; and

finally the Higgs vev ratio, tan (.

1See [47] for a detailed study of the Zee-Babu model of neutrino masses phenomenology using
this technique.
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Present bounds | Future sensitivity
BR(u — e7) <12x107% [ 10718 (MEG)[99]
BR(7 — wy) <6.8x107% 107 (Belle)[100]
BR(T — ev) <1.1x1077

BR(pu — ev,v,) ~ 100%
BR(7 — piz,) | 17.36 % 0.05%
BR(T — ev.v,) | 17.8440.05%

Table 4.1: Present and predicted bounds on lepton flavor violating processes, and
measured branching ratios for ¢, — {gv,v3 decays.

Note that in this basis the neutrino Yukawa matrix is the only source of flavor
violation in the lepton sector, it contains 6 phases. In general, other sources of CP
violation appear in the complex neutrino B-term, in the scalar mass my and in the
trilinear coupling ay.

Neutrino masses are generated exactly in the same way as in the non supersym-
metric case. We refer the reader to sections 1.2 and 1.2.2, and section 3.2 from the
previous chapter. We also remind the reader that we use Eq. (3.2) to parametrize
the neutrino yukawa matrix, and Eq. (3.3) to write the neutrino mass matrix in
terms of the three mass eigenstates. Furthermore, in section 4.4 we will review the
input parameters used in our analysis and the parametrizations used for them.

4.2.1 Low-energy footprints: LFV and EDMs in MSUGRA

Present bounds on LFV processes, shown in table 4.1, restrict the size of flavor
off-diagonal soft terms. This suggests universal soft terms at some high scale My,
see Eq. (4.2), like in the MSUGRA scenario. There are also stringent experimental
bounds, as we can see in Table (4.2), on the CP violating electric dipole moments,
which point towards very small CP phases. To address this “SUSY CP problem”?,
we suppose that all the soft breaking terms (namely ag, mo and right-handed sneu-
trino B-term), as well as the u term, are real. Even under this extremely conservative
assumptions, it is well known that because of RGE running from high to low en-
ergy scales, the seesaw Yukawa couplings potentially induce lepton flavor and CP
violating contributions to the soft terms [23, 24, 25].

We focus on these neutrino Yukawa coupling contributions to LFV and EDMs,
assuming MSUGRA with real boundary conditions at My. Additional contribu-
tions, arising with less restrictive boundary conditions, are unlikely to cancel the
ones we discuss, so the upper bounds that will be set if, for instance, no electron
EDM is measured by the Yale group, will equally apply. Conversely, if an electron
EDM is measured above the range that we predict, it will prove the existence of a
source of CP violation other than the neutrino Yukawa phases.

2See e.g. [98] for an illuminating discussion.
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Present bounds (e cm) Future sensitivity (e cm)
d. <1.6 x 10727 10~% (Yale group)[101]
d, <28x107" 1072* (Muon EDM Collaboration) [102]
(—2.2 <d, <4.5)x 1077

Table 4.2: Present and anticipated bounds on electric dipole moments. See [90] for
a discussion of future experiments.

We are interested in analytic estimates for LF'V rates and electric dipole mo-
ments. For this, we need the flavor-changing and CP violating contributions to
the soft masses, that arise from the neutrino Yukawa. Following [26], we take
the one-loop corrections to the flavor off-diagonal doublet slepton masses m7,; —

M7 a5 + Am7,z and to the trilinear coupling apA — agA(1 + Aag) to be:

1 1
Aiay = —1630mG+a0)[CWas — 7o (mG + af + 2a0B) [ Hlag , (4.3)
1 1
I (€5} N
for o # 3 where the matrices H and C'™ are given by:
H=M=Vv/Dv, (4.5)
MMT MMT
O™ = Xlog" ( ) A = VD Vi log" < ) ViD\V, (4.6)
M Mk

we have used the parametrization for the neutrino yukawa matrix from Eq. (3.2).
CW is the leading log contribution, and terms oc H arise in the finite part (they
could be relevant for EDMs). The one loop corrections to the right handed charged
slepton mass matrix, ﬁﬁmﬁ only contain the charged lepton Yukawa couplings and
therefore can not generate off-diagonal entries. These are generated at two loops,
and as we will see later, they can be relevant for the lepton EDMs.

At one loop, sparticles generate the dipole operator (where e without subscript
is the electro-magnetic coupling constant):

eXaﬁﬁo‘a‘“’e%FW + h.c. (4.7)

which leads to LF'V decays (¢, — ¢g7), and induces the flavor diagonal anomalous
magnetic and electric dipole moments of charged leptons [90]. For a = f3, the
anomalous magnetic moment is a, = 4m. Re{ X, } and the electric dipole moment
is 2Im{ X0 }

In the mass insertion approximation the observable LF'V rates are proportional

t0 |7 45]° o |C'(§16) |> and the corresponding branching ratios are of order [24]:

BR(ly — {5 7) a® tan® 3 w2 2
BR(lo — (3vaD) Gy 0
a® tan? 8 (3m2 + a2)?

~ [Clasl?,
G%m%USY (4m)*

(4.8)
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| ap < | (116 592 080 & 63) x 10~"'" in BNK-E821
(276 +81) x 107 [104]
day = af Xt —aiM (275 +84) x 107 [107]
(295 + 88) x 10~ [105]

Table 4.3: Experimental value and deviation from the SM predictions of the muon
anomalous magnetic moment. The errors of da, are the combination in quadrature
of the experimental and theoretical ones.

where G is the Fermi constant, tan § = v, /v4, and mgygy is a generic SUSY mass,
which substitutes for the mixing angles and the function of the loop particle masses.

An estimate of mgysy can be obtained from the data on the anomalous magnetic
moment of the muon, as suggested in [103]. A 3.3 or 3.40 deviation from the
Standard Model prediction is observed in the anomalous magnetic moment of the
muon (In Table (4.3), is given the experimental value of a, and the deviation from
the SM prediction [104, 105]). We assume it is due to new physics that can also
contribute to flavor violation and EDMs. In the MSUGRA seesaw scenario that
we are considering, the main contribution to a, comes from 1-loop diagrams with
neutralino or chargino exchange and is given by [106]:

2
5a5USY ~ am, tan 3

(4.9)

Assuming [103] that the main contribution to the LF'V branching ratio is given by
analogous diagrams involving chargino and neutralino exchange, gives, from Egs.
(4.8,4.9) with mg ~ a9 >~ msysy:

BR(l, — {5 7)
BR(EQ - gﬁl/aljﬁ)

_ Sa, \?
~ 107%|Cyp)? (F_“g) : (4.10)

Since we aim to explore seesaw parameter space, we set the MSUGRA parameters
mop =~ g = MSysy -

In our analysis, we aim for values of |C,s|* that will give u — ey and either of
7 — {7+ in the next round of experiments. We require only one of the 7 decays,
because the other must be small to suppress 1 — ey (recall that we assume the
neutrino Yukawas are hierarchical).

The neutrino Yukawa corrections to the soft terms can also enhance the predic-
tions of the CP violating electric dipole moments. In our discussion we can neglect
muon and tau EDMs, because the experimental sensitivity on d, is currently eight
orders of magnitude weaker than on d. and we expect d,/d. ~ m,/m..

There are two potentially important contributions to the charged lepton EDMs
induced by the neutrino Yukawa couplings. As discussed in [108, 26], the first non-
zero contribution to the complex, flavor diagonal EDMs arises at two-loop order.
The matrices Aag and Am? in Eq. (4.3) are the available building blocks to make
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an EDM, which turns out to be proportional to the commutator [H, C]. This is the
dominant contribution at low tan 3.
We follow [26]3 to estimate:

4o m?

de ~
(47T) mSUSY

Im[H C).(1.9 107" e cm) ~ 107%* < ) Im[H C] e cm,

tan 3
(4.11)
where we have used [H,C]/i = 2Im[H C], and the (2/tan3) arises because we
extracted m%; ¢y from the da,.

In the large tan 8 region, it has been shown [109] that a different contribution
to the EDMs can be the dominant one. This new contribution arises at three loops,
and it involves the two loop correction to the right handed charged slepton mass
matrix Am%. It is proportional to the CP violating quantity:

D, = Im [((Amy)"mAm7] (4.12)
where m; is the (diagonal) charged lepton mass matrix. Despite being a higher loop
order, it is typically dominant for tan 3 2 10. The two loop expression for Am?

can be found in [26]. We approximate this contribution as:

—e 8a 10m. tan BIm[A5 Aaxms AL, Aem)

d, ~ — o om” T (M} 4.1
2 (4mM)7 miygy v? cos? 3 (M), (4.13)
where
M% M% M% M% M%
F(M}) = <log 7] X Jog M2 X Jog iz N 1 Jog? M2 N og 2N E ) , (4.14)

and Mx = 3 x 10'® GeV, My = M,. It gives an electric dipole moment of order:

de ~ 107% (tanﬁ)2 IS ek, Ao Aern]

50 m2

€CI1.

One comment is in order. Throughout this work, we use the approximated
formulae (4.10), (4.11) (4.13), where we have set the supersymmetric parameters my
and ag at a common mgygy scale. Of course these are very rough approximations,
but given that a detailed analysis of the MSUGRA scenario is beyond the scope of
this study, which concentrates on the seesaw parameters, it is enough to illustrate
our results.

Notice that, since we normalize the LF'V branching ratios to the muon g-2 devi-
ation from the SM, there is no enhancement of LFV for large tan 3. The three loop
EDM contribution (4.13) is enhanced, because it has extra powers of tan 3.

3[26] finds the same structure as [108, 109], but its result is smaller by one power of a large
logarithm.
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4.3 Flavored thermal leptogenesis

In section 2.2.3 we described the mechanism of Leptogenesis in the context of the
supersymmetric seesaw model. We refer the reader to that section, here we only
give the relevant expressions for this work.

The baryon to entropy ratio produced by the decay close to equilibrium of neu-
trinos and sneutrinos into leptons ans sleptons, can be written in all flavor regimes,
as:

10 7m0y + ng + ng 10 315¢(3)
Y, oMo =~ — oMo - 4.15
531 s 2ol = 5 irly, ZQ:E 1 (4.15)

«

The numerical prefactor indicates the fraction of B — L asymmetry converted into a
baryon asymmetry by sphalerons in the MSSM. The second fraction is the equilib-
rium density of singlet neutrinos and sneutrinos, at T' > M;, divided by the entropy
density s. Numerically, it is of order 4 x 1073, similar to the non-SUSY case *. The
€q are the CP asymmetries in each flavor [58]:

I(Ny — (o H, (,h) —T(N; o, 0.h)

(N, — ¢H, (h) + (N, — CH, (h)
3M,
8mv2 [ATA]

Im {[Na1[m{ a1 }, (4.16)

so that « = 7,0 or @ = 7, i, e in the two- or three-flavor regimes respectively (see
section 2.2.3). At temperatures T > tan? 3 10" GeV, the charged lepton yukawa
interactions are out of equilibrium (I'y, <« H) and there are no flavor effects, so
leptogenesis can be studied in one-flavor case. As the temperature drops, the 7
interactions come into equilibrium. In the range tan? 3 10° < T < tan? 8 102 GeV,
we have an intermediate two-flavor regime.

Finally, the factors 7, in Eq. (4.15) are the efficiency factors which take into
account that these CP asymmetries are partially erased by inverse decays and scat-
tering processes. We use the following efficiency factors [62, 63, 64]:

~1.16 - —171
M | Aaa| Maa
_ —_— 4.1
<2|Aw|mw) +< 2m., ) ] ’ (4.17)

where we neglect A-matrix [87] factors in our numerical analysis. We remind the
reader the definition of the rescaled N; decay rate:

Z~ —ZM“” 2, (4.18)

4The addition of the N's is compensated by the approximate doubling of the degrees of freedom
in the plasma : g, = 228.75 for the MSSM.

Na =
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and in supersymmetry mMSSM = mSM /\/2 = 4xo?H, /M? ~ 0.78 x 1072 eV °,
where H; is the Hubble expansion rate at T' = M;.
Combining all the above equations we can write the BAU as:

10 135M, < .
Yg=———""° o Im{\[m! - A, 1, 4.1
B 31 4ﬁsg*vgz” m{Aa[m), - Alo} (4.19)

a

where \, = [Aar/+/[MNA]11. Y5 is roughly a factor of v/2 larger than in the SM, in
the limit where m,, > m, for all flavors.

Supersymmetric thermal leptogenesis suffers from the so called gravitino problem
[70], which we have already mentioned in section 2.2.3. We showed there that a
reheat temperature 2 10° GeV is difficult but not impossible in supersymmetry. So
for the purposes of this paper, we will allow M; < 10 GeV.

4.4 Reconstructing leptogenesis from low energy
observables

In order to search for a connection between the low-energy observables and leptoge-
nesis, we need a parametrization in which we can input the low energy observables,
and then compute the BAU. Ideally we want to express the high-energy parameters
in terms of observables [21]. Therefore, we write the seesaw parameters in terms of
operators acting on the left-handed space, potentially more accessible: so we chose
D, Dy and V;, (that appears in the combination A\T) and the PMNS matrix U. We
use the standard parametrization for U, Eq. (1.2). Within this bottom-up approach,
the CP violation is now encoded in the three, still unknown, low energy phases of
the PMNS matrix U, and in the three unknown phases in V. We then reconstruct
the right-handed neutrino parameters in terms of those inputs.

The matrices D, and Upyns can be determined in low-energy experiments.
Through neutrino oscillation experiments we can extract the two neutrino mass
differences, the PMNS matrix mixing angles and, in the future, the Dirac phase
[110] (if Nature is kind with us). Furthermore, we have an upper bound on light
neutrino masses that comes from cosmological evaluations [111], Tritium beta decay
[112], and neutrino-less double beta decay [113]. Observing this last process could
prove the Majorana nature of neutrinos and put some constraints on the combination
of Majorana phases.

We have seen that in MSUGRA there is an enhancement of lepton flavor violating
processes due to the neutrino Yukawa couplings. Assuming that these processes can
be measured in the near future constrains the coefficients [C.g, see Eq. (4.8),

5There are factors of 2 for SUSY: defining I'p to be the total N decay rate, we have I‘%USY =
2I'3M. So with the definition of eq. (4.18) for 7, we have m = 4rv2['¥59M /M2 as opposed to
m = 82T FM /M2, So mPUSY = mP™M /\/2, where m, is the value of 7 that would give I'p = H;
at T = M, and the factor of v/2 is because there are approximately twice as many degrees of
freedom in the plasma.
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which depend on Dy and V. We parametrize the V, matrix as the product of three
rotations along the three axes, with a phase associated to each rotation:

L L L L —i L —ic
T L L i 013512 iw L L _ic L .L 513812 6L L ip i legLe i
_ _ ip —iw io _ —iw —ip Lio —iw
iw W o o w _ —ip Lio
S93 €759 € S13C93C12 € Sgg3 €7 C1g — S13S19Co3 € U € Co3C13
(4.20)

From the bottom-up parameters defined above and using the Eq. (3.4), we are
now able to reconstruct the right handed neutrino mass matrix and the Vi matrix
appearing in the baryon asymmetry:

M~ = ViDy/ Vi = Dy'ViUD, UV D2 (4.21)

In leptogenesis without flavor effects, the BAU is controlled only by the phases of
Vg, which also contribute to the Upy;ns in the parametrization we use. However, as
demonstrated in the R matrix parametrization [22], it is always possible to choose
V}, such that the lepton asymmetry e has any value for any value of PMNS phases
[78]. So for Y in its observed range, the PMNS phases can be anything, and if we
measure values of the PMNS phases, Y can still vanish. In flavored leptogenesis,
the BAU can be written as a function of PMNS phases and unmeasurables, but
it was shown in [1] that for the Standard Model seesaw, Yp is insensitive to the
PMNS phases. Relations between low energy CP violation and leptogenesis can be
obtained by imposing restrictions on the high-scale theory, for instance that there
are no right-handed phases [80].

In the case of MSUGRA, we assume that we will have two more measurable
quantities in the near future, u — ey and either of 7 — f¢v. Naively, we do not
expect LFV rates to add more information on the CP violating phases, because
the rates can be used to fix two (real) parameters in D, and V. The question
is whether the remaining phases and real parameters, can always be arranged to
generate a large enough BAU. We find the answer to be yes. For instance, in the
limit of taking only the largest neutrino Yukawa coupling in Dy, the matrices C'™)
become proportional to H, and using the parametrization of the V; matrix given
in Eq. (4.20) one can easily see that the C'P violating phases of the V matrix
disappear from the LFV branching ratios.

Besides the LFV processes, the neutrino Yukawa couplings can also contribute
to the CP violating electric dipole moments. These contributions are expected to be
below the sensitivity of current experiments [95, 114]. See [114] for a discussion of
the impact of EDMs on seesaw reconstruction. In our framework with hierarchical
Yukawas we expect some suppression on this contributions to the EDMs. As we
have seen in Section 4.2.1, for low tan 3 the main contribution is proportional to
the commutator of the matrices C) and H, see eq. (4.11). Thus in the limit of
taking only the largest Yukawa, which implies C) o« H, the commutator is equal
to zero. Regarding the large tan 3 regime, although the contribution to the EDMs
has a different dependence, given in eq. (4.13), it can be shown that it also vanishes
in this limit. This means that a non-zero contribution will be suppressed by mixing
angles and a smaller eigenvalue of H.
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4.5 Analytic Estimates

If a parametrization existed, in which one could input the light neutrino mass matrix,
the neutrino Yukawa couplings that control lepton flavor violation, and the baryon
asymmetry, then it would be clear that the BAU, and other observables, are all
insensitive to each other. In this section, we argue that at the minimum values of
M; where leptogenesis works, such a parametrization “approximately” exists.

We analytically construct a point in parameter space that satisfies our criteria
(large enough BAU, LFV observable soon), and where the baryon asymmetry is
insensitive to the PMNS phases. To find the point, we parametrize the seesaw with
the parameters of the effective Lagrangian relevant to N7 decay. Since the observed
light neutrino mass matrix is not an input in this parametrization, one must check
that the correct low energy observables are obtained. This should occur, in the
region of parameter space considered®, because the contribution of N; to the light
neutrino mass matrix can be neglected. We construct the point for the normal
hierarchy and small tan (3; similar constructions are possible for the other cases.

The effective Lagrangian for Ny and Ny, at scale M; < A < Mo, arises from the
superpotential:

M
Wy, = A1 LS H N + foNf + kap(LL"H,) (L H,) (4.22)

where k.5 is obtained by integrating out Ny and Ns. It is known [116] that the
smallest M; for which leptogenesis (with hierarchical ;) works, occurs at m, <
m S Mg- SO We assume that

)\al)\ﬁl 2

Tlvu < Mag, (423)

implying that N; makes negligible contribution to light neutrino observables. We

are therefore free to tune the \,;s to maximize the baryon asymmetry.
To obtain a baryon asymmetry Yz ~ 1072 > €,m, ~ 8 x 1071, we require:

> eatta =8 x 1075 . (4.24)

For tan 3 ~ 2, it is unclear whether the ¢, is distinct for leptogenesis purposes.
For simplicity we assume not, and use two flavors o and 7. The efficiency factors
N are maximized to 1, ~ 1/4 for Mae = |Aa1|?02/M; ~ \/2m,. Since m ~ 3m,,
this is barely in the strong washout regime, and (4.17) should be an acceptable
approximation.

