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In this thesis, we explore seesaw extensions of the Standard Model, where heavy states mediate
neutrino mass generation and the smallness of these masses is naturally accounted for. Nonvanishing
neutrino masses allow for leptonic mixing, whose structure strongly differs from that of quark mixing.
The closeness of the lepton mixing matrix to the tribimaximal pattern points to the presence of discrete
symmetries in the underlying high-energy theory — such as invariance under transformations of the A4
group, considered in this work.

The Standard Model also fails to provide a satisfactory mechanism for the generation of the baryon
asymmetry of the Universe. A remarkable feature of the seesaw extensions is the possibility that the
out-of-equilibrium decays of the new heavy states are responsible for the dynamical generation of this
asymmetry. This corresponds to the leptogenesis mechanism, whose efficiency is here determined by
numerically solving a system of Boltzmann equations.

A particular model for spontaneous leptonic CP violation is analysed where neutrino masses and
mixing are explained imposing an A4 discrete symmetry. The implementation of the leptogenesis
mechanism in this context is discussed in detail.
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I. INTRODUCTION

Symmetries have played a fundamental role in the
development of modern physics. They are to be un-
derstood as laws of invariance under specified opera-
tions, the description of which relies on the language
of group theory, transcending a purely geometrical no-
tion. In particular, gauge symmetries are at heart
of our current understanding of the subatomic world,
which relies on the Standard Model (SM) of particle
physics.

Despite its remarkable successes and repeated ex-
perimental verification, the SM cannot provide a sat-
isfatory answer to some questions which remain open.
Among these is the fact that neutrino masses and mix-
ing cannot be accounted for in the model, as required
by neutrino oscillations. An additional puzzle arises
as the observed leptonic mixing deviates strongly from
the structure of quark mixing. Exploiting the norma-
tive aspect of symmetries, one may impose a family
symmetry at high-energy (now broken) — operating
in the leptonic sector — which produces the observed
mixing pattern.

One might also wonder if the theory is sufficient to
explain the observed imbalance between matter and
antimatter, which allows for the richness of phenom-
ena we observe in Nature (namely ourselves), as op-
posed to a dull, symmetric Universe filled by a sea
of photons. As it turns out, the SM is insufficient
to account for the observed baryon asymmetry of the
Universe (BAU), even though the basic ingredients
may seem to be there at a first glance. An alter-
nate mechanism for the generation of this asymmetry
(baryogenesis) is required.

A natural solution to both the neutrino mass and
the BAU generation problems — to be addressed se-
quentially in what follows — is found within the see-
saw framework, where the exchange of heavy parti-
cles induces low-energy neutrino masses. The out-of-
-equilibrium decays of these heavy states in the early

Universe might then be responsible for producing the
observed BAU with the aid of SM non-perturbative
processes, in a mechanism known as leptogenesis.

II. NEUTRINOS IN THE SM

The Standard Model is a relativistic quan-
tum Yang-Mills theory based on an underlying
SU(3).xSU(2)r,xU(1)y gauge symmetry group. The
dynamics of the fields are encoded in the Lagrangian
of the theory, which can be split into the following
contributions:

;CSM = EHiggs + ﬁGauge + EF‘ermions + £Yuk . (1)

Following the requirement of gauge invariance un-
der SU(2)LxU(1)y (generators I’ and Y, respec-
tively), a change to the usual Dirac and Klein-Gordon
kinetic terms of the fermions and scalar Higgs doublet
fields is in order, namely the substitution of the ordi-
nary derivative by a covariant one [1]:

Oy —=Dy=0,—ig A, I' —igy B,Y, (2)

where go and gy are coupling constants associated
with the gauge groups SU(2);, and U(l)y, respec-
tively. This leads to the introduction of four real
boson fields AL and B, in the theory, whose trans-
formation properties are such that the kinetic terms
are kept invariant under the action of the gauge group.
The term Liggs in (1) contains the kinetic term for
the Higgs doublet ¢ as well as the Higgs potential,

V(g) = pu26lo + A(610)°. (3)

Fermion and gauge boson kinetic terms are included
in Leermions and Lgauge, respectively. Finally, Ly
contains the Yukawa interactions between fermion chi-
ral components and the Higgs doublet:

Lyvuk = —Yéﬁaﬁblﬁﬁg _Yg[s@guﬁzz

o (4)
— Y& ddsp +He.,



which produce fermion mass terms of the Dirac-type
after electroweak (spontaneous) symmetry breaking
(EWSB). In the above, ¢,; and g, denote lepton
and quark doublets, while the fields u, and d, cor-
respond to up- and down-type quarks, and v, and [,
to neutrinos and charged leptons. Greek indices run
over three generations of fermions.

Since a right-handed component for the neutrino
field is missing from the SM field content, one sees
that the appearance of a Dirac mass term in Lgy upon
EWSB, as in the case of other fermion fields, is not
possible. Hence, neutrinos are strictly massless in the
SM. This implies that performing a rotation of the
neutrino fields in flavour space is inconsequential as
far as Ly is concerned, since there is no mass term
to spoil: neutrinos have definite (zero) mass in all
bases. Lepton mixing is thus absent from the SM.

Flavour neutrino fields v, , - are defined as the neu-
trino field combinations which are coupled by the
charged current (CC) to each massive charged lepton
e, i, 7. Since interactions do not mix lepton flavours,
lepton flavour numbers L; — associated to the possi-
bility of invariant rephasings of lepton fields — and, by
extension, total lepton number L = " L;, are con-
served in the SM.

The SM depends on nineteen parameters, which are
to be taken as experimental input. Fermion masses
comprise a large number of these parameters. Since
the theory offers no prediction for their values, their
origin remains a mystery.

The question of why the experimental values are
what they are seems to be metaphysical and unpro-
ductive. However, both the closeness of the Vokwm to
the identity matrix as well as the presence of mass
hierarchies between generations can be seen as sug-
gestive of hidden relations between parameters.

Undeniable evidence for physics beyond the Stan-
dard Model arises when one considers the experimen-
tal evidence for neutrino oscillations [2]: neutrinos
have small but nonzero masses. In the next section,
simple extensions of the SM will be considered in or-
der to generate neutrino masses which are naturally
small.

III. NEUTRINOS BEYOND THE SM

A Dirac mass term for neutrinos can be defined con-
sistently with the gauge symmetry in a straightfor-
ward extension to the SM, obtained by adding three
right-handed sterile neutrino fields v, g to the particle
content. These extra fields are two-component spinors
and weak isospin singlets with null hypercharge, and
the extra Lagrangian terms read, before and after
spontaneous symmetry breaking:

L:q/uk = _Ylolzﬁmayﬁ}{ + H.C.

H
— v+ —= Y% Varvs, +Hec..
( ﬂ) preLTR

Diagonalization of the neutrino mass matrix M" o
Y" is achieved by rotating the neutrino fields into
a basis of massive states v 23 and entails nonzero
leptonic mixing.

EWSB (5)

In this framework, and due to the large abyss be-
tween the masses of neutrinos and those of other
fermions, one sees that the entries of Y” must be un-
naturally smaller than those of Y’*%. One might ex-
pect that by virtue of having the same origin, namely
electroweak symmetry breaking, the twelve elemen-
tary fermions would have comparable masses. The
fact that neutrinos are a strong outlier seems to signal
the presence of an alternative mass generation mech-
anism at work.

A. The Majorana Mass Term

As neutrinos are the only neutral fermions, it is pos-
sible to construct for them a Majorana mass term
[3]. This is achieved by assuming that the chiral
components of the neutrino field are not indepen-
dent, identifying I/g with vg (the superscript C de-
notes the charge conjugation transformation). The
neutrino field then satisfies the Majorana condition,
v =v = + Vf. A Majorana-type mass term
reads:

| 1 e
Eﬁgass _ _impy — _§m<ygyL+H.C.). (6)

One notices that the above mass term is allowed
since z/g not only behaves as a right-handed field
(P v$ =0, as expected), but also because it trans-
forms as vy, under a Lorentz transformation and, thus,

Maj Preserves Lorentz invariance.