We would therefore like to find a point in parameter space, such that M; ~ 10°
GeV, €, ~ e, ~ 1.6 x 1077, Defining Ao = Aa1/1/D_ [Aa1|? Eq. (4.16) implies that
we need, for « =0 and a = 7:

i 9
Im{AMM} 3 WGV (4.25)

ms M1

6This area of parameter space was also found in [115] using a left-handed parametrization
inputting W = VLU instead of V. See also [59].
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This means that \; needs a component along 43 (the eigenvector of mg3), and, since
it should also generate m1, it needs a component along ;. It can always be written
as: .

>\1 - )\11121 + >\21712 + )\317)3 y (426)

where {1,2,3} indices indicate the light neutrino mass basis. In the following we
take )\21 = 0, )\31 = |)\31|6ic, |)\31| > |)\11|. With Eq (33),

A [mTj\]Oll _ 1 2 *
P = M Ol + X80 )

1 A2
|Au1]? + |)\31|2I {_}

(no sum on «). In the last formula, we drop the terms o A;;, which may contain
asymmetries that cancel in the sum ¢, + ¢,. These are not useful to us, because we
aim for 7, ~ 1, ~ 1/4. For Im {\3;}/(|As1]* + [M11]?) = 1/2, Eq. (4.25) implies
that a large enough BAU could be produced for M; ~ 3 x 10° GeV.

We now check that we obtain the observed light neutrino mass matrix, even with
¢, the phase of A3, of order 7/4. The light neutrino mass matrix is:

(Mo = Aai g1 V2 4 KopV2 = v2 )\—%112111 + Kollgla + (& + lig)UgﬂT] (4.27)
“ My o M, ! ? M,y ’ af

where k9 and k3 are the eigenvalues of k. By convention there is no phase on ms,
so in the 2 right-handed neutrino (2RHN) model that generates x, we should put a
phase on the larger eigenvalue 3. Since A\2,v2/M; ~ ¢ x 1072 eV, the phase on k3
is very small and we neglect it in the following discussion of lepton flavor violation.
It is well known [117] that the seesaw mechanism with 2 right-handed neutrinos can
reproduce the observed light neutrino mass matrix, with m; = 0. In our case, we
assume that Ny and N3 give the observed my, and ms up to (negligible) corrections
due to N; of order 1073 eV. my arises due to Nj.

In the 2RHN model, there is less freedom to tune the LE'V branching ratios [118]
than in the seesaw with three N;. So as a last step, we check that we can obtain
LFV branching ratios just below the current sensitivity. The 2RHN model can be
convenlently parametrized with DH, the 3x2 U TPMNs matrix, the 2 x 2 unitary matrix
W = VLU and the elgenvalues Ay and A5 of A (matrices in the 2RHN subspace are
denoted by hats). A is a 2 x 2 sub-matrix of \, obtained by expressing the 3 x 3
Yukawa matrix in the eigenbases of the heavy and light neutrinos, and dropping the
first row and column, corresponding to 1, and Nj. It is straightforward to verify
that [VL]ge ~ 1073 can be obtained by taking tan Oy ~ s13/(c13812), where Oy is the
rotation angle in W and 0;; are from Uppvs. Choosing Ay, the smaller eigenvalue
of A, to be ~ .06, ensures that BR(u — e7v) is small enough. We can simultaneously
take Az ~ 1 and obtain [Vi]s,; ~ [V]s, ~ 1, which allows BR(7 — uvy) ~ 107%. The
resulting masses of Ny, N3 are ~ 102,10 GeV.

Our MCMC has some difficulties in finding the analytic points. We imagine this
to be because they are “fine-tuned” in the parametrization used by the MCMC. The
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amount of tuning required in the angles of V;, to obtain the desired {);;}, can be
estimated by taking logarithmic derivatives.

4.6 MCMC

In this section we describe our numerical analysis. In order to verify if the baryon
asymmetry of the universe is sensitive to the low energy PMNS phases, we perform
a scan over the neutrino sector parameters aiming for those points compatible with
the measured baryon asymmetry and the bound on the reheating temperature, that
have large enough LFV branching ratios to be seen in the next experiments.

Using the bottom-up parametrization of the seesaw defined by the Vi, Dy, D,
and U matrices, our parameter space consists of the 14 variables displayed in Table
4.4. We take as an experimental input the best fit values of the light neutrino mass
differences and of the solar and atmospheric mixing angles, Eq. (1.4). With respect
to the SUSY parameters, we choose two different regimes for tan (3, equal to 2 or
50, while the mgygy scale is deduced from the data on the anomalous magnetic
moment, see section 4.2.1.

Due to the large number of parameters it would prohibitive to consider a usual
grid scan. Thus, we choose to explore our parameter space by a Markov Chain
Monte Carlo that behaves much more efficiently, and has been already successfully
employed in other analysis [119].

4.6.1 Bayesian inference

Given a model with free parameters X = {xi,...,x,} and a set of derived parame-
ters £(X), for an experimental data set d, the central quantity to be estimated is the
posterior distribution P(X|d), which defines the probability associated to a specific
model, given the data set d. Following the Bayes theorem, it can be written as:

L(d]E(X))m(X)
P(d) ’

P(X|d) = (4.28)
where £(d|X) is the well known likelihood, that is the probability of reproducing
the data set d from a given model X, 7(X) is the prior density function, which
encodes our knowledge about the model, and P(d) = [ L(d|{(X))n(X)dX is an
overall normalization neglected in the following. In the case of flat priors:

W(X) — Xmaac_Xmin

S T -
{ if X € [Xonin, Xonaa] (4.29)

otherwise

the posterior distribution reduces to the likelihood distribution in the allowed pa-
rameter space.

The main feature of the Markov chains is that they are able to reproduce a spe-
cific target distribution we are interested in, in our case the posterior distribution,
through a fast random walk over the parameter space. The Markov chain is an
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ordered sequence of points X; with a transition probability W (X,41]X;) from the
1 —th point to the next one. The first point X is randomly chosen with prior prob-
ability w(X). Then a new point is proposed by a proposal distribution Q(X;11|X5)
and accepted with probability A(X;1|X;). The transition probability assigned to
each point is then given by W (X;11|X;) = Q(Xi+1|X;)A(X;41|X;). Given a target
distribution P(X), if the following detailed balance condition:

WXk X5) P(X;) = W(X;| X0) P(Xk) (4.30)

is satisfied for any 7, k, then the points X; are distributed according to the target
distribution. For a more detailed discussion see [96, 97].

4.6.2 The Metropolis-Hastings algorithm

In order to generate the MCMC with a final posterior distribution (4.28), we use the
Metropolis-Hastings algorithm. In the following, we briefly recall how the algorithm
behaves, but the discussion is done in terms of the likelihood, instead of the posterior
distribution, since we assume flat priors on our parameter space, see eq. (4.29).
Let X be the parameter set we want to scan, and £(X) our likelihood function,
the target distribution. From a given point in the chain X; with likelihood £(Xj;), a
new point X, with likelihood £(X,,.,) is randomly selected by a gaussian proposal
distribution Q(X,,ew, X;) centered in X; and having width e. This last quantity e
controls the step size of the random walk. The new point is surely added to the chain
if it has a bigger likelihood, otherwise the chain adds the new point with probability
L(Xnew)/L(X;) . So the value of the next point X;,; in the chain is determined by:

Yo Xpew  with probability min[A(X,,ew, X;), 1] (4.31)
i X;  with probability 1 — min[A(X,ew, X;),1] '
where A(X e, X;) is the acceptance probability:
E(Xnew)
A(Xpew, X;) = ——- 4.32
( ) £0%) (4.32)

Given this acceptance distribution and using the symmetry of our proposal dis-
tribution (X, X;) under the exchange [ < i, it is straightforward to see that the
detailed balance condition 4.30 is satisfied for the likelihood £(X) as target dis-
tribution. This implies that when the chain has reached the equilibrium, after a
sufficiently long run, the sample is independent of the initial point and distributed
according to L(X).

In order to arrive at the equilibrium in a reasonable amount of time, the step scale
€ of the random walk must be accurately chosen. Indeed, if we define the acceptance
rate as the number of points accepted over the number of points proposed, a too big
step € implies a too low acceptance rate, so that the Markov Chain never advances,
while a too small € and, so, a very large acceptance ratio, implies that the chain
needs a very large time to scan all the space. It has been suggested that ¢ must be
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Free parameters | Allowed range [X,,in, Xmaz] ‘

Yukawas Ao/A1 > A3/ Ay ~ 30 | Ag/A1 =~ 100, A3/Ag =~ 50
logo A3 [—0.3,0.3] [—0.5,0.5]
Tog o N2 [—1.77, —L.17] 2.2, -1.2]
Tog M [—3.25, —2.65] [—4.2,-3.2]
Vi

logyo(mo/eV) (-6, —3]

logy 91? [—4,logyo 7]

p,w, T 0, 7]

PMNS U

015 [0.,0.2]

(5, 13, (23 [0,7’(’]

Table 4.4: Allowed parameter space, so that the uniform prior on each parameter is
defined as in eq.(4.29).

chosen according to an optimal acceptance rate between 20% and 50%. However,
in order to ensure the detailed balance condition, ¢ cannot change during the run of
the chain, thus, in our program it is set in a burn-in period.

4.6.3 Convergence

A valid statistical inference from the numerical sample relies on the assumption that
the points are distributed according to the target distribution. The first points of the
chain are arbitrarily chosen and the chain needs a burn-in period to reach the target
distribution. The length of the burn-in strongly depends on the intrinsic properties
of the chain and cannot be set a priori. It changes according to the complexity of
the model, to the target distribution, and the efficiency of the proposal distribution
employed. Once the chain has reached the equilibrium the first burn-in points are
discarded to ensure the independence of the chain from the initial conditions. The
question we want to answer in this paper does not require a statistical analysis
of the sample. Here we only aim to show that, for any value of the low energy
phases, the unmeasurable high energy parameters can be rearranged to obtain the
right baryon asymmetry. Therefore a careful diagnostic of the convergence is not a
priority. Nevertheless, we briefly discuss it in this section since it is an important
issue that can help the reader to have a better overview on our results.

A simple way to check convergence is to run different chains starting from dif-
ferent values and compare the behaviour of the parameters, once the chains have
converged the parameters should move around the same limiting values. However,
this method does not allow to detect lack of convergence in case of poor mizing, i.e.
when the chains are trapped in a region of low probability relative to the maximum
of the target distribution. This happens in models with strongly correlated vari-
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ables, when the proposal distribution does not efficiently escape this region. This
can be an issue for our numerical analysis, when, as mentioned in section 4.5, we
look for a fine-tuned region with a large baryon asymmetry and low M;. We can
understand the poor mixing situation if we imagine a landscape on the parameter
space corresponding to the target distribution, with some broad hills and a tall but
very thin peak at the maximum of the target distribution. In that case, the step of
the chain can be optimized to efficiently scan all the space but, if its size is larger
than the width of the peak it easily misses it.

In case of strongly correlated variables it can also happen that the region to be
scanned is mainly a plane, that is with almost null likelihoods. And if a gaussian-
like proposal distribution is employed, the choice of the starting point becomes
important to allow the chain to advance. Indeed, if the starting point is surrounded
by points with null likelihood (and so null acceptance rate) and its distance from the
interesting region is much larger than the step of the random walk, the chain cannot
move from this point, since it always finds points with null likelihood. On the other
side, if the chain starts in a region which is a reasonable fit to the data, it advances.
However, if this region is well separated from another interesting region, the chain
has almost null probability to find the second one. In literature many studies exist on
convergence criterion that help to check the mixing of the sample and are based on
the similarity of the resulting sampling densities of input parameters from different
chains. An example can be found in [120] and [121].

4.6.4 The seesaw sample

In our work the free variables X are given by the 14 seesaw parameters, with uniform
priors, Eq. 4.29, on the allowed range of parameter space (see Table 4.4). The
choice of a logarithmic scale on some unknown parameters allows us to scan with
the same probability different orders of magnitude. We analyze models with two
different hierarchies in the neutrino Yukawas, so that, for a A3 ~ 1 we impose
Ao /A1 ~ A3/ Ay ~ 30 or \y/A; ~ 100 and A3/As ~ 50. The lightest neutrino mass
is allowed to vary between three orders of magnitude 1075 < my < 1073 eV and
the 613 mixing angle within its 30 range, 0 < 613 < 0.2 rad. The V,, mixing angles
can vary over 4 orders of magnitude, with maximum value 7. All the CP violating
phases, those of the V; matrix indicated by p, w and ¢ and the Dirac and Majorana
phases 6§, aj3 and g3, are allowed to vary on all their definition range: [0, 7] (this
avoids degeneracies).

The idea is, now, to generate a sample of points in our parameter space that
provide enough BAU, give LFV rates big enough to be seen in the next generation
of experiments, and also have an M; light enough to avoid the gravitino problem.
We then define our set of derived parameters £(X) as in Table 4.5 and we associate
to them a multivariate gaussian likelihood with uncorrelated errors:

1 1
o OP g€ = L) RT(E—&ap)} - (4:33)

E(gexp‘g) = (271’)
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Derived parameters £(X) | £eup £ 0

Yp (8.75+0.23) 107!
log,g BR(1— > e7) —13£0.1

log,g BR(T— > [7) —-9+0.1
log,o(M,/GeV) —-9+0.1

Table 4.5: Best values and errors for the derived parameters £(X) we want to
maximize.

Where m = 4 is the dimension of the derived parameter set. The centre values &,
are the best fit values and R is an m x m error matrix, in this case diagonal, since we
assume no correlation between the errors. As we can see in Table 4.5, the bau is set
to its experimental value, while the LF'V rates are set to be one order of magnitude
below the present bounds, and the expected value of lightest heavy neutrino mass
M, ~ 10° GeV is set to escape the gravitino problem. The branching ratio of LFV
T decays is given in terms of the combination BR(1 — evy) + BR(T — py) = BR,4,
since one of them is suppressed to respect the stringent bound from BR(u — e7)
(we assume hierarchical yukawas).

For each point X; of the chain, the lepton flavor violating branching ratios are
estimated with equation Eq. (4.10), while Y5 is computed after the reconstruction
of the right neutrino mass, see Eq. (4.21), using Eq. (4.19) in the flavor regime is
in act at the temperatures we consider. We recall that the temperature at which
leptogenesis takes place is of the same order of the reconstructed right-handed neu-
trino mass. Depending on the value of tan (3, the range of temperatures at which
the flavor regimes have a role changes. For small tan 3, in the temperature range
10 GeV < T < 102 GeV the 7 flavor is in equilibrium and the two flavor regime
is in order; while for T < 10° GeV pu are also in equilibrium and the three flavors
are distinguishable. Since we aim for values of M; ~ 10° GeV if we consider a small
value of tan 3 our program takes into account that the BAU can be produced in both
two or three flavor regimes. For very large tan 3, instead, already for 7' < 102 GeV
7 and p are in equilibrium, thus the three flavor regime always takes place.

In the case of steeper yukawa hierarchy, in agreement with our analytical esti-
mate, we enlarge our set of derived parameters and maximize the rescaled N; decay

rate to m ~ 1073 eV and the heaviest right-handed neutrino masses to My ~ 102
GeV and M5 ~ 3 10 GeV.

All the points that do not respect the present bounds on LFV, do not have
large enough baryon asymmetry or have M; > 10 GeV, have a null likelihood.
We assume that the largest uncertainty on the baryon asymmetry comes from our
calculation, so we allow Yz to be as small as 4 107!, Those points having one of
the RH neutrino masses above the Mgy ~ 3 10 GeV scale have a null likelihood
too, since in that case the equations we use for the evaluation of LE'V processes do
not apply.
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4.6.5 Run details

In this subsection we explain the details of our MCMC run. The parameter space we
scan is very large if compared to the derived variables and, in addition, we expect
a strong correlation between the evaluated baryon asymmetry and lightest right-
handed neutrino mass, see Eq. (4.19). Thus, since we expect a sample with poor
mixing, as discussed in section 4.6.3, we first look for an initial point which is a
reasonable fit to our observables. This procedure is done running previous shorter
chains without imposing null likelihoods to the not interesting points. Once a wide
enough set of interesting starting points is found we start running the chains.

As explained before, during the first burn-in iterations the scale of the random
walk € is varied until the acceptance rate of points is between the optimal range
20% and 50%. This usually takes much less that 3 102 iterations. When the optimal
acceptance rate is reached, the scale € is fixed during the rest of the run. We always
discard the first 10° points of the chain, in order to give enough time for the chain
to converge. This procedure should eliminate any dependence on the initial point
inside the interesting region.

All the simulations we present are performed by running 5 chains with 10® points
each. These chains are then added together after having excluded the points corre-
sponding to the burn-in period. We run simulations for both normal and inverted
hierarchy, in the two cases of small and large tan 3.

4.7 Discussion

4.7.1 Assumptions

We assume a three generation type I seesaw with a hierarchical neutrino Yukawa
matrix. We require that this model produces the baryon asymmetry via flavored
thermal leptogenesis, and induces the observed light neutrino mass matrix (thus we
get hierarchical singlet neutrino masses). This model has a hierarchy problem, so
we include supersymmetry.

We make a number of approximations and assumptions in supersymmetrizing
the seesaw. First, we use real and universal soft terms at some high scale, above the
masses M; of the singlet neutrinos. In this restrictive model, the only contributions
to flavor off-diagonal elements of the slepton mass® matrix = [m?],s, arise due to
Renormalization Group running. Second, we use simple leading log estimates for the
off-diagonals [m?],s. Third, we estimate the SUSY contributions to the dimension
five dipole operator (see Eq. (4.7)) using simple formulae of dimensional analysis (see
Eqgs. (4.10,4.11,4.13)). This operator induces flavor diagonal electric and magnetic
dipole moments, and the flavor changing decays ¢, — {gy. We assume the (g —2),
anomaly is due to supersymmetry, and use it to “normalize” the dipole operator.
This implies that our SUSY masses scale with tan 3: m%;¢y = “22(200 GeV)2. We
imagine that there is an uncertainty ~ 10 in our estimates of electric dipole moments
and ¢, — (37 decays rates, due to mixing angles and sparticle mass differences.
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Our first approximation, of universal soft terms, seems contrary to our phe-
nomenological perspective: the RG-induced contributions to [m?],s can be inter-
preted as lower bounds on the mass? matrix elements. However, we neglect other
contributions, and require that the RG induced flavor-violating mass terms are
x Céi) (see Eq. (4.6)), give detectable rates for y — ey and 7 — {7 in upcom-
ing experiments. Realistically, measuring y1 — ey mediated by sleptons might allow
to determine /m?,, but does not determine the seesaw model parameters C’é}). This
model dependence is compatible with our phenomenological a(pproach, because our
result is negative: we say that even if we could determine C’e}), the baryon asym-

metry is insensitive to the PMNS phases.

4.7.2 Method

We explore the seesaw parameter space with a Monte Carlo Markov Chain, for two
reasons. First, an MCMC is more efficient than a grid scan for multi-dimensional
parameter space. It is essentially a programme for exploring hilltops in the dark.
Since the programme always steps up and is reluctant to step down, it takes most
of its steps in the most probable areas of parameter space.

The second potential advantage of a MCMC, is that it could make the results less
dependent on the priors, that is, the choice of seesaw parametrization, and of the
distribution of points. The predictions of theoretical models are often presented as
scatter plots, and it is difficult to not interpret the point distribution as probability.
However, the density of points in the scatter plots depends not only on what the
model predicts, but also on the distribution of input points”. We had hoped that
a MCMC could improve this, because a converged MCMC distributes points in
parameter space according to a likelihood function. However, in practice there are
various difficulties.