There is, nonetheless, a symmetry that is clearly
broken by the Majorana Lagrangian, namely lepton
number L — which automatically implies the breaking
of B—L and B+L (B is baryon number) — as one has
lost the liberty to rephase the neutrino field.

A mass term of the type (6) is forbidden in the SM
since the vy, are components of an SU(2), doublet and
there is no field with the required electroweak assign-
ments to aid in producing an invariant term of that
type which is also renormalizable. If one forgoes this
last requirement, then the lowest dimensional term
which can be constructed using SM fields and induces
Majorana neutrino masses is the 5-dimensional Wein-
berg operator [4], which can be written as [5]:

Lwein = Caﬂ% (@5*) (&?T ﬂgL) + H.c. (7)

where the c,3 are complex coefficients and A corre-
sponds to an energy cutoff. Upon EWSB, one obtains
a Majorana neutrino mass term from (7):

1 R
3 My va$ vp, + He., (8)

where MY is the neutrino (Majorana) mass matrix.

The above considerations are independent of the
form of the high-energy theory which gives rise to the
effective Weinberg operator Lwein at low-energy. In
the next section, we consider seesaw extensions of the
SM in which Majorana neutrino masses arise. Their
values turn out to be very small compared to the rest
of the fermions if a large enough scale A is considered,
as suggested by (8).
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FIG. 1. Exchange interactions which give rise to the Wein-
berg operator of (7). Seesaw types I and III correspond
to the exchange of fermion fields (left), while the type II
seesaw mechanism is implemented through the exchange
of scalar fields (right).

B. The Seesaw Mechanism

If one regards the SM as an effective description
of particle physics, one forcibly has to add new de-
grees of freedom to the theory — taken to be heavy
(with masses of order A) — which are typically avail-
able at high-energies but decouple from the theory at
low-energy. In seesaw extensions of the SM, the 5-
-dimensional Weinberg operator arises after integrat-
ing out massive states from interactions in which they
are exchanged. Such an interaction reduces, at lower
energy, to a four-point interaction of the form ¢@é¢,
which produces neutrino mass terms following EWSB.
Therefore, one must introduce fields v with interac-
tions terms of the form ©¥@¢¥¢, corresponding to type I
or type III seesaw mechanisms, or both ¥¢¢ and e¢,
as is the case with the type I seesaw mechanism (see
Fig. 1).

1. Type I Seesaw

In the type I seesaw paradigm [6-10], n’ sterile neu-
trino fields N;gr ~ (1,0) are added to the SM field
content. Aside from a Yukawa term of the form (5),
one is free to add a Majorana mass term as that of
(6) for the N;p. The relevant part of the extended
Lagrangian reads [5, 11]:

N o771 L NN C
—(YN") Tar ¢ Nig — 3 MY Ni Njp +He., (9)

where Y¥ is a general n’ x 3 complex matrix and
MY is n/ x n' and symmetric. Thanks to the steril-
ity of the N;p, the covariant derivative in the kinetic
term reduces to a regular one and the presence of an
L-violating Majorana mass term is not forbidden by
gauge symmetry.

Integrating out the heavy fields induces the Wein-
berg operator and the neutrino mass matrix reads:

2
v T v
MY =YV WYN. (10)

A type III seesaw implementation, where the added
fermions are arranged into SU(2) [, triplets, results in
a similar structure for the neutrino mass matrix.

2. Type II Seesaw

An alternative to the above scenario is found in type
IT seesaw framework [12-16], which requires the addi-
tion of scalar triplets A; = (AT, AFAY) with hy-
percharge Y =1 to the SM content.

Defining the A; matrix as:

(oA
> = (Lot

the relevant extended Lagrangian terms read:

_Aj/\/§> 7 (11)

++
Ai

(D" Ai)T (D A) - (1\/13)2 Tr[AlA)]
(Y0 Aty BT A HE),

where the Y2 are n x n symmetric matrices and M4
is an n’ x n’ Hermitian matrix. The low-energy neu-
trino mass matrix is in this context given by:

v o__ 2 )\;k U2 A

MY = Z i, Y&, (13)
where \; = p;/M; (M; are triplet mass eigenvalues).
One notices here an intersting feature, namely that
the flavour structure at high-energies is muddled up,
as in seesaw types I and III (see Eq. (10)), but pre-
served when the low energy limit is taken.