The prior on the seesaw model parameter space matters, because the MCMC
takes steps of some size in each parameter: broad hilltops are easier to find than
sharp peaks. As discussed in [121], this can be addressed by describing the model
with parameters that match closely to physical observables. For this reason we
parametrize the seesaw in terms of the diagonal singlet mass matrix Dy, the light
neutrino mass matrix m, = UD,,U”, and the neutrino Yukawa matrix A\ =
VLTDE\VL. These are related to low energy observables, because A\ controls the
RG contributions to the slepton mass matrix. We take the priors for our inputs as
given in Table 4.4. However, the baryon asymmetry and the mass M; belong to the
“right-handed” sector, so are complicated function of the “left-handed” input pa-
rameters. The bridge between the LH and RH sector is the Yukawa matrix, whose
hierarchies may strongly distort the MCMC step size. To obtain a large enough
baryon asymmetry for M; ~ 10° GeV requires careful tuning in the “right-handed”

"For example, if a model parameter such as a Yukawa can vary between 0 and 1, the results will
be different depending on whether the Yukawa is O(1) (take points uniformly distributed between 0
and 1) or can vary by orders of magnitude (take the exponential of a variable uniformly distributed
between —n and 0).
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Figure 4.1: Correlation between the lightest right-handed neutrino mass M; and
rescaled decay rate m, assuming A3 ~ 1 and \y/A; ~ A3/As ~ 30, for two different
simulations: NH and tan § = 50 (left), and IH and tan 8 = 2 (right).

space, and our MCMC has difficulty to find these points. This is related to a second,
practical problem, that there are many more parameters than observables, so the
space to explore is big, but the peaks with enough baryon asymmetry and small
enough M, are rare. We therefore encounter some of the difficulties discussed in
[120].

The parametrization used in section 4.5 avoids the above problems. It can be
used if N; makes a negligible contribution, at low energy, to the dimension five
neutrino mass operator. In the area of parameter space where this is the case, the
dimension five operator at M, generated by N, and N3, can be approximated as
the one we measure (with a zero eigenvalue). So the seesaw model can be conve-
niently parametrized with the interactions of the effective theory at M;. In this
parametrization, it is simple to tune the coupling constants to fit the light neutrino
mass matrix, LF'V rates, and the baryon asymmetry.

4.7.3 Results

The aim of our analysis was to verify if a preferred range of values for PMNS phases
0, ap3 and ang can be predicted, once low energy neutrino oscillation data, a large
enough BAU, and LFV processes within the sensitivity of future experiments are
requirements of the model.

In Fig. 4.1, we show the distribution, as a function of the singlet mass M;
and the (rescaled) decay rate my, of the successful points for a yukawa hierarchy
>\2/)\1 ~ )\3/)\2 ~ 30, with >\3 ~ 1.

With the parametrization described in section 4.6.4, the MCMC easily finds
larger values of M; and m, than the “tuned” points found analytically in Section
4.5. This preference for larger M is expected, because the baryon asymmetry and
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right-handed neutrino masses are strongly correlated, see Fig. (4.2) and Eq. (4.16).
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Figure 4.2: Correlation between the baryon asymmetry and the lightest right-handed
neutrino mass, assuming A3 ~ 1 and Ay/A; ~ A3/As ~ 30, for two different simula-
tions: NH and tan 5 = 50 (left), and IH and tan § = 2 (right).

Nonetheless, as illustrated in Fig. (4.3), the MCMC succeeded in finding points
at lower M, with a steeper® hierarchy in the yukawas A3 ~ 1, A\y/\; ~ 100 and
A3/A2 ~ 50. The difficulties of finding these tuned points are discussed in section
4.6.3.

The importance of the ~ 2 decrease in M; and m, at the tuned points, is unclear
to us: the cosmological bound is on Try, rather than M;. Since in strong washout,
an equilibrium population of N7 can be generated for Try < M;/5, the points found
by the MCMC at M; ~ 10'° GeV, could perhaps generate the BAU at the same
Try as the analytic points. In any case, we see in Fig. (4.2) that the fraction of
points with big enough Yp is very sensitive to M;, and therefore to details of the
complicated reheating/preheating process.

In Fig. (4.4), we show density plots of the points resulting from our Markov
Chains, corresponding to the the yukawa hierarchy Ao/A; ~ A3/Ae2 ~ 30, with
Az ~ 1, for normal hierarchy (NH) of the light neutrino masses and tan # = 2, and
for inverse hierarchy (IH) and tan 5 = 50. In Fig. (4.7) (plot on the left) we show
a density plot in the § — ans plane for tan 3 = 2, NH and the steeper hierarchy
Aa/A1 ~ 100, A3/Ay ~ 50 and A3 ~ 1. From those plots we see that, for any value
of the phases 0, a3 and as3 our conditions are satisfied. The analytic results of
Section 4.5 agree with this. Thus, we can conclude that the baryon asymmetry of the
universe is insensitive to the low energy PMNS phases, even in the “best case” where
we see MSUGRA-mediated lepton flavor violating processes. For completeness we
also show correlation plots between the generated BAU and the three low energy

8the smallest yukawa must be small enough to ensure that the contribution of M to the light
neutrino masses is negligible
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Figure 4.3: Correlation between the lightest right-handed neutrino mass M; and
rescaled decay rate m, on the left-side, and between the baryon asymmetry and the
lightest right-handed neutrino mass, on the right-side. We assume here A3 ~ 1 and
Aa/A1 ~ 100 and A3/A\y ~ 50, for a NH in the light neutrinos and tan 5 = 2.

phases in Fig. (4.5). The low energy observables do not depend on tan 3, because we
assume the (g — 2), discrepancy is due to slepton loops, and we use it to normalize
the LFV rates (see Eq. (4.10)). On the contrary, the value of tan (3 is relevant in
leptogenesis because it changes the number of distinguishable flavors. However, as
we can see comparing plots for small/large tan (3, the value of tan 5 does not change
our conclusions.

In Figs. (4.6,4.7) (plot on the right), we plot the contribution to the electric
dipole moment of the electron, arising in the MSUGRA seesaw with real soft pa-
rameters at the high scale. For both low and large tan 3, points from our MCMC
generate an electron EDM < 1073%ecm. This agrees with the results of [26, 95, 108].

4.8 Summary

The aim of this work was to study whether the baryon asymmetry produced by
thermal leptogenesis was sensitive to the “low energy” phases present in the leptonic
mixing matrix Upy;ng. We considered the three generation type-I supersymmetric
seesaw model, in the framework of MSUGRA with real soft parameters at the GUT
scale, and require that it reproduces low energy neutrino oscillation data, generates a
large enough baryon asymmetry of the Universe via flavored leptogenesis and induces
lepton flavor violating rates within a few orders of magnitude of current bounds. We
then enquire whether a preferred range for the low energy PMNS phases 9, a;3 and
a3 can be predicted.

Our parameter space scan is performed by a Monte Carlo Markov Chain (MCMC),
which allows to efficiently explore high-dimensional spaces. We use a “left-handed”
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Figure 4.4: Density plots in the plane of the low energy phases 6 — a3 and § — ang
in models with A3 ~ 1 and Ao/A\; ~ A3/As ~ 30. Upper plots correspond to a
simulation with NH and tan 3 = 50, and lower plots to IH and tan( = 2. We
remind the reader that all the points in our simulations generate a BAU bigger than
4-107H,

bottom-up parametrization of the seesaw, and our MCMC can find successful points
with a small V; only with an accurate choice of the random walk step size. For this
area of parameter space, we can also show analytically that the baryon asymmetry
is insensitive to the PMNS phases.

We have checked that there is no correlation between successful leptogenesis and
the low energy CP phases. That is: for any value of the low energy phases, the
unmeasurable high energy parameters can be arranged in order to have successful
leptogenesis and LFV rates in the next round of experiments. Finally, we have
estimated, for each point in our chains, the contribution of the complex neutrino
Yukawa couplings to the electric dipole moment of the electron. As expected, we
find it to be < 1073%cm, just beyond the reach of next generation experiments.



4.8 Summary 67

10° T T T 10000 10°° T 10000 10 T 10000

1000 1000 1000

100

Ys

10 1010 10 1010

10000 10° T 10000 10° T 10000

1000 1000 1000

100

1070 10

Figure 4.5: Correlation plots between the BAU and the low energy phases in models
with A3 ~ 1 and Aa/A; ~ A3/A2 ~ 30. Upper plots correspond to a simulation with
NH (and tan 8 = 50), and the others to IH (and tan § = 2).
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Figure 4.6: Correlation plots between the baryon asymmetry and the electron EDM
generated by neutrino yukawas in models with A3 ~ 1 and Ag/A; ~ A3/\y ~ 30.
Upper plots correspond to a simulation with NH (and tan § = 50), and the others
to IH (and tanf = 2).
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Figure 4.7: Density plot in d —aws plane and correlation between the baryon asymme-
try and the electron EDM generated by neutrino yukawas. We assume here A3 ~ 1,
Ao /A1 ~ 100 and A3/Ay ~ 50, for a NH in the light neutrinos and tan g = 2.



Chapter 5

Soft Leptogenesis in the Inverse
Seesaw Model

5.1 Introduction

The Baryon Asymmetry of the Universe can be generated within the standard
type I seesaw model via Leptogenesis. For a hierarchical spectrum of right-handed
neutrinos, successful leptogenesis requires generically quite heavy singlet neutrino
masses [69], of order M > 2.4(0.4) x 10° GeV for vanishing (thermal) initial neutrino
densities [69, 122, 94|, although flavor effects [62, 63, 64] and/or extended scenar-
ios [123] may affect this limit . The stability of the hierarchy between this new
scale and the electroweak one is natural in low-energy supersymmetry, but in the
supersymmetric seesaw scenario there is some conflict between the gravitino bound
on the reheat temperature and the thermal production of right-handed neutrinos,
as described in section 2.2.3. This is so because in a high temperature plasma,
gravitinos are copiously produced, and their late decay could modify the light nu-
clei abundances, contrary to observation. This sets an upper bound on the reheat
temperature after inflation, Ty < 10371% GeV, which may be too low for the right-
handed neutrinos to be thermally produced.

Once supersymmetry has been introduced, leptogenesis is induced also in singlet
sneutrino decays. If supersymmetry is not broken, the order of magnitude of the
asymmetry and the basic mechanism are the same as in the non-supersymmetric
case. However, as shown in Refs. [74, 75, 76|, supersymmetry breaking terms
can play an important role in the lepton asymmetry generated in sneutrino decays
because they induce effects which are essentially different from the neutrino ones.
The new sources of lepton flavor and CP violation from soft supersymmetry breaking
terms can be large enough to generate the baryon asymmetry. In particular the
asymmetry is large for a right-handed neutrino mass scale relatively low, in the

!This bound applies when the lepton asymmetry is generated in the decay of the lightest right-
handed neutrino. The possibility to evade the bound producing the asymmetry from the second
lightest right-handed neutrino has been considered in [124], and flavor effects have been analyzed
for this case in [59].
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range 10° — 108 GeV, well below the reheat temperature limits, what solves the
cosmological gravitino problem.

In this work [3] we want to explore soft leptogenesis in the framework of an
alternative mechanism to generate small neutrino masses, namely the inverse see-
saw scheme [28]. This scheme is characterized by a small lepton number violating
Majorana mass term g, while the effective light neutrino mass is m, o p. Small
values of p are technically natural, given that when p — 0 a larger symmetry is
realized [125]: lepton number is conserved and neutrinos become massless. In the
inverse seesaw scheme lepton flavor and CP violation can arise even in the limit
where lepton number is strictly conserved and the light neutrinos are massless [126],
due to the mixing of the SU(2) doublet neutrinos with new SU(2) x U(1) singlet
leptons.

As opposite to the standard seesaw case, these singlet leptons do not need to
be very heavy [127], and, as a result, lepton flavor and CP violating processes
are highly enhanced [126]. In Ref. [128] it was studied the possibility that the
baryon asymmetry is generated in this type of models during the electroweak phase
transition, in the limit © = 0. A suppression was found due to the experimental
constraints on the mixing angles of the neutrinos [129]. Therefore we consider here
the supersymmetric version of the model and the soft leptogenesis mechanism, since
(7) in this case we expect that a CP asymmetry will be generated in sneutrino
decays even with a single-generation and no suppression due to the mixing angles is
expected, and (77) this scheme provides a more natural framework for the relatively
low right-handed neutrino mass scale.

5.2 Inverse Seesaw Mechanism

We consider the supersymmetric version of the inverse seesaw model, whose main
features where described in section 1.3.1. In this model the lepton sector is extended
with two electroweak singlet leptons per generation, N; and .S;. The superpotential
that generates the lagrangian in Eq. (1.17) and the neutral lepton mass matrix Eq.
(1.18) is:

1
W =Y;N.L;H + EuijSiSj + M;;SiNj (5.1)

where 7,7 = 1,2, 3 are flavor indices, H, L;, N;, S; are the superfields corresponding
to the SU(2) up-Higgs and lepton doublets, and the new neutral singlets Nf and
Si, respectively, and Y;; denote the neutrino Yukawa couplings. We assign lepton
number L = 1 to the neutral singlets (N, .S), so that the coupling u leads to lepton
number violation. In the limit ;4 — 0, lepton number conservation is restored. The
light neutrino masses are given by, Eq. (1.19):

m, = m:f)MT_luM_lmD , (5.2)

The relevant soft supersymmetry breaking terms are the bilinear and trilinear
scalar couplings involving the singlet sneutrino fields, that provide new sources of
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lepton number and CP violation. From now on we consider a simplified one gener-
ation of (IV,S) model because a single generation of singlet sneutrinos is sufficient
to generate the CP asymmetry. Indeed in the three-generation case, the relevant
out of equilibrium decays are usually those of the lightest heavy singlet states while
the decay of the heavier (if heavier enough) give no effect. Thus with our simplified
single generation model we refer to the lightest of the three heavy singlet sneutrinos
which we number as 1. Consequently we label M = Mj; and pu = pq;. Also, for
simplicity, we will assume proportionality of the soft trilinear terms.

—Laost = AYLLiNH+m2%SST+m3 NNt +m% SN+ BgSS+BsySN +h.c. (5.3)

With our lepton number assignments, the soft SUSY breaking terms which violate
L are m%y and Bg. The sneutrino interaction Lagrangian is then:

—L = (YuL;NH + Y;LiNh + Yi;L;Nh + h.c.) +
+ (YuM*L;STH + AY,L;NH + h.c.) +
+ (4SS + MSN + h.c.) +
+ (| + 2+ |M)*)STS + (M3 + [MPP)NNT + (uM* + m2 SNt + h.e) +
+ (BgSS + BsySN + h.c.) (5.4)

In this expression f represent sfermions, H is the up-Higgs doublet, and h its super-
symmetric partner, the higgsino. This Lagrangian has three independent physical
CP violating phases: ¢p which can be assigned to Bgy, ¢4 which is common to the
three terms with AYy;, and ¢)/y which is common to the three terms with MY},
and are given by:

o = arg(BSNBSM N)

64 = arg(ABE M2 (My)?) (5.5)
Ouy = arg(M M*p) ,

where we have defined Mg ~ = pM* +m?%y. These phases provide the CP violation
necessary to generate dynamically a lepton asymmetry, even with a single generation
of sneutrinos. They can also contribute to lepton electric dipole moments [130].

From the Lagrangian in Eq. (5 4) we obtain the sneutrino mass matrix in the
interaction basis (F; = N, N1, S, 51):

md, + | M| 0 M2y Bs
0y M Biy Mgy (5.6)
Mgy Boy  |pl* +m + | M[* 2Bs '
B My 2Bj |l + m + | M[*

Notice that in the most general case it is not possible to remove all CP phases
from the sneutrino mass matrix. With our choice of basis, Bgy is the only complex
parameter, Bgy = |Bgn|e™5.
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Although one can easily obtain the analytic expressions for the corresponding
mass eigenvalues and eigenvectors, for the general case they are lengthy and we do
not give them here. Under the assumption that all the entries are real, i.e., ¢ = 0,
we obtain the following mass eigenvalues:

1 —~ - -
M2 o= M’2+Bg—5\/4(BSN+M§N)2+(2Bs—m§v+m§+\u|2)2

1 —~ ~ ~
M; = M?—Bgs+ 5\/4(BSN — M3y)? + (2Bs +my — mg — |puf*)?

1 —~ - -
M2 — M”— Bs— 5\/4(BSN _M2y)? + (2B + 2 — 2 — |uf2)?

1 —~ - -
M} = M7+ Bst o\[A(Bsy + May)? + (2Bs — 7 + % + [uP)? , (5.7)

where we have defined M = |M|? + m3 + m% + |ul>.
Furthermore, if we assume conservative values of the soft breaking terms:

A~ O(msusy)
my ~ mg ~ mgy ~ O(mgysy)

Bg ~ O(mgusy )
Bsn ~ O(mgysy M)

(5.8)

with both, u, msysy < M, we see that Bg, m3, m%, m%y < Bgy and ]T/[;%N ~ pM*.
Neglecting these small soft terms, there is still one physical CP violating phase,

¢ = —dp =arg(ABsyM) . (5.9)

In this limit, we choose for simplicity a basis where A = |A[e is the only complex
parameter. Then we diagonalize to first order in two expansion parameters,

|1 __ |Bsn]
S = ~ O M 5.10
€ Q\M\ , € Q‘MP (mSUSY/ ) ( )
To this order the mass eigenvalues are:
M12 = M2 - M,u - BSN
M22 = M2 _MM_'_BSN
M2 = M?+ My — Bsy (5.11)
Mf = M2+MM+BSN
and the eigenvectors:
- 1/~ ~ 1/~ ~
= —(st— Nt (s —
o= 3 (5T - 1)+ 2 (5-N)
N, = + NT_”T>_E(~_”>
M = (5'-~ 5 (5-F
Ny = % (§T +NT> - % (§+N) (5.12)
~ 1/~ ~ 1/~ ~
Ni = 3 (SMNT) +3 (S+N)
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Note that in this limit the mass degeneracy among the four sneutrino states is
removed by both the L-violating mass p and L-conserving supersymmetry breaking
term Bgy. Together with the trilinear A term they also provide a source of CP
violation, and the mixing among the four sneutrino states leads to a CP asymmetry
in their decay.

Another interesting limit is to diagonalize the sneutrino mass matrix (5.6) ne-
glecting only the Bg entry, which may be appropriate if ;1 < mgygy and the order
of magnitude of the soft breaking terms is as given by (5.8). In this limit the
mass matrix can also be taken real and the mass eigenvalues can be read from
Eq. (5.7), just setting Bs = 0. Now there are two non zero CP violating phases,
dyy and ¢y = arg(ABLy M2 M2,). However the combination that is relevant
for the CP asymmetry in sneutrino decays is the same as in the previous case,
¢ = dyum + ¢y = arg(ABgyM).

As we will see in Sec. 5.6, the total CP asymmetry in the singlet sneutrino decays
turns out to be sizable for very small values of the soft term Bsy < Mmgysy-
Neglecting the Bgy term in the Lagrangian there are still two CP violating phases,
onry and ¢ 4, but again the sneutrino mass matrix can be taken real, so that the mass
eigenvalues are as given by Eq. (5.7) with Bgy = 0. The phase relevant for the CP
asymmetry in the singlet sneutrino decays is now ¢' = ¢y +oa = arg(ABEM 1\73 N)-

Finally, neglecting supersymmetry breaking effects, the total singlet sneutrino
decay width is given by:

> IM|yal?

81

r (5.13)

5.3 The CP Asymmetry

In this section we compute the CP asymmetry in the singlet sneutrino decays. As
discussed in Ref.[76], when T' > AM,; = M; — M;, the four singlet sneutrino
states are not well-separated particles. In this case, the result for the asymmetry
depends on how the initial state is prepared. In what follows we will assume that
the sneutrinos are in a thermal bath with a thermalization time I'"! shorter than
the typical oscillation times, AMZ-EI, therefore coherence is lost and it is appropriate
to compute the CP asymmetry in terms of the mass eigenstates Eq. (5.12).

The CP asymmetry produced in the decay of the state N, is given by (see section

5.5):
ZF(Ni*f)—F(Ni*f)
f

(5.14)

€;

TN M= AN =)
/

where [ = Li.H , Lih. We also define the fermionic and scalar CP asymmetries in
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the decay of each N; as:
S IAUN, = L) = [A(N; — LLHY)P

€ = e —— (5.15)
> 1AUN; = L) + | Ad(N; — LLH)?
k
D AN, = Lih)[* = |Ad(N; — Lih)|”
€, = = _ _ . (5.16)

> JA(N; — Lyh) P + |Ay(N; — Lyh)|?
k

Notice that €, and €y, are defined in terms of decay amplitudes, without the phase-
space factors which, as we will see, are crucial to obtain a non-vanishing CP asym-
metry, much as in the standard seesaw case [74, 75, 76]. The total asymmetry ¢;
generated in the decay of the singlet sneutrino N; can then be written as:

6 = €5,Cs T €,C ’ (5.17)
Cs + ¢y
where ¢, ¢y are the phase-space factors of the scalar and fermionic channels, respec-
tively.

Since the scale of lepton number and supersymmetry breaking are p, msysy <
M, there is an enhancement of the CP violation in mixing (wave-function diagrams),
so we only include this leading effect and neglect direct CP violation in the decay
(vertex diagrams).

We compute the CP asymmetry following the effective field theory approach de-
scribed in [131], which takes into account the CP violation due to mixing of nearly
degenerate states by using resumed propagators for unstable (mass eigenstate) parti-
cles. The decay amplitude A/ of the unstable external state N; defined in Eq. (5.12)
into a final state f is descrlbed by a superposition of amplitudes with stable final
states:

A (N ! 1T
Aj(N; — f) = Al ;AJ T M2 i (5.18)
where Alf are the tree level decay amplitudes and II;; are the absorptive parts of
the two-point functions for i, 7 = 1,2,3,4. The amplitude for the decay into the
conjugate final state is obtained from (5.18) by the replacement Azf — A{ -
The decay amplitudes can be read off from the interaction Lagrangian (5.4),
after performing the change from the current to the mass eigenstate basis:

1~ -
L = iNl[—YikLkh—F(YikM*—AYik)LkH]—i-

+ %K@[—mLkh — (YiM* + AYy) Lo H] +
i ~ ~
+ S Na[YiLh — (YoM — Ay LiH) +

1 ~ -
+ GNYVikLih + (VM + AYi) L] + hec. (5.19)
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Neglecting supersymmetry breaking in vertices, up to an overall normalization
we obtain that the decay amplitudes into scalars, AJ* = A(N; — LiH), verify
A = AF = 1AJF = iA5. Correspondingly the decay amplitudes into fermions
Alv = A(N; — Lyh), verify Al = —Alr = —j Al = jAlx.

Keeping only the lowest order contribution in the soft terms,

I, = MI i=1,....,4 (5.20)
H12 = H21 = —H34 = —H43 = |A| r singb (521)

Altogether we can then write the fermionic and scalar CP asymmetries as:

2(M7 — M)TL; Y Im(AJF A%)

k
G = > - (5.22)
7 (M7 = MEP I AT
k

2(M7 — M) Y Im(AF Al)
k

e, = Y (5.23)

7 (M7 = M7+ 103] )y Af P
K

Inserting the values of the amplitudes Alf and the absorptive parts of the two-point
functions (5.20) we obtain the final expression for the scalar and fermionic CP
asymmetries at T' = 0:

4|Bgy AT

= —p =& = — i 5.24
€ 7 €fz € 4‘BSN|2 + |M|2F2 Sln¢ ( )

and the total CP asymmetry generated in the decay of the sneutrino N; is then:

a(T) =& i

. 2
Cs + ¢y (5 5>

As long as we neglect the zero temperature lepton and slepton masses and small
Yukawa couplings, the phase-space factors of the final states are flavor independent.
After including finite temperature effects they are given by:

¢y = (I—azp—ap) AL,z 2n) [1— f77][1 = £,7] (5.26)
¢ = ML zg, xp)[1+ f2] [1 + fg"] (5.27)
where
4 = L 5.28
Tui = exp[Ey ;/T] -1 (5.28)
1

I 2
h,L exp|Ep.r/T] + 1 (5.29)
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are the Bose-Einstein and Fermi-Dirac equilibrium distributions, respectively, and,

Epp=%+arn—an), Eyp=%50+ay5—a1p) (5.30)
MLz,y)=(Q+z—y)?—dz, z,= m‘;\g)Q : (5.31)

The thermal masses for the relevant supersymmetric degrees of freedom are [77]:

3 1 3
wiy (1) = 2(0) = (g3 o+ D) 72, (5:32
2 2 3 2 1 2 2
mz(T) =2mi(T) = 392 + Iy . (5.33)

Here g, and gy are gauge couplings and )\; is the top Yukawa, renormalized at the
appropriate high-energy scale.

As we will see in the next section, from Eq. (5.104), if the initial distributions of
all four states N; are equal, their total contribution to the total lepton number can
be factorized as:

ZF(Ni—’f)—F(Ni%J?)
_ !
= Z STOWN; = f)+T(N; = f)
!

(5.34)

Several comments are in order. We find that this leptogenesis scenario presents
many features analogous to soft leptogenesis in seesaw models [74, 75, 76, 132]: (i)
The CP asymmetry Eq. (5.25) vanishes if ¢, = ¢, because then there is an exact
cancellation between the asymmetry in the fermionic and bosonic channels. Finite
temperature effects break supersymmetry and make the fermion and boson phase-
spaces different ¢, # ¢y, mainly because of the final state Fermi blocking and Bose
stimulation factors. (i7) It also displays a resonance behaviour: the maximum value
of the asymmetry is obtained for 2Bgy /M ~ I'. (iii) The CP asymmetry is due to
the presence of supersymmetry breaking and irremovable CP violating phases, thus
it is proportional to |Bgy A|sin ¢.

As seen from Eq. (5.24) we obtain that the CP asymmetry is not suppressed
by the lepton number violating scale . This may seem counterintuitive. However
if 4 = 0 the four sneutrino states are pair degenerate, and we can choose a lepton
number conserving mass basis, made of the (L = 1) states:

N %(?—N)
N, = %(5@]\7), (5.35)

and their hermitian conjugates, with L = —1, N{T, Ng Although there is a CP
asymmetry in the decay of these sneutrinos, it is not a lepton number asymmetry
(since in the limit © = 0 total lepton number is conserved) but just a redistribution
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of the lepton number stored in heavy sneutrinos and light lepton and slepton SU(2)
doublets. At very low temperatures, 7" < M, when no heavy sneutrinos remain
in the thermal bath, all lepton number is in the light species and obviously if we
started in a symmetric Universe with no lepton number asymmetry it will not be
generated.

In other words, the total lepton number generated for the case with no lepton
number violation is zero but it cannot be recovered by taking the limit ;4 — 0 of
Eq. (5.24) because in the derivation of Eq. (5.24) it is assumed implicitly that the
four singlet sneutrino states are non-degenerate and consequently it is only valid if
i (or some of the other L violating parameters) is non zero.

In section 5.4 we recompute the asymmetry using a quantum mechanics ap-
proach, based on an effective (non hermitic) Hamiltonian [74, 75, 76], and we get
the same parametric dependence of the result, which differs only by numerical fac-
tors. Both expressions agree in the limit I' < |Bgy/M].

As discussed at the end of the previous section there may be other interesting
ranges of parameters beyond Eq. (5.10). Thus in order to verify the stability of
the results to departures from this expansion we have redone the computation of
the CP asymmetry keeping all the entries in the sneutrino mass matrix, and just
assuming that it is real. The expressions are too lengthy to be given here but let us
simply mention that we have found that, in the general case, the CP asymmetries
generated in the decay of each of the four singlet sneutrino states are not equal but
they can always be written as:

4|Bgy A|T
A|Bsy|? + |M|T?

sin ¢ + fi(Bs, p, M2y) (5.36)

€ =
where the functions f; verify that for |u|> < |Bsy| and to any order in |Bgl:

> fi(Bs, i, MEy) o< | Bl - (5.37)

In the limiting case |Bsy| < |Bs|, m%ygy, |#?] the dominant term in the CP
asymmetry at leading order in |Bg| ~ |[M|I' < |[M2y] is:

8| BsA|l 12| +mF —my 2 212y
D e= BT M N (4)Bg|> — |M|*T?)sin¢’ .  (5.38)
i SN

It also exhibits a resonant behaviour, described now by |Bg|T'/(4|Bs|? + | M|?T?)2,
however the total CP_asymmetry in this limit is further suppressed by a factor of
order (|12, méysy)/|Min|.

Finally, let’s comment that in the previous derivation we have neglected thermal
corrections to the CP asymmetry from the loops, i.e., we have computed the imag-
inary part of the one-loop graphs using Cutkosky cutting rules at 7" = 0. These
corrections are the same for scalar and fermion decay channels, since only bosonic
loops contribute to the wave-function diagrams in both cases, so they are not ex-
pected to introduce significant changes to our results.
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5.4 CP Asymmetry in Quantum Mechanics

The four sneutrino system is completely analogous to the K — K system, so here
we compute the CP asymmetry generated in their decay using the same formalism.
In order to compare with the effective field theory approach described in Sec. 5.3
we consider only the simplified case Bg, m4, m%, m%y < Bsy and M2y ~ uM*.
In this limit, we have chosen for simplicity a basis where A = |A|e* is the only
complex parameter with ¢ given in Eq. (5.9).

The evolution of the system is then determined by the effective Hamiltonian,

A

~ r
H=M - 15 (5.39)
where, in the interaction basis and at leading order in the expansion parameters ¢,

defined in Eq. (5.10),

1 0 € €
~ 0 1 € €
M=M| -, (5.40)
e € 01
and N
L0 0 5
f—r| Y i Y (5.41)
0 4 1 o0
A*
20 0 1

with I" given in Eq. (5.13).

It is convenient to write the effective Hamiltonian in the mass eigenstate basis Eq.
(5.12), because in such basis the four sneutrino system decouples in two subsystems
of two sneutrinos, with the resulting width matrix:

1 —€4cos¢ €4 8N @ 0 0
B €48in ¢ 1+ e4qcos0 0 0
F=r 0 0 1—€qco8¢ —e€ysing (5.42)
0 0 —€eqsing 1+ €e4c080
where €4 = 4]

W.
The eigenvectors of the effective Hamiltonian H are:

N = 2+122+ :ei(¢f—¢+)/4(§T N+ %e—iw:m)/él(g_ﬁ):

N, = 2+i25+ :ei(¢f—¢>+)/4(§T N - \/ge—iw,—mwg_ N):
le_1

N = 2+,-2 = :ei(¢f—¢>+)/4(§T N - \/Ee—iw:m)m(@r N):

N = 2;@ :ei(¢f—¢+)/4(§T + N+ %e—i(¢f—¢+>/4(§+ﬁ):
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and the eigenvalues

v = M| |ul/2 = i0/2 — @002 e ] /]
vy = M| |ul/2 = iD/2 4 @002 e ] /e |
vy = |M|+|ul/2 - iD/2 — @02 ] /e |
v = M|+ |pl/2 = i0/2 4 6=+ ] e ]

where

= |e_|e" = |Bgn/(2M)| — il'e4 /2
e = |er|e" = |Bsn/(2M)] — iT'€} /2
We consider an initial state at ¢ = 0 with equal number densities of the four
sneutrino interaction states F;. Using that the time evolution for the hamiltonian
eigenstates Eq. (5.43) is trivially ‘N{(t)> = e Wit ]VZ’>, we obtain that at time ¢ the
interaction states are the following:

o)

_ 914(t) + 924 (1) ‘N n % Gi(6-—01)/2 g1-(t) ;92—(15) ‘f\ﬂ> B

_ 91+(1) ;gﬂ IE I i(p——py)/2 91— () 1‘92—(0 ‘§T>
‘NT(t)> -

_ % —i(6-—b1)/2 91m (t);%(t) N>+gl+(t)zg2+(t) )NT>_

_ |Z_J_r: —ilp-—ps)/2 D (t)jl—gz (t) §>_91+(t) 4g2+(t) ’§T>
§(t)> _

= 90) _92+ }N> :;: i0-—s4)2 91=(1) +92 ‘NT>

X g1+(t +g2+ ‘S i H (b —pi)/2 91— 92 ‘ST> (5.43)
5ty

_ % (6 —01)/2 g1-(t) 192—@) ’N> ~gi+(Y) ;92+(t) ‘NT> n

+ % o-ito-—s1)/2 91=(t) ;92—(15) ‘ §> N 91+(t)zgz+(t) ‘ §T>
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The functions g1+ (t) and go+(t) containing the time dependence are given by:

Gra(t) = (\M|—%‘—i%)t [6iAut:t6—iAut} : (5.44)
Gou(t) = e—i(\M|+%—ig)t [6iAut :te—iAut} ’ (5.45)
with,
o o
Av = el( =) V-l Ve - (5.46)

We neglect soft supersymmetry-breaking terms, so that S only decay to scalars,
and N to antifermions:

|A[S — LiH]|? = |A[ST — L{HT]]? = |1qu|2 = Az,

_ (5.47)
[AIN — LLRT)? = |AINT — Lyl 2 = [Yig[*(s — m3 —m}) = A,

We next write the time dependent decay amplitudes in terms of |Aik|2 and
|ALk‘2:

. N - - o 2
AN() = LHP = [AN() — DLaTp = e =0y 254

16
S ¥ 2 ot Ftor2 914 + g24]7 2
ABO) — Lt = (A8 ) — Lt = 029l g 2 (5 a9)
> trin2 e 2 |91+ + 9212 2
AN = TR = 1A — Lo = 2t el e (550)
~ - _ 2
AIS) — L = AW — L = 2o e g
~ ~ 6 ~
\MM@H%WW=:GJ)WMUHMMP= (5.52)
o Je] g + g ? 2
= el 1 Al
~ ~ 6 ~
MW@H%WW=:GJ)W§UHMMP= (5.53)
_ le| |91——g2—|2 2
=l 1
~ €
AIN() — L = GqD|MNW%+@m= (5.54)
e - — g ]? 2
=l 1 Asl
~ €
AIS() — L)? = G+D|m@<> L = (5.55)

le| g1- + go—|?
| - el
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We define the integrated C'P asymmetries for the fermionic and scalar channels
as:

Jaty ] :|A[f’z(t) — Ly + X]]> = |A[F(t) — L} + X]P:

T @S AR — et XIP + ARG — I+ XI]
JatS " [JAIF() — By + X2 — [A[Fi(t) — L} + X]P2]

e = bk _ — (5.56)
Sty [JAIF(8) = L+ XIP + |A[F(t) — L} + X)P?]

Using the time-dependent amplitudes from Eq. (5.4), the time integrated asym-
metries are:

__ 1 /e |€+|)
€ =—€=€=—=|+—— 17— , 5.57
=3 (151 90
where the factor ﬁ — % vanishes if C'P is conserved, and for €4 < 1 is given by:
€_ € 4MTeq| . 41" A .
:6+: - l:l ~ BSJV | sin ¢ = B—SNsmgb (5.58)

The time dependence is encoded in y:

Jo dt [|gi—(t)]* + |g2—(t) 7]

S . 5.59
X Tt g (OF + oo P + o (OF + g (O] 559

In the limit €4 < 1 the time integrals are :

> Bsn|?/T|M?
dt [|gi_|*> + |go—|?] ~ 4 | , 5.60
/0 [|gl | |92 | :| 2+ |BSN|2/|M|2 ( )
0 8
| el lowel? + o O + oo (0] = (5.61)
0
T |Bsy||A

€= —€;—E= | B | 4] sin ¢ (5.62)

" T2|MJ? + | Bsy|?

The comparison between the asymmetry in Eq. (5.24) and Eq. (5.62) is in full
analogy to the corresponding comparison in the standard see-saw case discussed
in [74]. The asymmetry computed in the quantum mechanics approach, based on
an effective (non hermitic) Hamiltonian, Eq. (5.62), agrees with the one obtained
using a field-theoretical approach, Eq. (5.24) in the limit I' < Bgy/M. When
' > Bgn/M, the four sneutrino states become two pairs of not well-separated
particles. In this case the result for the asymmetry can depend on how the initial
state is prepared. If one assumes that the singlet sneutrinos are in a thermal bath
with a thermalization time I'~! shorter than the typical oscillation times, AMZ-EI,
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coherence is lost and it is appropriate to compute the CP asymmetry in terms of the
mass eigenstates Eq. (5.12) as done in Sec. 5.3 and one obtains Eq. (5.24). If, on the
contrary, one assumed that the N, S states are produced in interaction eigenstates
and coherence is not lost in their evolution, then it is appropriate to compute the
CP asymmetry in terms of the interaction eigenstates Eq. (5.43) as done in this
appendix and one obtains Eq. (5.62).

5.5 Boltzmann Equations

We next write the relevant Boltzmann equations describing the decay, inverse decay
and scattering processes involving the sneutrino states.

As mentioned above we assume that the sneutrinos are in a thermal bath with
a thermalization time shorter than the oscillation time. Under this assumption
the initial states can be taken as being the mass eigenstates in Eq. (5.12) and we
write the corresponding equations for those states and the scalar and fermion lepton
numbers. The C'P fermionic and scalar asymmetries for each N; defined at T = 0
are those given in Eq. (5.24).

Let’s notice that the CP asymmetries as defined in Eq. (5.24) verify e,, = —¢y, =
€;. However in order to better trace the evolution of the scalar and fermion lepton
numbers separately we will keep them as two different quantities in writing the
equations.

Using C'PT invariance and the above definitions for the C'P asymmetries and
including all the multiplicative factors we have:

. ~ o~ ~ 1+ e, s
AN = L) = SJALH = NP = =3 (A,
k k

2
SYVAG, - DD = SJAGH - R = LSS janp,
k
|
2

12

2

i (N N i(rg W 146 o (5.63)
A(N; - Ln) P = ;M(Lkhﬁj\,i) 2 o Tﬁ;wﬂ27
Z|A<N,—>Ekﬁ> |2 = Z|A(Lkh_>ﬁz)|2 ~ %ZVH’CP
k i -
where
A = S wME
; ] Z .
2 2
2 = Z%?\i (5.64)
k k

The Boltzmann equations describe the evolution of the number density of particles
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in the plasma, Eq. (2.10):

%*3% = > A fifm e AEfOAE L) W (lme s — X ) -

Jlm

— fxfi A E RO E ) WX — m. )]

where,

AKI / px / dp; / d°py / &pr,
fm... (2m)32Ex | (2m)32E; ") (2m)32E; ) (27)32E,,

and W(lm--- — Xj...) is the squared transition amplitude summed over initial
and final spins. In what follows we will use the notation of Ref.[65] and we will
assume that the Higgs and higgsino fields are in thermal equilibrium with distribu-
tions given in Egs. (5.28) and (5.29) respectively, while the leptons and sleptons
are in kinetic equilibrium and we introduce a chemical potential for the leptons, p,
and sleptons, pug:

£ = 1
b apl(E AT
1
T AL Ea o)
£ 1
Pl T 1
£ = 1

exp[(Ef — ps)/T) =1

Furthermore in order to eliminate the dependence in the expansion of the Universe
we write the equations in terms of the abundances Yy, where Yy = nx/s.