An alternative way of obtaining the above contri-
bution for the neutrino mass matrix is by consider-
ing that, thanks to EWSB, both ¢° (the lower field
component of the Higgs double) and AY acquire non-
vanishing VEVs. In the approximation M; > v, the
Higgs VEV v remains unchanged, while the triplet in-
duced VEV is given by [17]:

A2
u; = (A7) = YA (14)

and one has |u;| < v for all 4.

Having bestowed neutrinos with nonzero masses
(and before addressing the production of the BAU),
one turns to lepton mixing and the role of family sym-
metries in the shaping of the mixing pattern.

IV. LEPTON MIXING AND FAMILY
SYMMETRIES

As in the case of quarks, lepton mixing arises from
the mismatch of lepton states which are massive and
those which participate in CC interactions. Assuming
henceforth that neutrinos possess Majorana masses,
one sees that the rotation of the fields to the mass
basis leads to

g2

EWL’Y

where one has defined the lepton mixing matrix
Upnmns, known as the Pontecorvo-Maki-Nakagawa-
-Sakata matrix [18-20]. The relation between states

'Céc - . (UE’MNS)ia lag Wy + Hee.,  (15)



of definite flavour (greek indices) and definite mass
(roman indices) is given by:

Var = (Upmns) ; Vir - (16)

The number of physical parameters contained in

Upnns can be determined as in the quark case with

one important caveat: due to the Majorana nature
of neutrinos one has lost the freedom to invariantly

|

Upmns =

rephase the three corresponding fields. Therefore, for
n generations, one can only remove n phases through
the rotation of charged leptons instead of 2n — 1 from
the unitary mixing matrix (the global U(1)y, is also
broken). One ends up, for n = 3, with n(n —1)/2 =3
mixing angles and n(n +1)/2—n=n(n—-1)/2 =3
physical phases. A parametrization of the Upyns is
given by [21]:

s13 €0 1 0 0

C12C13 S12 C13
is is i
—512C23 — €12 823 513 €"° €12 C23 — S12 523 S13 € 823 C13 0 e 0 |, (17)
i0 1) 27
512 823 — C12C23 513 € —C12 523 — S12 €23 513 €*° €23 C13 0 0 e
=VpPMNs =KpMNS

where s;; = sinf;; and ¢;; = cos6;; refer to mixing
angles 612,613,023 € [0,7/2]. The ¢ € [0, 27 phase is
a Dirac-type phase, while ay,as € [0, 27| arise due to
the Majorana character of neutrinos. As mentioned
in Section IIT A, lepton mixing breaks lepton flavour
numbers (and the total L in the Majorana case). This
leads to the possibility of observing charged lepton
flavour violating processes such as u — ey, u —e
conversion in nuclei, and p — 3 e [22]. So far, searches
have yielded negative results, setting upper limits of
order 10712 on branching ratios and conversion rates
[23-25].

As a consequence of lepton mixing, neutrinos pro-
duced with a definite flavour are allowed to oscillate
between flavours. Neutrino oscillations are only sensi-
tive to the mass-squared differences Amfj =m?— m?,
providing no information on the absolute neutrino
mass scale. Since the sign of Am3; is indeterminate,
whereas Am3, is positive, there is room for two possi-
ble orderings of the mass spectrum: normal ordering,
with m1 < mo < mg, and inverted ordering, for which
ms < myp < Mma.