We are interested in the evolution of sneutrinos Y5 , and the fermionic Y, and
scalar Y lepton number, defined as Y, = (Y7 — YL)/Q Y; = (Y7 — Y3:)/2. Here
we assume that the distinguishable states in the plasma are given by Eq. (5.12),
ie., u > H, so we don’t find a p suppression of the resulting baryon asymmetry.
However, in the limit @ — 0 this is not longer true. Then, one should write the
Boltzmann equations for the lepton number conserving states in Eq. (5.35) and their
hermitian conjugates, considering p as a mixing term between the L = 1 and L = —1
heavy sneutrino distributions. In this case, we expect a u suppression of the final
lepton asymmetry, because when lepton number is exactly conserved (u = 0), the
L =1 and L = —1 heavy sneutrino distributions are decoupled and the final lepton
asymmetry vanishes, as we discussed previously.

The number density of sneutrinos is regulated through its decays and inverse
decays, defined in the decay D — terms, while to compute the evolution of the
fermionic and scalar lepton number we also need to consider the scatterings where
leptons and sleptons are involved. The scattering terms are defined in the scattering
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S — terms.
%  Di—Di—Di— D (5.66)
% = Z (Di = Di) =28 = Sy 5+ 5,5 — Spp + 5,1 (5.67)
% - (Di=DI) =25 = S,5 + Sy + Sz = Spp (5:68)
where:
sDi = A2 [fm(l — f)( = FOY A (N — Lk ) [
k
—fLf L+ f5) ) |A(Lgh — Nm?] : (5.69)
k
sD; = AZ [fﬁi(l — [ =Y 1A (KQ — Ek?L) *~
k
Ll (4 f5) Y OIA (Lih — ;) |2] , (5.70)
k
sD; = AF | [, L+ A+ DY JAN: — LeH)P~
k
—fef A+ f5)> AL H — N»F] : (5.71)
k
sDf = A [fﬁi(l + fe) (L fi) D JAN: — LLHT)P-
k
~fie i U+ f5) D _JACLLHT — Ni)lzl , (5.72)
k
and

sS = Ag [fo;fq(l — f2) X = £ [ Mow(Lih — Lih) P~

K,k

—fLfi" (L= f) (A = i) | Mou(Lih — kah)lzl : (5.73)

K,k
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sS = A | Sfpfi U+ fr) (U + DY IMas(LeH — L HYPP—
.k
—fszﬁf(l+fz)(1+f§F)Z|Msub(EZHTHEI«H)F] . (5.74)
k. k'
sSppr = A AU+ fo) (L + fa)| Y[ Mo (Lih — L H')?—
kK
—fr f(L— f) (1 - ;%DMsub(ELHMLmW] . (5.75)
k. k'
sSpp = A3 | fofif L+ f2) L+ DD M (Lih — Ly H) [~
kK
—fr i = fo) (1 — 5q>Z|Msub<EkHﬁEkfh>|2] . (5.76)
kK

sSiz = Ai [foﬁq(l + DA+ DD [Maw(Lih — Ly H) [~

kK

—fifa (= fo)(1 - ;q)Z|Msub(zkH — Lk’h)|2] : (5.77)

kK

S = AL [fif;qu+fﬁ><1+f;q>z|Msub<Lkﬁﬁz,:,HW-

kK’

— i f7 (= f) (L= fi)Y ML HT — Ek'h)IQI - (5.78)

kK

The scattering terms are defined in terms of subtracted amplitudes, since the on-shell
contribution is already taken into account through the decays and inverse decays in
the decay terms. So for example:

}Msub(Lkh — Lklil)F == ‘M(Lkh — L]yil)f - ‘Mos(Lkh — Iz]gil)f s (579)

where,

| Mys(Lph — Lyh)|* =




86 Soft Leptogenesis in the Inverse Seesaw Model

In writing Eqs. (5.66)—(5.68) we have not included the AL = 1 processes. They
do not contribute to the out of equilibrium condition. However they can lead to a
dilution of the generated L;,,;. Therefore they are relevant in the exact computation
of the x factor defined in Eq. (5.106).

In order to compute the decay terms, we use the following relation between the
equilibrium densities:

fo R+ 1) = FE 1 — fip) (1 = fif)et/T =

K3

~ fO(L— F(1 - [T Y2), (5.81)

-

fion fad(1+ ffv(? = f]?;g(l + frn) (14 fiyeFne/T ~

~ fr+ )0+ ) (AFYz), (5.82)
with: .
fj%fi = xp[Er /1] 1 : (5.83)
One gets:

1 12

. . 1+e, 1—¢y
o= = gt (5 4 A ) Sl
k

_feq +fN
Nl + [

(- - £

— €, 1+ e
x {(1—3@) 5 i +(1+Yc)7ﬁ] > |Af?
k

= (YT = YETL)) + YEvee (T,

K3

where in order to write the equations in the closest to the standard notation we have
defined the following average widths:

ng (M) = ARSI (= (1~ ;‘f)ik]AZkP (5.84)
ng, (ML) = AR fy(- zq><1—sz>;|A{k\2 (5.85)
n3 ) = 12f€qﬁl+§§q§<1— DRI (686)
ng (D) = AZSEL+ (L + [ Z\As’fﬁ (5.87)
ny(T%) = Aﬁfﬁi<1+fL><1+fH>;\Afk\2 (5.88)
g (Tx) = 12fqul+§§q;(1+f“’q )1+ f57 Z|ASk|2 (5.89)
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which verify that in equilibrium:

(PE7) = () = OF) (5.90)
Equivalently for the rest of terms :
Do+ D = (Y UG) = YETL)) + VEee, (TG ) (5.91)
D,—D; = ¢ (Yﬁi@f )+ YT )) + YY) (5.92)
Di+ D} = (Vg (Tg) = YEUT5) ) + Ve, (T5) (5.93)
Di—Di = e, (Y~ (%) + YT, )) +YEVET) (5.94)

Concerning scattering terms, in order to evaluate, for example, the on-shell con-
tribution }MOS(Lkh — Lyh) }2 we use the following relation between the equilibrium
densities:

(L= fFNQ = i) = fe™ T = fi A = fi) = 7 (5.95)
and the identity,
= /d4pN54(Pﬁi —PL — DPh) - (5.96)

They allow us to write the on-shell contribution to the scattering terms at the
required order in € as:

e (s —mz) S~
AL FLf( = f)(1 - Z\A (Lih — N;)[? TMNZZ\A(NZ- — Lh)|? =
N; Nz k!
dspL d Ph 4 ¢4 fr 2
_/(27r)32EL (27r)32Eh(27T) O by, = pr = P)fE ( ) Z|A |7 %

/ d'pg, 2m0(s —my,) / I’py  dpy
(2m)* Qmﬁif%fl_ (2m)32E, (2m)32E),

PP T = (L= fif) = 67 ol (597)

kl

(2m)*0" (p, — P — Pn) X

Now we define the thermal width into fermion and scalars as:

1 dgpL dgph
s = / 2) 64 (pe — pp —
" 2mg, J (2m)2EL (27r)32EL( )"0 (px, — PL — Ph)

(1= FE0 = F) = [ F0 D _IAFP

k

1 dpp *pu
s — / L NRVIVSN
" 2myg, J (2m)*2E7 (27T)32EH( ) 0 Py, — P~ P)

(L £+ £ = F 5 Z|A8k\2 (5.98)
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so that the thermal width of sneutrinos is Fth = Fth Sy Fth o
d p~
= @paE; We can write Eq. (5.97) as

Using that f W); 2o (p% — m%

(2 N

phf

1—¢p N
v oo - (L5%) > AP T - g Ly, I

Altogether we find that:

o o s
S = Y (o(Lyh — Lyh) — o(Lih — Lyh)) + Yle <r{veq> Ffjé . (5.99)
kK’ N;
The rest of on-shell contributions can be evaluated similarly:
Ftil,s
S = Y (o(LyH — L, HY) = o(LLH' — LyH)) + V! 5 €i (L ea) rjjﬁ
kK N;
_I_ Fth,s
T T e € i 652 ~i
Supr = D (o(Leh — LLHY) — o(LLHT — Lih) + Yo (P ) =
kK’ N;
n Fth,f
T T eq €fi €s; /s N;
= > (o(Lyh — LL,HY) — o(L},H" — Lyh)) + YﬁjfTwﬁfQ F]Xh
kK’ N;
n th,s
o 7 7 T T T 7 eq € €si Ni
Sz = > (o(Lyh — LyH) — o(LyH — Lyh)) — YfoT< L) Pfjﬁ =
kK’ N;
n Fth,f
7T T T T 7 eq€fi T Csi s Ni
= > {o(Lih — Ly H) — oLy H — Lyh)) — Y 7 : <rﬁfq>r%
kK’ N;
Fth,s
T T eq€fi — €s; N;
Siz = Y (o(Lih— LH) = o(LiH — Lih)) + Y= (T L) w =
k,k! N;
rthf
T (& € ESL S ~i
Z (Lyh — Ly H) — o(LiH — Lih)) — YﬁffT<FNeq> thvb
k,k N;
Fth,s
_ - ~ >~ F 7 eq€fi — €s; Ni
Sz = Y (o(Lih — LLHY) — o(LLH' — Lyh)) — yﬁisz(rfveq) Ffjb
kK’ N;
th,f
T 7 T T T 7 eq € €si /s Ni
= > (o(Lyh — L, H") — o(L},H' — L;h)) — YﬁffTwNeq) Ffﬁ
kK’ N;
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Altogether we can write the Boltzmann equations for the sneutrinos and leptonic
numbers 2:

—& vy, ((F%i>+<rj%))+Y§f (<f{%>+<fj@>) .

v (Yﬁeﬁ. L)+ Yzeo, <r;’vi>) (5.100)

dY, ~ ~
E = 3 e (VAT + YETL) - 2V ) ) + Yeve(Th)] -

7

—(20(Lh — Lh) + o(Lh — L'H" + o(Lh — LH)) +

+(20(Lh — Lh) + o(Lh — ZH) + o(Lh — ZTHT» —

—(o(LH — Lh) — o(LH — Lh)) +

+{o(LTH" — Lh) — o(LTH' — L)) (5.101)

dY;
dt

|
\g

[esl. (Yﬁi (Ty) + VTS - 2Y§f(Fjqu>> + Y;fYZ@jv)] _

—(20(LH — L'HY) + o(LH — Lh) + o(LH — Lh)) +

+(20(L'H' — LH) + o(L'H" — Lh) + o(L'H' — Lh)) —

(o(Lh — LYH") — o(Lh — LH)) +

+(o(Lh — LH) — o(Lh — LT H")) (5.102)

The out of equilibrium condition is verified since using Eq. (5.90) the first term
of Eq. (5.100) and the € terms of Egs. (5.101) and (5.102) cancel out in thermal
equilibrium.

The Boltzmann equation for the total lepton number can be written as (here we
use €5, = —€f, = §):

dY# = Z Y, ((05) = (00)) + v ({50 = (T5)) - (5.103)
—2¥ (T = (The) ) + VSV, + 7205 +

+ scattering terms
S [ (Ve = vE) @)+ ve (vl + Vi )] + st

12

with (Ceo) = (Dea) + (Diea)-

2Here we have suppressed flavor indices in the two body AL = 2 scattering terms for the sake
of simplicity, but a sum over all flavors in initial and final states should be understood.
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In the last line we have used that at O(e) we can neglect the difference between
[, and f;f_ in the definitions of the thermal average widths and we have defined the

effective Tldependent total asymmetry:

rs ) — (e,
(T =2 )~ W) (5.104)

g -~ f s ’
<Fﬁieq> + <Fﬁi€Q>

which in the approximate decay at rest takes the form Ref.[74, 75, 76]:

Cs — Cy

i(I)=¢ :
(T) ECS+Cf

(5.105)

5.6 Results

We now quantify the conditions on the parameters which can be responsible for a
successful leptogenesis.

The final amount of B — £ asymmetry Yz, = ng_r/s generated by the decay of
the four light singlet sneutrino states N; assuming no pre-existing asymmetry and
thermal initial sneutrino densities can be parametrized as:

Yoo =—r Y a(Ta) YT > M;). (5.106)

€;(T) is given in Eq. (5.25) and Ty is the temperature at the time of decay defined
by the condition that the decay width is equal to the expansion rate of the universe:

— H(T,), where the Hubble parameter H = 1.66 g, 2%, my = 1.22- 10" GeV
is the Planck mass and ¢, counts the effective number of spin-degrees of freedom
in thermal equilibrium, g, = 228.75 in the MSSM. Furthermore Y4(T' > M;) =
90¢(3)/(4mg..).

In Eq. (5.106) x < 1 is a dilution factor which takes into account the possible
inefficiency in the production of the singlet sneutrinos, the erasure of the generated
asymmetry by L-violating scattering processes and the temperature dependence of
the CP asymmetry €;(7"). The precise value of k can only be obtained from numerical
solution of the Boltzmann equations. Moreover, in general, the result depends on
how the lepton asymmetry is distributed in the three lepton flavors [62, 63, 64]. For
simplicity we will ignore flavor issues. Furthermore, in what follows we will use an
approximate constant value k = 0.2.

After conversion by the sphaleron transitions, the final baryon asymmetry is
related to the B — £ asymmetry by:

B 24—|—47’LH
T 66+ 13ny o

where ny is the number of Higgs doublets. For the MSSM:

Y L (5.107)

Yo =-84x10""k Y e(Ty) (5.108)
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This has to be compared with the WMAP measurements [52]: Yz = (8.7703) x
1071 .
Altogether we find that (for maximal CP violating phase sin¢ = 1):

4|BSN A|F CS(Td) —Cf(Td)
A Bsn|? + |MPPT? e(Ta) + c5(Ta)

>26x107". (5.109)

Further constraints arise from the timing of the decay. First, successful lepto-
genesis requires the singlet sneutrinos to decay out of equilibrium: its decay width
must be smaller than the expansion rate of the Universe I' < H |-y, with I given

in Eq. (5.13),
MZ |Y1e|? o
’“8 <1.66 g"/?— . (5.110)
Y mpi
This condition gives an upper bound:
108 GeV
> Vi) <Te) <5x1077. (5.111)
k

Second, in order for the generated lepton asymmetry to be converted into a
baryon asymmetry via the B-L violating sphaleron processes, the singlet sneutrino
decay should occur before the electroweak phase transition:

I'>H(T ~ 100 GeV) = MY [Yi[* > 2.6 x 107" GeV . (5.112)
k

The combination of Egs. (5.111) and (5.112) determines a range for the possible
values of Y |Y;|? for a given M:

oy (108 GeV - M
2.6 x 10721 (T) < Z|Y1k|2 <5x107° (m) : (5.113)
k

We now turn to the consequences that these constraints may have for the neutrino
mass predictions in this scenario. Without loss of generality one can work in the
basis in which M;; is diagonal. In that basis the light neutrino masses, Eq. (5.2),
are:

2 108 GeV 108 GeV Mokl
i =3x107%eV (0 Yi Y, 114
Myij =3 X 1077 eV (175Gev) ; T M, Gev " (5.114)

where v = (H) is the Higgs vev.

It is clear from Eq. (5.114) that the out of equilibrium condition, Eq. (5.111),
implies that the contribution of the lightest pseudo-Dirac singlet neutrino generation
to the neutrino mass is negligible. Consequently, to reproduce the observed mass
differences Am3, and Am?,, the dominant contribution to the neutrino masses must
arise from the exchange of the heavier singlet neutrino states.
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This can be easily achieved, for example, in the single right-handed neutrino
dominance mechanism (SRHND) [133]. These models naturally explain the strong
hierarchy in the masses and the large mixing angle present in the light neutrino
sector. In particular, in the simple case in which the matrix g and M are simulta-
neously diagonalizable, the results in Ref. [133] imply that for the inverse see-saw
model with three generations of singlet neutrinos, the SRHND condition is attained
if there is a strong hierarchy:

3Y3kY3k/ Yo Yoy Y Y

> >
M 2 M, M1 M,

(5.115)

Generically this means that the out of equilibrium condition requires the neutrino
mass spectrum to be strongly hierarchical, m; < my < msg.

Conversely this implies that the measured neutrino masses do not impose any
constraint on the combination of Yukawa couplings and sneutrino masses which
is relevant for the generation of the lepton asymmetry which can be taken as an
independent parameter in the evaluation of the asymmetry.

Finally we plot in Fig. 5.1 the range of parameters > |Y7.|* and Bgy for which
enough asymmetry is generated, Eq. (5.109), and the out of equilibrium and pre-
electroweak phase transition decay conditions, Eq. (5.113) are verified. We show the
ranges for three values of M and for the characteristic value of A = mgygy = 103
GeV.

From the figure we see that this mechanism works for relatively small values of M
(< 10° GeV). The smaller is M, the smaller are the yukawas > |Yix|%. Also, in total
analogy with the standard seesaw [74, 75, 76], the value of the soft supersymmetry-
breaking bilinear Bgy, is well bellow the expected value Mmgysy. The reason is
that, in order to generate an asymmetry large enough Bgy ~ MT', but I' is very small
if the sneutrinos decay out of equilibrium, I' < 1 GeV (%)2. A small B term
with large CP phase can be realized naturally for example within the framework of
gauge mediated supersymmetry breaking [134] or in warped extra dimensions [135].

Given the small required values of Bgy one can question the expansion in the
small parameters in Eq. (5.10). As described at the end of Sec. 5.3 in order to verify
the stability of the results we have redone the computation of the CP asymmetry
keeping all the entries in the sneutrino mass matrix, and just assuming that it is
real. We have found that as long as |Bgy| > | Bsl, |i|* the total CP asymmetry is
always proportional to Bgy, and presents the same resonant behaviour, so that it
is still significant only for Bsy < Mmsysy .

In summary in this work we have studied the conditions for successful soft lep-
togenesis in the context of the supersymmetric inverse seesaw mechanism. In this
model the lepton sector is extended with two electroweak singlet superfields to which
opposite lepton number can be assigned. This scheme is characterized by a small
lepton number violating Majorana mass term g with the effective light neutrino
mass being m,, o< p. The scalar sector contains four single sneutrino states per gen-
eration and, after supersymmetry breaking, their interaction lagrangian contains
both L-conserving and L-violating soft supersymmetry-breaking bilinear B-terms
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Figure 5.1: Z|Y1k |?— Bgy regions in which enough C' P asymmetry can be generated

K
(Eq. (5.109)) and the non-equilibrium condition in the sneutrino decay, Eq. (5.110)

and decay before the electroweak phase transition, Eq. (5.112) are verified. We take
A = mgysy = 10% GeV. The regions correspond to M = 105, 5x 107, and 10° GeV,
from left to right.

which together with the 1 parameter give a small mass splitting between the four
singlet sneutrino states of a single generation. In combination with the trilinear soft
supersymmetry breaking terms they also provide new CP violating phases needed
to generate a lepton asymmetry in the singlet sneutrino decays.

We have computed the relevant lepton asymmetry and we find in that, as long as
the L-conserving B-term, Bgy, is not much smaller than the L-violating couplings,
the asymmetry is proportional to Bgy and it is not suppressed by any L-violating
parameter. As in the standard see-saw case, the asymmetry displays a resonance be-
haviour with the maximum value of the asymmetry being obtained when the largest
mass splitting, 2Bgy /M, is of the order of the singlet sneutrinos decay width, T
Consequently we find that this mechanism can lead to successful leptogenesis only
for relatively small values of Bgy. The right-handed neutrino masses are low enough
to elude the gravitino problem. Also, the out of equilibrium decay condition implies
that the Yukawa couplings involving the lightest of the right-handed neutrinos are
constrained to be very small which, for the naturally small values of the L-violating
parameter pu, implies that the neutrino mass spectrum has to be strongly hierarchi-
cal.
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Chapter 6

Neutrino mass hierarchy and
Majorana CP phases within the
Higgs Triplet Model at LHC

6.1 Introduction

In this chapter, where we show the results obtained in work [4], we consider that the
source of neutrino masses is a scalar triplet A = (AT A% A%). As we described
in section 1.3.2, when the neutral component of the triplet acquires a vacuum ex-
pectation value vy, a Majorana mass term for neutrinos is generated at tree level,
proportional to vy:

. 1 _
La=—Nap l%a(]_l inAlp, +he  — —§I/EQC lmuaﬁ ve, +he. (6.1)

with:
ml,aﬁ = \/§UT )\aﬁ . (62)

We assume that the triplet states have masses not too far from the electroweak
scale. A Higgs triplet slightly below the TeV scale is the generic situation in Little
Higgs theories [34], see [35] for a discussion of neutrino masses in this framework.
Other examples for models with TeV scale triplets responsible for neutrino masses
can be found, e.g., in [136, 137, 138]. Our phenomenological analysis does not rely
on a specific model realization, apart from the assumption that neutrino masses
arise from a triplet with masses in the TeV range.

The hypothesis of such a Higgs triplet can be tested at collider experiments. In
particular, if kinematically accessible, the doubly charged component of the triplet
ATt will be produced in high energy collisions, and its decay into two equally
charged leptons provides a rather spectacular signature, basically free of any Stan-
dard Model background. This process has been studied extensively in the literature
(see [139, 140, 141, 142, 143, 144, 145, 40, 41] for an incomplete list), and has been
used to look for doubly charged scalars at LEP [146] and Tevatron [147]. These
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searches resulted in lower bounds for the mass of the order Ma++ 2 130 GeV. There-
fore, we will consider in the following masses in the range 130 GeV < Ma++ < 1 TeV,
above the present bound but still in reach for LHC.

If the Higgs triplet is responsible for the neutrino mass the decay rate for A™* —
E:Eg is proportional to the modulus of the corresponding element of the neutrino
mass matrix |m,, |2. This opens a phenomenologically very interesting link between
neutrino and collider physics®, and by the observation of like-sign lepton events at
LHC a direct test of the neutrino mass matrix becomes possible. In our work we
assume that a doubly charged Higgs is indeed discovered at LHC, and we use the
information from the decays A** — £/} to learn something about neutrinos, under
the hypothesis that the neutrino mass matrix is dominantly generated by the triplet
VEV.

Current neutrino data leave some ambiguities for the neutrino mass spectrum.
The neutrino mass states can be ordered normally or inverted, and the masses can
be hierarchical or quasi-degenerate. We show that under the above assumptions ac-
tually LHC might play a decisive role in distinguishing these possibilities. Further-
more, we show that it might be possible to determine the Majorana phases [38, 153]
in the lepton mixing matrix, which in general is a very difficult task. Implications
of the different possibilities of the neutrino mass spectrum for the decay of a doubly
charged scalar in the Higgs triplet model have been considered previously in [154],
see also [145]. Building upon the results obtained there, we perform a full parameter
scan including all complex phases, which—as we will see—play a crucial role for the
relevant observables.

6.2 Doubly charged scalars at the LHC
At the LHC the process
pp— ATTATT S et (6.3)

provides a very spectacular signature, namely two like-sign lepton pairs with the
same invariant mass and no missing transverse momentum, which has essentially
no Standard Model background. The pair production of the doubly charged scalar
occurs by the Drell-Yan process ¢ — ~*, Z* — A~ AT with a sub-dominant
contribution also from two-photon fusion 7y — A~"AT*. The cross section is
not suppressed by any small quantity (such as the Yukawas or the triplet VEV)
and depends only on the mass Ma++, see e.g. [141, 41]. QCD corrections at next-
to-leading order have been calculated [143].2 The cross section for A=~A™" pair

!Such a link exists also in other classes of models, see for example [148, 47, 149, 150, 151, 152, 45].
However, in most cases the connection between collider signals and the neutrino mass matrix is
much less direct as in the Higgs triplet model.

2Let us note that—depending on the mass splitting between the double and single charged
components of the triplet—also the channel ¢'g — AT*AT may significantly contribute to the
production of doubly charged scalars, see e.g. [142, 145].
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production at the LHC ranges from 100 fb for a Higgs mass Ma++ = 200 GeV
to 0.1 tb for Ma++ = 900 GeV [41]. Hence, if the doubly charged scalar is not
too heavy a considerable number of them will be produced at LHC assuming an
integrated luminosity of order 100 fb=1.

The rate for the decay A** — (£0; is given by

1

S S Y 4
Tn(1 4 5,p) ool Mare (64)

DA™ — £Heh) =

with 0,3 = 1(0) for « = B (a # ). Hence, the rate is proportional to the corre-
sponding element of the neutrino mass matrix [m,,_, 2. This observation is the basis
of our analysis. Using Eqgs. (6.2,6.4) the branching ratio can be expressed as:

(AT — gt 5 2
BRaﬁ = BR(A++ N gzgg) = ( e} i) _ 2 |m aﬁ| :
Do LIATH = £505) (14 ap) 35, (M, 2

(6.5)
where mg denotes the lightest neutrino mass eigenstate, mo = m; for Normal Hier-
archy (NH) and mg = ms for Inverted Hierarchy (IH). We write the neutrino mass
matrix in terms of the PMNS mixing matrix Eq. (1.2), m, = Udiag(my, ma, m3)UT.
Making use of the unitarity of U it follows:

3
3mg + Am3, + Am3 (NH)
2 _ 2 _ 0 21 31
2 by, =3 m? = { 3md + Amd, +2Am3,| () - (00
op i=1
In addition to the lepton channel the doubly charged Higgs can in principle decay
also into the following two-body final states including singly charged Higgses and /or
the W

ATT S ATAT D AT S AT AT WY, (6.7)
The first two decay modes depend on the mass splitting within the triplet. We
assume in the following that they are kinematically suppressed. The rate for the
WW mode is given by

2 173

(AT > WTWH) & (6.8)

2ot
where v = 246 GeV is the VEV of the Standard Model Higgs doublet, and we have
used Ma++ > My, see e.g. [41] for full expressions and a discussion of possibilities
to observe this process at LHC. Hence, the branching ratio between £*¢* and WHW+
decays is controlled by the relative magnitude of the triplet Yukawas A,3 and the
VEV vp. The requirement D(ATT — WHW™*) < T(ATF — (£03), together with
the constraint on neutrino masses from cosmology vrA,s < 1071% GeV implies:

1/2
U7 <1076 (100 Gev) . (6.9)

v Mna++
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The triplet VEV contributes to the p parameter at tree level as [32] p &~ 1—2(vr /v)>.
The constraint from electroweak precision data p = 1.000270002 at 20 [50] translates
into vy /v < 0.02, which is savely satisfied by requiring Eq. (6.9).

In this model contributions to lepton flavor violating processes, g, — 2, and in
principle also to the electron electric dipole moment are expected, see e.g. [154, 155,
42] and references therein. Following Refs. [154, 42], the most stringent constraint
on the Yukawa couplings A, comes from u — eee, a process which occurs at tree
level via Eq. (6.1). The branching ratio for this decay is given by [42]:

LA Ael?
BR(pu — eee) = @b\e;% ~ 20 (
F At++

Ma++ -
—=—— ] N 6.10
) P (6.10)
Hence, the experimental bound BR(u — eee) < 1072 [50] constrains the combi-
nation [A:Ac,| < 2 x 1077 (Ma++/100 GeV)? Assuming that all A\, have roughly
the same order of magnitude we obtain an estimate for the interesting range of the
Yukawa couplings:

Ma++ 1/2 Ma++
4x1077 [ ———— <Ay $HEX 1074 [ ——— 6.11
8 <100 GeV) ~ b s 9 100GeV ) (6.11)

where the lower bound emerges from Eq. (6.9) assuming that the cosmological bound
is saturated. We see that several orders of magnitude are available for the Yukawa
couplings. For A,z close to the lower bound of Eq. (6.11) the decay ATt — W+
will become observable at LHC, whereas close to the upper bound a signal in future
searches for lepton flavor violation is expected, where the details depend on the
structure of the neutrino mass matrix [154, 42]. The interval for the Yukawas from
Eq. (6.11) implies a triplet VEV roughly in the keV to MeV range.

Let us note that in the minimal version of this model the Baryon Asymmetry
of the Universe cannot be generated by leptogenesis, and one has to invoke some
other mechanism beyond the model. However, in this case lepton number violating
decays of the doubly charged scalar of the model might destroy the pre-generated
baryon asymmetry.®> To avoid this to happen one has to require that these decays
never come into equilibrium before the electroweak phase transition [156]. This
translates into a much stronger upper bound on the yukawas than the one given
above: 2 x 107° < Ay, <5 x 1074, for Ma++ = 100 GeV.

The basic assumption in our analysis is that a sufficient number of like-sign
leptons is observed. If some of the decay modes of Eq. (6.7) are present the number
of dilepton events will be reduced according to the branching. If enough events from
both types of decay (leptonic and non-leptonic) were observed in principle an order
of magnitude estimate for the Yukawa couplings A,3 and the triplet VEV v might
be possible [141, 145]. Here we do not consider this case and use only dilepton
events, and therefore, we do not obtain any information on the overall scale of the
Ao in addition to Eq. (6.11).

3We thank Hitoshi Murayama for pointing out this problem to us.
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6.3 Numerical analysis and results

6.3.1 Description of the analysis

As mentioned above, we focus in our analysis on the process Eq. (6.3), which
provides the clean signal of four leptons, where the like-sign lepton pairs have the
same invariant mass, namely the mass of the doubly charged Higgs. Given the
fact that the branching AT™* — 6;‘6; is proportional to the neutrino mass matrix,
one expects all possible flavor combinations of the four leptons to occur, including
lepton flavor violating ones. In reference [41] simple cuts have been defined for final
states consisting of electrons and muons, eliminating essentially any Standard Model
background.

In general tau reconstruction is experimentally more difficult because of the miss-
ing transverse energy from neutrinos. However, in the case of interest enough kine-
matic constraints should be available to identify also events involving taus. It turns
out that the inclusion of such events significantly increases the sensitivity for neu-
trino parameters. Therefore, following [40], we assume that events where one of the
four leptons is a tau can also be reconstructed.* This should be possible efficiently,
despite the complications involving the tau reconstruction, since the invariant mass
is known from decays without tau, which can be used as kinematic constraint for
events of the type (*(* (TrT for ¢ = e or pu. Furthermore, one can adopt the as-
sumption that the neutrinos carrying away the missing energy are aligned with the
tau.

In principle it is difficult to distinguish a primary electron or muon from the ones
originating from leptonic tau decays. Since here we are interested in investigating the
flavor structure of the decays, leptonically decaying taus might be a “background”
for the Higgs decays into electrons and muons, and vice versa. However, due to
the energy carried away by the two neutrinos from the leptonic tau decay, a cut on
the invariant mass of the like-sign leptons should eliminate such a confusion very
efficiently. It is beyond the scope of our work to perform a detailed simulation and
event reconstruction study. The above arguments suggest that our assumptions are
suitable to estimate the sensitivity of the Higgs decays for neutrino parameters by
the procedure outlined in the following.

We define as our five observables the number of like-sign lepton pairs with the
flavor combinations

z = (ee), (ep), (), (e7), (pr) - (6.12)

Note that these five branchings contain the full information, since BR,,, which we
do not use explicitly, is fixed by BR,, = 1 — > BR,. Taking into account the
number of occurrences of the combinations in Eq. (6.12) in four leptons where at

4To be conservative we do not include events with more than one tau, since already the inclusion
of events with one tau provides enough information for our purposes.
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most one tau is allowed, the number of events in each channel is obtained as:

Nug = 2Nos ¢ BRos S BR, for (aB) = (ee), (ep), (1)

Nog = 2Nop € BRog(BRee + BRe, +BR,,)  for (af) = (er), (ur),

(6.13)
where Nja is the total number of doubly charged scalar pairs decaying into four
leptons, and € is the detection efficiency for the four lepton events. For simplicity
we assume here a flavor independent efficiency. The branching ratios are given in Eq.
(6.5). To illustrate the sensitivity to neutrino parameters we will use eNop = 10°
or eNoa = 10? events. For an integrated luminosity of 100 fb~! at LHC these event
numbers will be roughly obtained for Ma++ =~ 350 GeV and Ma++ =~ 600 GeV,
respectively [41].

To carry out the analysis we define a y? function from the observables in Eq.
(6.13). For given €Ny they depend only on neutrino parameters (see section 1.1.1).
We consider five continuous parameters: the lightest neutrino mass mg, $i3, the
Dirac phase ¢, and the two Majorana phases ajs = a1 — ap and ago = g — aip, plus
the discrete parameter A = NH or IH describing the mass ordering. The remaining
neutrino parameters, the two mass-squared differences and the mixing angles sio
and o3, are fixed to their experimental best fit values given in Eq. (1.4). The x? is
constructed as:

2
2
X’ (mo, s13, 6, iz, vz, h) = Z Ve Sy, Vi + ( %13 ) with

g2
zy

52, (6.14)
Ve = Nfer(mm 813, 0, 12, iz, h) — NP

where x and y run over the five combinations given in Eq. (6.12). For the “data”
NP we use the prediction for IV, at some assumed “true values” of the parameters,
(Mo, $13, 0, 12, (iga, h)™°. Then the statistical analysis tells us the ability to recon-
struct these true values from the data. For the covariance matrix S we assume the
following form:

Sy = NyP Oy + oy NECINPT 4 G056 (6.15)

norm

It includes statistical errors, a fully correlated normalization error o,u.m,, and the
uncertainty introduced from the errors on the oscillation parameters S°¢. The
normalization error .., arises from the uncertainty on the luminosity and the
efficiency. Moreover, the possibility that the non-leptonic decays of A™" of Eq. (6.7)
might occur at a sub-leading level and are not observed introduces an uncertainty
in the number of leptonic decays. We adopt a value of o, = 20%. We have
checked that even an analysis with free normalization (i.e., oporm — 00) leads to
very similar results. This means that the information is fully captured by the ratios
of branchings.’

°This is true as long as all branchings from Eq. (6.12) are used; if the events containing taus
are omitted our results depend to some degree on the value adopted for oyopm.
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Via the covariance matrix S°¢ we account for the fact that the parameters Am3,,
|Am?Z,]|, s12 and s3 have a finite uncertainty. We include the errors from Eq. (1.4)
and take into account the correlations which they introduce between the observables
N,. The last term in Eq. (6.14) takes into account the constraint on s;3 from
present data according to Eq. (1.5). Let us note that within the time scale of a
few years the errors on oscillation parameters are likely to decrease. In particular,
also the bound on si3 will be strengthened or eventually a finite value could be
discovered by upcoming reactor or accelerator experiments, see for example [157].
To be conservative we included only present information, although at the time of
the analysis better constraints might be available. We have checked that the precise
value of s13 within the current limits as well as its uncertainty have a very small
impact on our results, and a better determination may lead at most to a marginal
improvement of the sensitivities.

6.3.2 Branching ratios

In Fig.(6.1) we show the branching ratios for NH and IH as a function of the lightest
neutrino mass mg. For fixed mg, the interval for the branching emerges due to
the dependence on the phases «s, 39,60, and also the uncertainty on solar and
atmospheric oscillation parameters contributes to the interval. In the plots one
can identify the regions of hierarchical neutrino masses, mg < 107 eV, and QD
masses, mg > 0.1 eV, where NH and IH become indistinguishable. In the limiting
cases mg = 0 and mg — oo the analytic expressions for the branchings are rather
simple. For NH and my = 0 one finds to leading order in the small quantities
r = Am3,/|Am3,| ~ 0.03 and s3; < 0.05 (at 30):

BRY™0=0 ~ glr 4 252, 57,0/7 cos(ap — 20), (6.16)
BR,BNilva:O ~ 2 [5320320337’ + 8338%3 + 2812012823023813\/7_" COS(Oégg — 5)] ,(617)

NHmo=0 . .4 2 2 2 4 4
BR,, R Soz + 2853C53CT9\/T COS Agg + CasCiol

—4835023512C12513V/T cos(aza — 0) (6.18)
BRI a2 [s7,07,8557 + (33875 — 2812C12803C03513/T cos(ago — 6)] ,(6.19)
BREF’W):O R~ 2553055 (1 — 2¢0,V/r cosas + clyr) (6.20)

For IH and mg = 0, s;3 = 0 we have

_ 1
BRE™ — 2 (1 — sin® 26,5 sin? %) , (6.21)
BRI™=0 — 2, sin® 2, sin? % , (6.22)
. 5 , e’
BRLEI; 0= = % (1 — sin? 20, sin” %) : (6.23)
BRE™0=0 — 2, sin? 26,, sin” % , (6.24)

1
BRI = sin” 26 <1—sin2291251n2 %) (6.25)
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Figure 6.1: Branching ratios BR(A — (,f3) as function of the lightest neutrino
mass mg for NH (light-red) and IH (dark-blue). The thick solid lines are for s13 = 0,
and the thick dashed lines for s;3 = 0.1, where the dependence on phases as well as
the uncertainty of solar and atmospheric oscillation parameters at 2o are included.
The thin solid lines show the branchings for oscillation parameters fixed at the best
fit points Eq. (1.4), s13 =0, aze = 7, and ay9 = 0,7/4,7/2,37/4, .

and in the limit my — oo with s;3 = 0 the branchings become

1 2

BRY - - (1= sin? 264, sin? %) = SBRU™, (6.26)
2 ! 2 -

BRSMD = 5033 sin? 26,5 sin® 212 = gBRiH’mO_O (6.27)
1 I

BRI%? = 3 1— 5 sin 20,3 (1 — 5%, COS (i3] — Ciy COS a32) —

— (34 8107 2015 sin %} ) (6.28)

2 2

BRE = s sin’ 201, sinQ% = BRI, (6.29)

1 1
BRI?TD = 3 sin® 20,5 <1 — 57, COS Qi3] — C2y COS (r3p — 5 sin? 20,5 sin 7)(6 30)



6.3 Numerical analysis and results 103

Note that for a vanishing lightest neutrino mass, my = 0, there is only one physical
Majorana phase, aszs for NH, and a5 for IH.