Results from the latest global fit to neutrino oscil-
lation data [26] are summarized in Table I, and can
be given a visual interpretation through the diagram
of Fig. 2. From inspection of Fig. 2 it is apparent
that the experimental mixing data bears a close re-
semblance to the tribimaximal (TBM) pattern. The
TBM hypothesis, put forward by Harrison, Perkins,
and Scott [27], corresponds to taking |V.3|? = 0,
V3|2 =1/2, and |Vea|? = 1/3, where V here denotes
VpMmns. By redefining Majorana phases and rephasing
charged leptons, one may write:

—y/2 % 0
Urpym = €% % % % Kpuns,  (18)
11 1
V6 V3 V2
=Vrem

where Kpyns = diag(1, e'®1, /2) is given in terms of
the new phases.

The possibility of a TBM mixing pattern motivated
the study of discrete family symmetries which might

Result of Global Fit within 10 {30}
Parameter

Normal Order Inverted Order

Am3, 7.62 £ 0.19 {T0:25

Amd 2530003} (2400080 {103))

sin? 012 0.320 10:01% {£0.050}

sinhag 049 USSR} 053N {00

sin0ia 0.026 70005 {FO00} 0.027 TR0 {F010
5 (0.83*0:54) 7 {any} (0.07£532) m {any}

TABLE I. Global fit results taken from [26] for the three-
-neutrino oscillation parameters and for both ordering
possibilities. AmZ; and Am3; are presented in units of
107° eV? and 1072 eV?, respectively.

govern the leptonic sector. However, exact TBM is
excluded by the aforementioned results on a nonzero
reactor angle, given by the Daya-Bay, RENO and
Double Chooz collaborations [28-30] after hints from
the T2K and MINOS collaborations [31, 32]. Nev-
ertheless, one can still pursue the family symmetry
approach, without having to resort to mass anarchy
[33]. Taking symmetry as a guiding principle, one
may accommodate the above results by regarding spe-
cific mixing patterns — like the TBM — as a leading-
order approximation, to be perturbed when higher-
order corrections are taken into account.

V. AN A; MODEL WITH SPONTANEOUS
CP VIOLATION

In the present section, we turn to the analysis of
the model of Ref. [34], which implements an A4 fam-
ily symmetry (popular in the literature, [35-38]) in a
type II seesaw framework with spontaneous CP vio-
lation. Aside from two real flavon fields, ® and P,
which are singlets of SU(2);, with null hypercharge,
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FIG. 2. Depiction of lepton mixing for both a normally
ordered and an inverted neutrino mass spectrum, where
the global fit data of Table I has been considered (left), to
be compared with the tribimaximal ansatz (right).

one adds two SU(2), triplets Aj o with ¥ = 1 and
one complex scalar field S, which is a singlet of the

|

l
=Y 7, @), pen— X”

where the bold superscripts indicate which field com-
bination is chosen from the decomposition of the
triplet tensor product.

A. Nonzero Reactor Neutrino Mixing Angle

In order to attain an acceptable agreement with
experimental data within the presented framework,
one must account for the deviation 613 # 0 from
the TBM pattern. This is achieved by considering
perturbations to the flavon alignment which directly
leads to TBM mixing and which might arise due to
non-renormalizable corrections to the flavon potential.
Consider the perturbed alignment:

(®)rpM = (1,0,0), (P) = s(1,1+e1,1 +&2). (20)
The (leptonic) Yukawa Lagrangian then becomes:

L£h=-Y.ls00 ¢ls,+He, (21)

LY = YA 05 Avls, — Y220,0 Aoty + He,

where one recognizes the familiar charged lepton
Yukawa and type II seesaw terms, with:

Ye 0 0 100

Yl:% 0y, 0], Y¥=ya [001], (22
0 0 y, 010
2 —1—eg —-1-—¢

YA2:% e 2(14e) ~1 |.(23)
“1-g -1 201+e)

((L®),, dur —

=AM ((LCTL), (s S+uhS) +

gauge group, to the SM particle content. A Z4 shaping
symmetry is also considered. For details concerning
the scalar potential and symmetry assignments, the
reader is referred to Section 3.3 of the present thesis.