In the following we will explore the parameter dependencies of these branchings
to obtain information on the neutrino mass spectrum and on Majorana phases. The
rather wide ranges for the branchings in the cases of IH and QD spectrum suggest a
strong dependence on the phases, and as we will see in Sec. 6.3.4 these are the cases
where Majorana phases can be measured very efficiently. The determination of the
mass spectrum is somewhat more subtle.

A clear signature for the NH with small my is provided by BR..5. Eq. (6.16)
shows that for NH and mg = 0, BR,. is suppressed by r and/or s?;, and there is
the upper bound BR,. < 5.3 x 1073 for the largest value of s%, allowed at 20 and
s, = 0.01, in agreement with Fig.(6.1). In contrast, for TH with mg < 0.01 eV and
for QD spectrum, Eqs. (6.21,6.26) give the lower bounds BR.. > (1 —sin?26;5)/2 ~
0.03 and BR,, > (1 —sin?26;5)/3 ~ 0.02, respectively. Therefore, the characteristic
signature of normal hierarchical spectrum is the suppression of Higgs decays into
two electrons.

From a first glance at Fig.(6.1) one could expect that it might be difficult to
distinguish TH and QD spectra, since there is always overlap between the allowed
regions in the branchings. Indeed, if only branchings involving electrons and muons
(BRee, BR.,, BR,,,,) are considered there is some degeneracy between IH and QD,
especially if s13 is allowed to be close to the present bound. However, as we will show,
due to the complementary dependence on the phases of all the BR,s including also
taus, the degeneracy is broken and these two cases can be disentangled. Consider,
for example, BR,,, and BR,.: in the case of IH with m, = 0 they behave very
similar as a function of ay, see Eq. (6.23) and Eq. (6.25), whereas for QD they
show opposite dependence, compare Eq. (6.28) and Eq. (6.30), and phases which
give BRSE = ( maximize BRSTD .

Note that for s;3 = 0 and 353 = 0.5, BR¢, and BR,, are identical. Nevertheless
there is important complementariness between them. First, the uncertainty on s35,
see Eq. (1.4), affects each of them significantly, and it reduces the final sensitivity
if only BR,, is used in the analysis. But since BR,, and BR., are related by the
transformation so3 — a3, o3 — —So3 this uncertainty is cancelled if both of them
are included in the fit. Second, it can be shown that the leading order term in s;3
is the same for BR., and BR.,, apart from an opposite sign. Therefore, also the
impact of si3 is strongly reduced if information from both of them is taken into
account. One can observe from Fig.(6.1) that for small m, and NH, BR,, and BR,,
show a significant dependence on si3, while in the other cases the dependence is
mild. The reason is a leading term linear in /rs;3 in Eqs. (6.17,6.19), whereas in
all other cases s13 appears either in sub-leading terms or at least at second order.

6Note that the behaviour of BRe. is the same as the effective neutrino mass probed in neutrino-
less double beta-decay, which is also proportional to |M..|, see for example Ref. [158].
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Figure 6.2: x2,, vs mg assuming a true hierarchical spectrum with NH (left) and
[H (middle), and a true QD spectrum (right). The x? is shown for eNya = 100
(dashed) and 1000 (solid) events, and oporm = 20%. In the fit we assume either NH
(light-red) or IH (dark-blue), and we minimize with respect to s;3 and the phases.
We adopt the following true parameter values. Left: mg = 0, NH, ags = m; middle:
mo = 0, IH, ayp = 0; right: mg = 0.15 eV, ajs = 0.17, agy = 1.67; and always
S13 = 0.

6.3.3 Determination of the neutrino mass spectrum

Let us now quantify the ability to determine the neutrino mass spectrum by per-
forming a y? analysis as described in section 6.3.1. In Fig.(6.2) we show the x? by
assuming that “data” are generated by a hierarchical spectrum with normal ordering
(left), a hierarchical spectrum with inverted ordering (middle), or a QD spectrum
(right). These data are fitted with both possibilities for the ordering (NH, light-red
curves, and IH, dark-blue curves) and a value for mg shown on the horizontal axis.
We minimize the x? with respect to the other parameters, taking into account the
current bound on s;3. The results are shown for a total number of doubly charged
scalars decaying into like-sign leptons of e Noa = 10? (solid) and 10? (dashed).
First we discuss the sensitivity to hierarchical spectra with a very small lightest
neutrino mass mg. The left panel of Fig.(6.2) shows that a NH with small mq can be
identified with very high significance. An inverted hierarchical spectrum as well as a
QD spectrum have Ax? > 60 already for 100 events. An upper bound on the lightest
neutrino mass of my < 0.01 eV at 30 can be established by LHC data. As discussed
in the previous section this information comes mainly from the suppression of the
decay into two electrons, which occurs only for normal hierarchical spectrum. An
inverted hierarchical spectrum (middle panel) can be distinguished from a QD one at
around 30 with 100 events, where the y? increases roughly linearly with the number
of events. The ability to exclude a QD spectrum in case of a true IH depends on the
true value of the Majorana phase ai5. The example chosen in Fig.(6.2), iy = 0,
corresponds to the worst case; for all other values of a5 the x? for QD is bigger.
Fig.(6.3) shows the ability to identify a hierarchical spectrum as a function of
the true value for the Majorana phase, where for my = 0 there is only one physical
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Figure 6.3: Determination of hierarchical neutrino mass spectra, mi™® = 0, assuming
1000 Higgs pair decays. The upper (lower) panels are for a true NH (IH), and for
the left (right) panels the fit is performed assuming a NH (IH). As a function of the
true value of the Majorana phases we show contours x? = 4, 9,16, 25 (from dark to
light), minimizing with respect to all parameters except from mg. Coloured regions
correspond to our standard analysis, whereas for the black contours we do not use
decays into tau leptons.

phase. The shaded regions show that for 1000 events the true spectrum can be
identified at 5o significance, and an upper bound on the lightest neutrino mass
mo < 8 x 1072 eV for NH and my < 4 x 1072 eV for IH is obtained, independent of
the true phase. For the black contours in Fig.(6.3) we do not use the information
from decays into taus, i.e., we use only the lepton pairs (ee), (ep), (). This analysis
illustrates the importance of the tau events. For example, if tau events are not used
an IH with mo = 0 cannot be distinguished from a QD spectrum for afy*® ~ 7. Also
the sensitivity to a NH is significantly reduced, which becomes even more severe if
less events were available.

Now we move to the discussion of a true QD spectrum. As shown in the right
panel of Fig.(6.2) also a QD spectrum can be identified quite well, and a lower bound
on the lightest neutrino mass of my > 2(6) x 1072 eV at 30 can be obtained for
100 (1000) events. Note that for the example shown in Fig.(6.2), 100 events give
a Ax? ~ 12.4 for the IH with mgy = 0, which corresponds roughly to an exclusion
at 3.5b0. The potential to exclude a hierarchical inverted spectrum depends on the
true values of the Majorana phases, and the true values of ajs and ass adopted



1000 events 100 events

™

21

& 2
o] nl a Ax" =49

o 2
= — A’ =36
— : T

2
O 1 | 1 — AX =9

0 n 210 n 21
true (112 true 0(12

Figure 6.4: Exclusion of an IH with my = 0 in the case of a true QD spectrum. We
show x? contours for 1000 events (left) and 100 events (right) in the plane of the
true Majorana phases assuming a true QD spectrum (m§™® = 0.15 eV, s{i* = 0)
fitted with IH and my = 0, minimizing with respect to all other parameters.

in Fig.(6.2) correspond to the worst sensitivity. In Fig.(6.4) we show contours of
Ax? for IH with my = 0 assuming a true QD spectrum, in the plane of the true
Majorana phases. For 1000 events we find some islands in the plane of a5 and
g2 where the x? reaches values as low as 30 (compare Fig.(6.2)), however in most
parts of the parameter space the exclusion is at more than 70. For 100 events
typically a significance better than 4o is reached, but there are some notable regions
(—7/2 < agp S /2 and gy ~ 7/2,37/2) with x? values between 16 and 9.

Let us add that for the exclusion of an inverted hierarchical spectrum in the
case of a true QD spectrum the branchings into tau leptons are crucial. If only
electron and muon events are used in most regions of the parameter space an IH
with mg = 0 can fit data from a QD spectrum. For (ee), (ep), (up) branchings a
degeneracy between IH and QD appears due to the freedom in adjusting si3, 9,
023 and the Majorana phases. This effect is also apparent from the black contour
lines in Fig.(6.3) (lower-right panel). The significance of this degeneracy depends
on details such as the errors imposed on s?; and s3;, as well as on the systematical
erTor onom. As discussed in section 6.3.2, taking into account also decays into et
and p7 is crucial to break this degeneracy, and in the full analysis used to calculate
Figs.(6.2,6.4) the dependence on subtleties such as s13 and ooy, is small.

6.3.4 Determination of Majorana phases

Let us now investigate the tantalizing possibility to determine the Majorana phases
a;; = o; — o from the doubly charged Higgs decays. Since the decay is governed
by a single diagram without any interference term the decays are CP conserving,
and therefore no explicit CP violating effects can be observed. Nevertheless, the
branchings depend (in a CP conserving way) on the phases, which eventually may
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allow to establish CP violating values for them. In general the measurement of
Majorana phases is a very difficult task. Probably the only hope to access these
phases will be neutrino-less double beta-decay in combination with an independent
neutrino mass determination, where under very favorable circumstances [158] the
phase a5 might be measurable.

We start by discussing some general properties of the branchings related to the
Majorana phases. Using the PMNS parametrization of the neutrino mass matrix,
Eq. (1.2,1.3) one can write:

3 2
10
E %z‘/pz e "'m;

i=1

BRs, o |y, |* = : (6.31)

where here ¢; is the phase associated to each mass eigenstate. From this expression
it is evident that for a vanishing lightest neutrino mass, my = 0, there is only one
physical Majorana phase, azs = ag — ap for NH and aqjs = a3 — as for TH. Next we
note that since V.3 o s13, it is clear that for s;3 = 0 all branchings involving electrons
can only depend on a5.” Since the small effects of 513 cannot be explored efficiently,
the determination of both phases simultaneously necessarily involves BR,,, and/or
BR,;, see also Egs. (6.16) to (6.30). Furthermore, from Eq. (6.31) it can be seen
that the branchings are invariant under

Q5 — 2m — R 0 —2r—90. (632)

This symmetry is a consequence of the fact that there is no CP violation in the
decays, and therefore the branchings have to be invariant under changing the signs
of all phases simultaneously.

In Fig.(6.5) we show that for a QD spectrum the observation of the decay of 1000
doubly-charged Higgs pairs allows to determine both Majorana phases. We assume
some true values for the two phases and then perform a fit leaving all parameters
free, where for s;3 we impose the constraint from present data. The actual accuracy
to determine the phases depends on their true values, where we show three different
examples in the three panels. For ajs = ags = 7 (left panel) the allowed region is
the largest, however the phases can be constrained to a unique region. In the other
two cases the accuracy is better, but some ambiguities are left. The symmetry from
Eq. (6.32) is apparent in all panels, whereas in the case ajs = agy = 7 it does not
introduce an ambiguity.

The features of Fig.(6.5) can be understood from Egs. (6.26) to (6.30). In addi-
tion to the symmetry Eq. (6.32) one finds that in the limit s;3 = 0 the phases as;
and ago appear only in the particular combination

52, 8in a9

(57, cos a3 + €2y COS i) X cos(azy — ) with tanp = — 5 ,
Clg + 875 COS (12

(6.33)

"For the same reason only a3 can be tested in neutrino-less double beta-decay, where |M,.| is
probed.
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Figure 6.5: Determination of the Majorana phases for QD spectrum (mgy = 0.15 eV)
from 1000 doubly-charged Higgs pair events. We assume s{5'® = 0 and three example
points for the true values of the Majorana phases given in each panel. The dashed
lines in the middle panel correspond to the true values of the phases for which the
degenerate solution according to Eq. (6.34) appears at a CP conserving value of

3.

where we have used a5 and ass as independent parameters. For constant aqs there
are two values of aizo which leave this combination invariant: for each aszy, we expect
a degenerate solution at

gy =20 — azg . (6.34)

For ajs = /2 one finds 2p ~ 0.287. In the case of agy = 7 shown in the right
panel of Fig.(6.5) this degenerate solution appears at a4, ~ 1.287, which cannot be
resolved from the original one, and we are left with a two-fold ambiguity, due to
Eq. (6.32). In the middle panel, for a;s = agy = 7/2, the ambiguity (6.34) leads
to a separated solution around of, ~ 1.787 and, together with the symmetry from
Eq. (6.32) we end up with four degenerate solutions. However, in this case the
individual regions are rather small, and the CP violating values of both phases can
be established despite the presence of the four-fold ambiguity.

Note that the symmetry Eq. (6.32) does not mix CP conserving and violating
values of the phases, whereas this can happen for the degeneracy Eq. (6.34). The
dashed curves in the middle panel of Fig.(6.5) correspond to the true values of the
phases, for which af, = 0 or 7. Hence, along these curves CP violating values for
a3 cannot be established since the degeneracy is located at a CP conserving value.

Let us now discuss the potential to determine Majorana phases in case of hier-
archical spectra. As mentioned above, in this case there is only one physical phase,
aszs for NH and «yy for IH. In Fig.(6.6) we show the allowed interval for this phase
which is obtained from the data as a function of its true value. In the fit the y? is
minimized with respect to all other parameters. The left panel shows that for NH
even with 1000 events at most a 20 indication can be obtained, on whether asy is
closer to zero or m. This can be understood from Egs. (6.16) to (6.20), which show
that azp appears at least suppressed by /r. In contrast, as visible in the right panel,
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Figure 6.6: Determination of the Majorana phase for vanishing lightest neutrino
mass. We assume s}4* = 0. Left: 1, 2, 30 ranges for age as a function of its true
value for NH assuming 1000 doubly-charged Higgs pair events. Right: 2, 3, 50
ranges for ayo as a function of its true value for IH assuming 100 doubly-charged
Higgs pair events. The dashed vertical lines indicate the region where CP violating

values of a5 can be established at 3o.

for IH a rather precise determination of a5 is possible already for 100 events, apart
from the ambiguity ajs — 27 — aqz. For gy around /2 or 37/2 its CP violating
value can be established, as marked by the vertical lines in Fig.(6.6). The good
sensitivity is obvious from Egs. (6.21) to (6.25), which show a strong dependence of
the leading terms in the branchings on a;s.

6.4 Summary and concluding remarks

In this work [4] we adopted the assumptions that () neutrino masses are generated
by the VEV of a Higgs triplet, (i) the doubly charged component of the triplet
is light enough to be discovered at LHC, i.e., lighter than about 1 TeV, and (i)
it decays with a significant fraction into like-sign lepton pairs. We showed that
under these assumptions LHC will provide very interesting information for neutrino
physics. The reason is that the branching ratio of the doubly charged Higgs into
like-sign leptons of flavor a and 3, BR(A™" — ££(}), is proportional to the modulus
of the corresponding element of the neutrino mass matrix, |m,,,|*. Hence the flavor
composition of like-sign lepton events at LHC provides a direct test of the neutrino
mass matrix.

We showed that the type of the neutrino mass spectrum (normal hierarchical,
inverted hierarchical, or quasi-degenerate) can be identified at the 3o level already
with 100 doubly charged Higgs pairs A~ A** decaying into four leptons. Typically
such a number of events will be achieved for doubly charged scalar masses below
600 GeV and 100 fb~! integrated luminosity, whereas for masses of 350 GeV of
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order 1000 events will be obtained. We found that it is possible to decide whether
the lightest neutrino mass is smaller or larger than roughly 0.01 eV, which marks
the transition between hierarchical and quasi-degenerate spectra. If it is smaller
the mass ordering (normal vs inverted) can be identified. A hierarchical spectrum
with normal ordering has a distinct signature, namely a very small branching of
the doubly charged Higgs decays into two electrons. Therefore, this mass pattern
can easily be confirmed or ruled out at very high significance level. The other
two possibilities for the neutrino mass spectrum, inverted hierarchical or quasi-
degenerate, are somewhat more difficult to distinguish, but also in this case very
good sensitivity is obtained, depending on the observed number of events.

In this respect the inclusion of final states involving tau leptons is important,
since if only electrons and muons are considered a degeneracy between IH and QD
spectra appears. In our analysis we conservatively assumed that events where one
of the four charged leptons is a tau can be reconstructed efficiently, thanks to the
kinematic constraints and the information on the invariant mass of the event avail-
able from events without a tau. Certainly a more realistic study including detailed
simulations and event reconstruction should confirm the assumptions which we have
adopted.

The decay of the doubly charged Higgs in this framework does not show explicit
CP violation, since the decay is dominated by a tree-level diagram without any in-
terference term which could induce CP violation. Nevertheless, the CP conserving
branching ratios strongly depend on the Majorana CP phases of the lepton mixing
matrix. Therefore, the framework considered here opens the fascinating possibility
to measure the Majorana phases in the neutrino mass matrix via CP even observ-
ables. Our results show that for an inverted hierarchical spectrum as well as for
quasi-degenerate neutrinos this is indeed possible. In the first case, there is only one
physical phase, a5, which can be determined up to an ambiguity aqs < 27 — 19
already with 100 events. In the case of a quasi-degenerate spectrum both Majorana
phases can be measured, where, depending on the actual values some ambiguities
might occur. In many cases CP violating values of the phases can be established.

Certainly the observation of a doubly charged scalar at LHC would be a great
discovery of physics beyond the Standard Model. Of course this alone does by
no means confirm the Higgs triplet mechanism for neutrino masses, since doubly
charged particles decaying into leptons are predicted in many models. Therefore, in
case such a particle is indeed found at LHC various consistency checks will have to be
performed. Tt might turn out that the relation BR(A** — ££03) o [my, ,|* cannot
be fulfilled for any neutrino mass matrix consistent with oscillation data. This would
signal that a Higgs triplet cannot be the only source for neutrino masses. In this
respect the information from decays into leptons of all flavors (including taus) will
be important. For example, also in the Zee-Babu model [46] for neutrino masses
doubly charged scalars might be found at LHC. However, in this case branchings into
tau leptons are suppressed by powers of (m,,/m,)? with respect to muons [148, 47,
whereas in the Higgs triplet model they are of similar size because of close to maximal
093 mixing.
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If LHC data on BR(A™T — (f¢}) will be consistent with a neutrino mass
matrix from oscillation data, an analysis as pointed out here can be performed.
Also in this case it will be of crucial importance to cross check the results with
independent measurements, for example the determination of the neutrino mass
ordering by oscillation experiments, or the measurement of the absolute neutrino
mass in tritium beta-decay, neutrino-less double beta-decay or through cosmological
observations. In particular, neutrino-less double beta-decay will provide a crucial
test, since it gives an independent determination of the | M. | element of the neutrino
mass matrix, which—combined with information from oscillation experiments—will
further constrain the allowed flavor structure of the di-lepton events at LHC. The
next generation of neutrino-less double beta-decay experiments is expected to probe
the regime of the QD neutrino spectrum within a timescale comparable to the LHC
measurement. Information from searches for lepton flavor violating processes may
be used as additional important consistency checks for the model.

In conclusion, a TeV scale Higgs triplet offers an appealing mechanism to provide
mass to neutrinos, which can be directly tested at the LHC. Such a scenario opens
the possibility to measure the Majorana phases of the lepton mixing matrix, which
in general is a very difficult—if not a hopeless task.
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Chapter 7

Conclusions

In this theses we have explored some phenomenological aspects of neutrino physics.
In the first part, chapters 3 and 4, we considered the type I seesaw mechanism and
we studied the connection between the CP violation responsible of Leptogenesis and
that measurable at low energy experiments. In the second part of the theses we
studied alternative models for neutrino masses. In chapter 5 we considered the Soft
Leptogenesis mechanism in the context of the inverse seesaw model. And in chapter
6 we analyzed the synergies between collider physics and neutrino physics within
the Higgs triplet model for neutrino masses.

The fact that neutrinos are massive is one of the more important signals of physics
beyond the Standard Model. As we have stated several times along this theses, the
type I seesaw mechanism provides one of the simplest ways to generate neutrino
masses. Within the seesaw mechanism, three right-handed neutrinos with heavy
Majorana masses are added to the Standard Model. These right-handed neutrinos
couple to the lepton sector via yukawa interactions, and they induce tiny masses for
left-handed neutrinos. This model suffers from a hierarchy problem, which can be
solved if supersymmetry is considered.

On the other hand, within the type I seesaw mechanism it is possible to explain
the Baryon Asymmetry of the Universe (BAU) through the Leptogenesis scenario.
The out-of-equilibrium decay of heavy Majorana neutrinos violates lepton num-
ber and CP, generating an asymmetry in lepton number. The non-perturbative
sphaleron processes present in the Standard Model can reconvert this lepton asym-
metry into a baryon asymmetry. The CP violation required for leptogenesis are the
phases present in the neutrino yukawa matrix. Some of this phases can be measured
at low energy experiments (phases in the PMNS matrix): neutrino oscillation exper-
iments can measure the Dirac CP violating phase, and the discovery of neutrino-less
double beta decay would prove the Majorana nature of neutrinos and could put
some constraints on the Majorana CP phases. Thus, an obvious question arises. Is
the BAU sensitive to the phases measurable at low energy neutrino experiments?

We addressed this question in chapter 3. We assumed that the BAU was gen-
erated via flavored leptogenesis within the type I seesaw model and we studied if
successful leptogenesis points towards a preferred range of values of the low energy
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phases. This same question was addressed by other authors in previous works, in
the case of Leptogenesis without flavor effects, and the answer they found was neg-
ative. We have shown that the answer does not change with the inclusion of flavor
effects: for any value of the PMNS phases, it is possible to find a point in the space
of unmeasurable seesaw parameters, such that leptogenesis works. We also provide
an analytical proof of this fact.

In chapter 3 we give a parametrization of the BAU which is independent of the
low energy phases. We express the BAU in terms of observables using the Casas-
Ibarra matrix, then we find a parametrization of the unknown matrix R, for which
the BAU is independent of the low energy phases. And finally we demonstrate that
an enough BAU can be obtained for some values of the unknown parameters in the
matrix R.

The answer we found can be expected. Given the large number of parameters,
fixing a small number of observables, namely the neutrino oscillation parameters
and the BAU, does not constraint the allowed parameter space. In chapter 4, we
addressed the same question in the framework of Minimal Supergravity, because in
this case more low energy observables could be available.

It is well known that neutrino yukawa couplings can lead to Lepton Flavor Violat-
ing (LFV) processes and Electric Dipole Moments (EDM) through Renormalization
Group Equation running from high to low energies. In chapter 4 we presented the
results of a scan of the seesaw parameter space in which we looked for points that
reproduced neutrino oscillation parameters, gave a large enough BAU, and LFV
rates big enough to be measured in upcoming experiments. We did not impose the
EDMs as experimental inputs because we expected them to be suppressed. Then
we studied if the experimental inputs implied a preferred range of values of the low
energy phases.

We found, again, that there is no direct link between successful Leptogenesis and
the low energy phases. By this we mean that for any value of the low energy phases,
we can rearrange the unmeasurable parameters to obtain the right amount of BAU
and LFV measurable in the next round of experiments. This study was performed
both numerically and analytically. The numerical scan of the parameter space was
done by a Markov Chain Monte Carlo simulation since, given the large number of
parameters, a usual grid scan would have been prohibitive.

In the second part of this theses we have explored some phenomenological aspects
of neutrino physics within two alternative models for neutrino masses. In the seesaw
mechanism, in order to have small light neutrino masses, in general the right-handed
neutrinos need to be very heavy. This is a drawback of the model because makes
the mechanism untestable. Thus it is interesting to analyze other models in which
neutrino masses arise due to physics at lower energy scales.

In chapter 5 we considered the inverse seesaw model as the source of neutrino
masses. This model contains two right-handed neutrinos per generation and it is
characterized by a small Majorana mass term g, which suppresses the effective light
neutrino mass matrix m, ~ p. Thus, the right-handed neutrinos are expected to
be lighter than in the usual seesaw scenario and, as a result, lepton flavor and CP
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violating processes are highly enhanced.

We have studied the mechanism of Soft Leptogenesis within the supersymmetric
version of this model, where lepton asymmetry is generated by sneutrino decays. In
this framework the source of CP and lepton number violation is provided by the soft
supersymmetry breaking parameters, together with the neutrino yukawa couplings
and the lepton number violating coupling p. The soft terms and p remove the mass
degeneracy between the sneutrino states, and due to their mixing they produce a
CP asymmetry in their decay. This CP asymmetry can be large enough to produce
the BAU.

We found that the CP asymmetry responsible of Soft Leptogenesis in the inverse
seesaw model is not suppressed by any lepton number violating parameter. In the
limit of lepton number conservation, although there is a CP asymmetry in sneutrino
decays, it is not a lepton number asymmetry. We also stress that within this mech-
anism, the generation of the lepton asymmetry is consequence of thermal effects
which are different for scalars and fermions. Our results show that successful Lep-
togenesis requires small values of the scalar bilinear and lepton number conserving
parameter B, and a light neutrino mass spectrum strongly hierarchical.

Finally, in chapter 6 we studied the Higgs triplet model as the source of neutrino
masses, under the assumption that the doubly charged component of the triplet is
light enough to be produced at LHC and it decays into same sign leptons. We showed
that under these circumstances LHC could provide very useful information about
neutrinos, because the decay width of the scalar into two leptons of a given flavor
is proportional to the modulus of the corresponding element of the neutrino mass
matrix. In particular we studied the possibility of identifying the type of neutrino
mass hierarchy and measuring the Majorana CP phases. Let us stress that doubly
charged scalars appear in many extensions of the SM, therefore the discovery of such
a doubly charged scalar at LHC is not a proof of the Higgs triplet model, and some
consistency checks should be performed.

Our analysis shows that, within the above assumptions, LHC could decide whether
the lightest neutrino mass is smaller or larger than 0.01 eV, which marks the tran-
sition between the hierarchical and degenerate spectra. If it is smaller, the type of
hierarchy (normal or inverted) could be identified. We also show that, in the case
of inverted hierarchy and for quasi-degenerate neutrinos, the CP Majorana phases
could be measured, up to some degeneracies, via the CP even observables under
consideration, namely the decay of the doubly charged scalars into same sign lep-
tons. However, in the case of normal hierarchy this is not possible, due to the mild
dependence of the branching ratios on the Majorana phases.

In summary, in this theses we have explored some phenomenological aspects of
neutrino physics, and in particular we have studied possible consequences from a
cosmological point of view, namely the generation of the Baryon Asymmetry of the
Universe.
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Conclusiones

En esta tesis hemos estudiado algunos aspectos fenomenoldgicos de fisica de neu-
trinos. En la primera parte de la tesis, los capitulos 3 y 4, consideramos el modelo
seesaw tipo I y estudiamos la conexion entre la violacion de CP responsable de
la Leptogénesis y las fases de CP de bajas energias, que pueden ser medidas en
los experimentos. En la segunda parte de la tesis, estudiamos algunos modelos de
masas de neutrinos alternativos al seesaw estandar. En el capitulo 5 consideramos
el mecanismo de Soft Leptogenesis en el contexto del modelo seesaw inverso. Y en
el capitulo 6 asumimos que el modelo del triplete escalar da masa a los neutrinos,
y analizamos lo que en LHC se podria aprender de ellos si este triplete fuese lo
bastante ligero como para ser producido en el colisionador.

El hecho de que los neutrinos tienen masa constituye una de las evidencias mas
importantes de fisica mas alla del Modelo Estdandar. Como ya hemos comentado
varias veces a lo largo de la tesis, el mecanismo seesaw es una de las maneras
mas simples de generar las masas de los neutrinos. En este mecanismo se asume
la existencia de tres singletes neutros, neutrinos pesados, con masas de Majorana.
Estos neutrinos pesados interaccionan tinicamente con el sector leptonico a través de
acoplamientos de tipo Yukawa, y generan pequenas masas para los neutrinos ligeros.
Este modelo sufre el llamado problema de jerarquias, que puede solucionarse si se
considera Supersimetria.

Por otro lado, el mecanismo seesaw de tipo I, aparte de generar satisfactoria-
mente las masas de los neutrinos, permite explicar la asimetria bariénica presente
en el Universo a través de la Leptogénesis. Las desintegraciones de los neutrinos
pesados violan nimero lepténico y la simetria CP; si estas desintegraciones ocurren
fuera del equilibrio térmico, se genera una asimetria en nimero lepténico. Los pro-
cesos no perturbativos conocidos como esfalerones, y que ocurren en el marco del
Modelo Estandar, pueden convertir esta asimetria lepténica en asimetria bariénica.
La violacion de CP, un requisito indispensable para generar la asimetria baridnica,
estd presente en la Leptogénesis debido a las seis fases complejas de la matriz de
yukawas de los neutrinos. Algunas de estas fases se pueden medir en los experimen-
tos (las tres fases de la matriz de mezcla PMNS): los experimentos de oscilaciones
de neutrinos podrian medir la fase de Dirac, mientras que el descubrimiento de la
desintegracién doble beta sin neutrinos, ademas de probar que los neutrinos son de
tipo Majorana, pondria algunas restricciones en las dos fases de Majorana. Asi que
se plantea una pregunta obvia: jes la asimetria baridnica sensible a los valores de
las fases accesibles a los experimentos?
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En el capitulo 3 nos planteamos esta pregunta. En este capitulo asumimos que
la asimetria barionica se produjo a través de la leptogénesis con efectos de sabor en
el marco del modelo seesaw tipo I, y estudiamos si este requisito restringe el rango
de posibles valores de las fases de bajas energias, las fases de la matriz PMNS.
Esta misma cuestién fue considerada por otros autores en un trabajo previo al
nuestro, donde se consideraba la Leptogénesis sin efectos de sabor, y la respuesta
que encontraron fue negativa. Nosotras hemos demostrado que la respuesta no
cambia si los efectos de sabor son tomados en consideracién: para cualquier valor
de las fases de la matriz PMNS, es posible encontrar un punto en el espacio de
parametros de alta energia —no accesible a los experimentos— para el que se puede
generar con éxito la asimetria bariénica. Este hecho lo hemos demostrado también
analiticamente.

En el capitulo 3 encontramos una parametrizacion de la asimetria bariénica que
es independiente de las fases de baja energia. Escribimos la asimetria barionica en
términos de observables utilizando la matriz de Casas-Ibarra, y luego encontramos
una expresion para la matriz R tal que la asimetria bariénica es independiente de
las fases de baja energia. Finalmente demostramos que bajo esta parametrizacion
es posible encontrar puntos en el espacio de parametros en los que se genera con
éxito la asimetria bariénica.

Hay que decir que la respuesta que encontramos no es sorprendente. Dado el gran
nimero de pardmetros libres del modelo, el hecho de fijar unos pocos observables (los
parametros de oscilacién de neutrinos y la asimetria bariénica), no reduce la regién
permitida del espacio de pardmetros. Por ello, en el capitulo 4 nos planteamos la
misma cuestién pero en el marco de Minimal Supergravity, pues en este caso podria
haber nuevos observables a bajas energias.

Es bien conocido que los acoplamientos de Yukawa de los neutrinos pueden dar
lugar a procesos que violan sabor lepténico (LFV) y momentos dipolares eléctricos
(EDM), a través de las ecuaciones del grupo de renormalizaciéon. En el capitulo 4
presentamos los resultados de un “scan” del espacio de parametros del seesaw en el
que buscabamos puntos que fueran capaces de reproducir los observables medidos de
oscilaciéon de neutrinos y la asimetria barionica, y a la vez generaran procesos LFV
que pudieran medirse en la préxima generacion de experimentos. A continuacion
estudiamos si todos estos requisitos experimentales constrinen el rango de valores
permitido para las fases.

Nuestra respuesta es, de nuevo, que no existe una relacion directa entre la Lep-
togénesis y los valores de las fases medibles en los experimentos. Con esto queremos
decir que para cualesquiera valores de las fases de la matriz PMNS, es posible encon-
trar un punto del espacio de pardametros en el que se genera con éxito la asimetria
barionica y se obtienen procesos LE'V que se medirian en los experimentos futuros.
Este estudio lo hemos hecho de manera analitica y de manera numérica. En el
estudio numérico utilizamos las simulaciones Markov Chain Monte Carlo, que son
capaces de escanear con éxito un espacio de parametros con muchos grados de lib-
ertad.

En la segunda parte de esta tesis hemos explorado algunos modelos de masas
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de neutrinos alternativos al seesaw estandar. En el marco del mecanismo seesaw
tipo I, para poder generar las pequenas masas de los neutrinos ligeros, en general
es necesario que las masas de Majorana de los neutrinos pesados sean enormes.
Esto supone un inconveniente, pues hace que el modelo no pueda ser comprobado.
Asi que es interesante analizar modelos en los que la generacion de masa de los
neutrinos implica nueva fenomenologia a escalas energéticas mas bajas, y que por
tanto podrian ser probados.

En el capitulo 5 consideramos el modelo seesaw inverso. En este modelo se
incorporan dos singletes neutros por cada familia de leptones y esté caracterizado
por una pequena masa de Majorana p, que suprime las masas de los neutrinos ligeros
m, ~ . Asi que los singletes neutros pueden ser mas ligeros que en el caso seesaw
estandar y, como resultado, los procesos que violan sabor leptonico y los procesos
que violan CP pueden ser observados.

En el capitulo 5 consideramos la version supersimétrica de este modelo y es-
tudiamos la Soft Leptogénesis, en la que la asimetria leptonica es generada en la
desintegracion de los sneutrinos. En este contexto, la fuente de violacion de CP
y de nimero leptonico son los términos “soft” que rompen Supersimetria, junto
con los acoplamientos de Yukawa de los neutrinos y el término p que viola nimero
lepténico por ser una masa de Majorana. Estos términos “soft” junto con el término
i, rompen la degeneracion de masa de los sneutrinos y hacen que, debido a las mez-
clas entre ellos, generen una asimetria de CP en su desintegracién. Esta asimetria
es suficientemente grande como para explicar la asimetria barionica del Universo.

Nuestro estudio demuestra que la asimetria de CP relevante en la Soft Lep-
togénesis no se encuentra suprimida por ningtn término que viole niimero leptonico.
En el limite en que se conserva numero leptonico, aunque existe una asimetria de
CP en la desintegracién de los sneutrinos, ésta no es una asimetria en ntmero
lepténico, que se conserva estrictamente. También hacemos hincapié en que en este
mecanismo, la asimetria lepténica generada es consecuencia de los efectos térmicos
que rompen supersimetria, ya que son esencialmente diferentes para escalares y
fermiones. Nuestros resultados muestran que para generar con éxito la asimetria
bariénica es necesario que el acoplamiento escalar bilineal B, que conserva ntmero
leptonico, sea muy pequeno, y que el espectro de masa de los neutrinos ligeros sea
fuertemente jerarquico.

Finalmente, en el capitulo 6 estudiamos el modelo del triplete de Higgs como
origen de las masas de los neutrinos, bajo la suposicion de que la componente doble-
mente cargada de este triplete es lo suficientemente ligera como para ser producida
en el LHC y que se desintegra a dos leptones de igual carga eléctrica. Demostramos
que en estas circunstancias, LHC podria ser de gran utilidad para la fisica de neu-
trinos. La razén es que la anchura de desintegracién de este escalar en dos leptones
de cierto sabor es proporcional al médulo al cuadrado del correspondiente elemento
de la matriz de masa de los neutrinos. En particular estudiamos la posibilidad de
identificar el tipo de jerarquia de masa y de medir las fases de Majorana de la matriz
de mezcla PMNS. Hemos de decir que un escalar doblemente cargado, como el que
aqui tratamos, no es algo exclusivo del modelo del triplete de Higgs. Asi que, en el
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caso de que LHC descubriera tales escalares, habria que contrastar esos resultados
con otras medidas experimentales.

Nuestro andlisis muestra que, bajo las suposiciones expuestas arriba, LHC podria
decidir si la masa del neutrino mas ligero es mayor o menor que 0.01 eV, que es el
limite que marca la transicion entre un espectro de masas jerarquico y uno degen-
erado. Ademas, si es menor, se podria identificar el tipo de jerarquia (normal o
invertida). También demostramos que, en el caso de jerarquia inversa y para un
espectro casi degenerado de masas, las fases de Majorana se podrian medir, excepto
por ciertas degeneraciones. Mientras que en el caso de jerarquia normal, debido a
la escasa dependencia de las anchuras de desintegracion en las fases de Majorana,
éstas no podrian ser medidas.

En definitiva, en esta tesis hemos explorado diversos aspectos fenomenolégicos de
fisica de neutrinos, y en particular hemos estudiado una de sus posibles consecuencias
desde el punto de vista cosmoldgico, la generacion de la asimetria barionica presente
en el Universo.
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También quiero dar las gracias a todas las personas con las que he tenido la
oportunidad de trabajar, por el ambiente tan agradable de trabajo y porque ellas
también han contribuido a sacar adelante esta tesis. Gracias Concha Gonzélez-
Garcia, Federica Palorini, Oscar Vives, Sacha Davidson, Sergio Pastor, Tegua Pinto
y Thomas Schwetz.

Afortunadamente no todo es trabajo, y he disfrutado a lo largo de estos anos de
muchos buenos ratos en compania de mis amigos del IFIC: Martin, Paola, Paula,
Natxo, Fabio, Diego Milanés, Alberto, Zahara, Diego Aristizdbal, Urbano, Tegua...
y algtiin que otro desterrado a la Universidad: jjlvan!!, Catalina, Jacobo, Enrique,
Ana... Segur que les bombes no haurien sigut el mateix sense Ricard, i tampoc els
dos mesos en Hamburg en la seua companyia i la de Mariam.

Mi familia se merece una mencién muy especial, porque siempre me han apoyado
en mis decisiones y escuchado mis rollos. Gracias a mis padres, Juan y Julia, a mi
hermana Ana y mi cunaaaaao Luis. Y por supuesto miles de gracias a Andreu,
porque con él todo es mucho mas facil y mejor.

Y en ultimo lugar, pero no por ello menos importantes, quiero recordar a mis
amigos de la Pandilla del Infiern versién extendida: Fet y Alba, Aida y Pepe Toni,
Ari e Ivéan, Feli y Alex, Germéan, Carlos, y Goyo y Maria, porque son estupendos y
me recuerdan cada viernes que hay vida mas alla del IFIC. Chicos, a partir de ahora
me denegaran el acceso al bunker y seré una pobre mortal més. jjGracias a todos!!

Que me quiten lo bailao.