An interesting property of the present model is the
absence of explicit CP violation at the Lagrangian
level. The unique source all CP violation corresponds
to the complex phase of the VEV (S) = vg e'®. As for
the Yukawa Lagrangian, the usual SM charged lepton
term is forbidden by the Z, symmetry, as well as the
standard type II seesaw coupling of triplets Ao to
lepton doublets (a coupling of the Higgs type, Ago,
is only allowed for A,). Instead, terms of these forms
will arise as effective operators. Up to O(1/A,1/A7),
where A and A’ are taken to correspond to an as-
sumed unique flavon scale and to the scale of S decou-
pling, respectively, one obtains the following Yukawa
Lagrangian, compatible with the postulated symme-
tries:

l —
A (€L @)1, ¢Tr + H.c., 19)

% Ay ((£CT 0, W), + He,

(

In the above, ye - = ryé%T/A, ya, = 55 (ye™ +
yh e*m), and ya, = sy2/A. The useful definitions
2urya, = 216" and 2u4 ya, = 22 (with z; and z9
real) are considered (recall Eq. (14)).

The neutrino mass eigenvalues are given, as a func-
tion of perturbations, by m3 ~ 2? and:

1
m%3 ~ 24 3 (z% (3 + 2e1 + 2e9)

(24)
+22129(3+¢e1 +e2) cosﬂ) .

For small enough perturbations, |e1,2| < 1, only nor-

mal ordering is allowed. As for the mixing pattern,

one obtains the following deviations to TBM:

2
sin? 012 ~ |:1 + 3 (51 + 52):| s

SiIl2 923 ~

[1 + % (e1 — 52)} ) (25)

2
1 — &2
6cosB )

As far as mixing phases are concerned, one can mea-

sure Dirac-type CP violation through the following
invariant [11, 39] (U is short for Upnns):

sin? 613 ~

N = N = W=

1
Jop — g(Heu sin(2 oij)) cosfiz sind.  (26)

For Am3; > Am3;, one obtains the result Jop =~
tan B (g2 — €1)/36 = sind ~ +sin S.

One is now in a position to consider experimental
constraints on the perturbed version of model. This



is done in Fig. 3: the left part illustrates the allowed
regions of the (g1, €2) plane, while the right part shows
the corresponding possible values of Jop. One obtains
a limit 0.02 < |Jep| < 0.05 at 30. This perturbed

10 data
® 2¢ data
® 30 data

FIG. 3. Scatter plot of the experimentally allowed regions
in the (51, 62) plane (up), where exact TBM is seen to be

excluded, and corresponding regions of the (Jcp, B) plane
(down).

version of the model will be reconsidered later on, as
we analyse the viability of producing the BAU within
its context.

VI. THE BARYON ASYMMETRY OF THE
UNIVERSE

We live in an apparently biased Universe in which
there is, as far as one can see [40], a clear preference
for the presence of matter over antimatter. How could
this imbalance come to be? One assumes that it is ei-
ther a consequence of the initial conditions of the Uni-
verse or it is dynamically generated as the Universe
cools down. The reason why the accidental asymme-
try case is usually rejected is twofold. On the one
hand, generating the observed asymmetry would re-
quire one extra quark for every ~ 107 antiquarks in
the early Universe [41] (an unnatural scenario). On
the other hand, a constraint arises if the effects of in-
flation — which is predicted to exponentially dilute any
initial asymmetry — are considered.

In the dynamical case, the symmetry violating pro-
cesses should be weak enough in order to produce the
observed values of the BAU, which can be quantified
in the present epoch through the parameter 7, defined
as the ratio between the number density of baryonic

number, ng, and that of photons, n:

n n,—nr n
B0 o —b7 (27)
Ny Ty Ny

n

where n; and nj represent the densities of baryons
and antibaryons. The value of 7 also signals the im-
balance between matter and radiation in the present-
day Universe. The abundances of light elements and
the anisotropies of the cosmic microwave background
(CMB) constrain it independently. One verifies that
both conditions give compatible values for the BAU
parameter, which when combined give [21]:

n=(6.19+0.15) x 1071, (28)

An equivalent description is given by Yz =~ 1/7.04,
corresponding to the ratio between ng and the current
entropy density of the Universe s (Y; = n;/s).

Equilibrium thermodynamics considerations lead to
the conclusion that the Universe must have possessed
a baryon asymmetry already at early times. To put
matters into perspective, Fig. 4 depicts important
stages in the thermal history of the Universe.

The evolution of contents of the Universe has been
driven by departures from thermal equilibrium. As
a rule of thumb, one may consider an interaction to
be out of equilibrium if the corresponding rate I' is
not fast enough to accompany the expansion of the
Universe, I' <« H(T) (H represents the Hubble pa-
rameter, and T the temperature of the Universe). On
the contrary, if interactions are fast, I' > H(T), one
takes the corresponding particle species to be in equi-
librium. The non-trivial case is located in between,
with I' ~ H(T), and demands a more careful and
quantitative treatment, which relies on the Boltzmann
transport equation.

VII. THERMAL LEPTOGENESIS

Taking an initial state of zero baryon number, a
baryon asymmetry can be generated if the following
sufficient conditions, presented by Andrei Sakharov in
1967 [42], hold:

e B symmetry is violated.
e C and CP symmetries are violated.
e Departures from thermal equilibrium occur.

Although the Sakharov conditions are not necessary
conditions for the BAU generation [43], trying to get
around any one of the three is generally not easy and
might require troublesome assumptions.

The SM appears to be insufficient in explaining
the presently observed BAU in light of the Sakharov
conditions: it offers neither a first-order electroweak
phase transition (EWPT) nor enough CP violation.
One interesting alternative scenario is that of lepto-
genesis [44], in which the decays of heavy particles —
such as the seesaw mediators of Section III B — violate
lepton number L. Lepton-number asymmetries would
then be converted into baryon-number asymmetries
by electroweak sphaleron processes, whereas the re-
quired CP violation would arise from complex cou-
plings in the heavy particle interaction Lagrangian.
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FIG. 4. Brief thermal history of the Universe. The family symmetry breaking scale is often taken to be of the order of

the GUT scale.

We will henceforth focus on the case of thermal lepto-
genesis, meaning that the heavy particles (here taken
to correspond to seesaw mediators) are produced ther-
mally, following reheating, by scattering processes in
the plasma.

Having accounted for possible deviations from ther-
mal equilibrium due to the extreme mass of the new
states and the expansion of the Universe, one turns to
the remaining Sakharov conditions.

If the decays of the new species violate L alone, then
B—L is also broken. This is a crucial aspect of baryo-
genesis models operating at high scales T > Tgw,
as electroweak sphalerons (which tend to wash out
all asymmetries) cannot erase B—L. For a second-
order EWPT, the following relation between lepton
and baryon numbers at the electroweak scale is im-
posed by fast sphaleron interactions [45, 46]:

12

12
Yg=—Ys_ Ys=——Y, =-048Y. (2
B=5-YB-L = VB 55 YL 0.48Y1. (29)

The remaining Sakharov condition, CP violation,
is satisfied through CP asymmetries in the quantum
amplitudes for decay processes. These generally arise,

|

B 2 1

A, Im (A;AjYﬁéYfg* + (M; /M) Te [y AT YA]’]YféYfé*>

at leading order, from the interference between a tree-
level and a one-loop diagram.

VIII. TYPE II LEPTOGENESIS

In the context of leptogenesis, Boltzmann equations
(BEs) can be used to quantify the evolution of an
asymmetry in lepton number. They are here applied
to the case where the decaying particles generating
the lepton asymmetries are the heavy scalar triplets
A; of the type II seesaw mechanism. The flavoured
parameters which quantify CP asymmetries in decays
and inverse decays of the A; are given by:

aB F(A: — Ea fﬁ) — P(AZ — Za 25)
g =2
’ Ta, + FA;

(30)

where I'a, is the total triplet decay rate. These arise
from the interference bewteen the diagrams presented
in Fig. 5. For M; > M;, one obtains the CP asym-
metries of Eq. (31).

of_ 2 1M
i 1+ 005 2 M,
t0ap 2m 5 My

The Boltzmann equation formalism has been de-
veloped in Chapter 4 of the present thesis. The full
network of Boltzmann equations, needed to compute
number densities of asymmeties is explicitly given, for
the type II seesaw leptogenesis framework, in Section
5.2 of the thesis.

Consider, henceforth, the particular context of the
perturbed A4 model developed in Section V. Some
working assumptions (see Section 5.4), including that
of hierarchical triplets, My > Mj, have been made.

31
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(

The maximum values which the CP asymmetries may
attain are, as a function of the parameters of the
model, given by:

0 ~ VAm3, [

El,max -

1-— 1(51 + 52)] M sinf, (32)

12v6m0? | 3
VAmg [ 1
E2,max ¥ T |1 5(81 +e9)| M tan 3. (33)

The magnitudes of these maximum values are
shown as a contour plot in the (3, M;)-plane in Fig. 6.
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FIG. 6. Contours of the (magnitude of the) maximum CP
asymmetries in the decays of hierarchical scalar triplets
ALQ.

The plot shows that, for certain points in the (3,M;)
plane, relatively large CP asymmetries are obtained.
To finally solve the system of BEs one needs to com-
pute the reaction densites for the relevant processes,
given in Fig. 7. These densities are obtained from
the integration of reduced cross sections, whose ex-
plicit form is presented (for the model at hand) in
Section 5.3 of this thesis. The BE integration was
performed numerically through a Fortran-based pro-
gramme. Fig. 8 shows the results for the baryon asym-
metry density Yp for two choices of M7, after compat-
ibility with neutrino oscillation data has been assured.

‘We now restrict ourselves to a particular point, cho-
sen to lie in the region above the green band (details
are given in Section 5.4). Reaction densities and the
evolution of asymmetries for this particular perturbed
version of the model are given in Fig. 9. A baryon
asymmetry Yg ~ 5.93 x 10719 is obtained for this
point, following the decoupling of the lightest triplet,
by summing over all three Ypr, and converting the
resulting Yp_1, asymmetry into a purely baryonic one
through (29).

We have seen that the model is sufficient to ac-
count for the observed baryon asymmetry of the Uni-
verse. One has assumed that triplet masses are hier-
archical, taken to imply that asymmetries produced
prior to the decay of the lightest triplet have been

washed out. The fact that CP asymmetries in the
out-of-equilibrium decays of A, can overshadow those
of Ay by as much as an order of magnitude (see
Fig. 6) challenges this assumption. Flavour consider-
ations may nevertheless come to our rescue, as a suffi-
ciently massive As may decay during the unflavoured
regime, for which all different lepton flavours are out-
of-equilibrium and indistinguishable. The structure of
the model prevents, in such a case, the generation of
asymmetries.

IX. CONCLUDING REMARKS

The most popular SM extensions accommodating
massive neutrinos in a natural way are those in which
neutrino masses are generated through the tree-level
exchange of new heavy particles. We have analysed
the phenomenological viability of a specific type II
seesaw model based on an A4 non-Abelian discrete
symmetry. In this scenario, CP-violating effects stem
from a single complex phase associated to the VEV of
a scalar singlet. The model is compatible with all data
provided by neutrino oscillation experiments and pre-
dicts large CP-violating effects, detectable in future
experiments.

The connection between neutrino physics and cos-
mology may be established within the leptogenesis
scenario, where the excess of baryons in the Universe
relies on a lepton asymmetry. For the specific case of
type II seesaw leptogenesis, the starting point to gen-
erate that lepton asymmetry is the out-of-equilibrium
decay of the heavy-triplet scalars. The viability of the
leptogenesis scenario in the framework of the afore-
mentioned A4 model has also been explored. We have
concluded that the model not only allows to reproduce
the current neutrino mass and mixing pattern, but
also generates a sufficiently large baryon asymmetry
of the Universe, in accordance with the experimental
result.

Our conclusions justify the purpose of this thesis:
to relate neutrino masses and mixing, symmetries and
the origin of matter. What we have presented is just
an example (among many others) of how complemen-
tary studies may shed some light on answering open
questions in fundamental physics, the future of which
hinges on the combined exploration of physical phe-
nomena at the energy, intensity and cosmic frontiers.
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