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Abstract

It is well known that there must be a physics beyond the Standard Model of elementary particles.
Among all the evidences, the mass of the neutrinos, the matter-antimatter asymmetry of our
Universe and the dark matter constitute the three general contexts of this thesis.

The fact that neutrinos are massive is the first clearest evidence for a new physics beyond
the Standard Model. Neutrino masses can find an explanation in the context of the famous and
favorite “Seesaw models”. These models also generate processes in which the flavor of the charged
leptons changes, as in the decay of a muon into an electron and a photon, or the conversion of
amuon into an electron in atomic nuclei without neutrino emission. These processes are very
appealing because future experiments will reach impressive sensibilities on the measurement of
their branching rate, and because their observation would confirm the existence of a new physics
and could even potentially discriminate between different theoretical models. It is therefore
important to have reliable expressions for their rate in each kind of Seesaw mechanism. In the
first part of this thesis, we compute the rate of the conversion of a muon into an electron in the
framework of type-1 Seesaw models, and we analyze the phenomenology it leads to.

The Seesaw models, on top of generating small neutrino masses and new interesting pro-
cesses, also contain remarkably all the necessary ingredients to create enough matter-antimatter
asymmetry in our Universe through the “leptogenesis” mechanism. This latter consists in generat-
ing a lepton asymmetry which is partially transferred in a baryon asymmetry. In the second part
of this thesis, we study the leptogenesis in the context of type-2 Seesaw models, determining and
analyzing for the first time the effect of the flavors and the spectator processes.

Finally, the third and last part of this thesis focuses on the possibility of generating not only
the baryons in an asymmetric way but also the dark matter. To this end we consider the “inert
doublet” model, as it contains an interaction which could generate dark matter in an asymmetric
way. We therefore address the following question : is it possible to generate all the observed dark
matter of our Universe in an asymmetric way in the inert doublet model ?
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Résumé

Il est clair que le Modele Standard des particules élémentaires n’est pas complet. Parmi tous les
indices d'une physique au-dela du Modele Standard, la masse des neutrinos, I'asymétrie matiére-
antimatiere de notre Univers et la matiére noire constituent les trois contextes généraux de cette
these.

Le fait que les neutrinos soient massifs constitue la plus claire évidence d'une physique au-
dela du Modele Standard. La masse des neutrinos peut trouver une explication notamment dans
le cadre des modeles favoris dits “modeles Seesaw”. Ces modeles, en plus de générer une petite
masse pour les neutrinos, génerent aussi des processus dans lesquels la saveur d'un lepton chargé
est changée, comme la désintégration d'un muon en un électron et un photon, ou la conversion
d’'un muon en un électron au sein d'un atome sans émission de neutrino. Ces processus sont
importants car les expériences futures devraient atteindre des sensibilités impressionnantes sur
leurs taux, mais aussi parce que leur observation confirmerait I'existence d'une physique nouvelle
et pourrait peut-étre discriminé parmi les différents modeles. Il est donc important d’avoir une
expression analytique fiable du taux de ces processus dans le cadre de ces modeles Seesaw favoris.
Dans la premiere partie de cette thése, nous calculons I'expression du taux de conversion d'un
muon en un électron au sein d'un atome dans le cadre des modeéles Seesaw de type 1, et analysons
la phénoménologie s’y rapportant.

Ces modeles Seesaw, en plus de générer une petite masse pour les neutrinos et des processus
changeant la saveur leptonique, permettent aussi la création de 'asymétrie matiere-antimatiére
dans I'Univers, a travers le mécanisme dit de “leptogenese”. Selon ce mécanisme, une asymétrie
leptonique aurait d’abord été créée, avant d’étre partiellement transférée en une asymétrie baryo-
nique. Dans la seconde partie de cette these, nous calculons et analysons la leptogenése dans le
cadre des modeles Seesaw de type 2 avec, pour la premiere fois, la prise en compte des effets de
saveurs.

Finalement, la troisiéme et derniere partie de cette these se concentre sur la possibilité de
générer non seulement la matiére baryonique a partir d'une asymétrie, mais aussi la matiere noire.
A cette fin, nous considérons le modéle dit “doublet inerte”, car il contient une interaction qui
pourrait a priori générer de la matiere noire a partir d'une asymétrie. Nous adressons dés lors la
question suivante et y répondons : est-il possible de générer toute la matiére noire a partir d'une
asymétrie de matiere noire dans le contexte du modele doublet inerte ?
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Introduction

What else ? This is the question which is in everybody’s mind since thousands of years, concerning
any kind of field, scientific or not. This is particularly true in physics nowadays. After each
improvement in our understanding of the physical phenomenon around us, it is each time more
shadow zones that are discovered. This was and this will be surely like that forever. However,
we are today very far in the elucidation of mysteries of Nature, thanks to the scientific input
of thousands of people since thousand of years, thanks to wonderful mathematical tools and
increasingly sophisticated experiments.

At the microscopic level, the building blocks of the Standard Model of elementary particles
(SM) physics have been progressively assembled until to reach in the 1960-1970’s his present form
after the placement of the keystone, the Brout-Englert-Higgs boson which has been discovered
experimentally in 2012 at the Large Hadron Collider (LHC). At the macroscopic level, the adjunc-
tion to the SM of the General Relativity (GR), the dark matter (DM) and dark energy (DE) has
allowed to build the Standard Model of cosmology (ACDM), which amazingly describes very well
the evolution of the Universe as confirmed by observations.

But we know that the monument is not yet achieved. As a first example, neutrinos are
massless in the Standard Model while experiments have put forward the fact that neutrinos are
actually massive particles. Second, our Universe is matter dominated so that an asymmetry
between matter and antimatter should have been created in the early times, and unfortunately the
Standard Model fails to generate it. Thirdly, on top of ordinary matter, there are clear evidences
that the Universe is also composed by an invisible dark matter whose origin is still unknown.
Finally, on top of these three examples, there are several other theoretical hints to believe that
there exists a new physics beyond the Standard model (BSM) as : the hierarchy problem, the
unification of forces, the inclusion of gravity, the strong CP problem, inflation, the origin of the
dark energy, the smallness of the cosmological constant, the Big Bang singularity;,. ..

Despite these facts and these hints, it is very difficult to put in evidence new physics beyond
the Standard Model at the particle level, giving hard time to physicists. For now, all laboratory
experiments are in impressive agreement with the Standard Model of elementary particles and
don’t show any evidence for new BSM particles. The neutrino masses have been put in evidence by
both Universe observational means and laboratory experimental means, but its origin in terms of
particles is still unknown. All the other hints, as for example dark matter, are purely observational.
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So what’s next ? At the experimental level, the present and future experiments should bring
new discoveries soon. For example, the LHC second run could hopefully highlight the existence
of new elementary or composite particles (if this is not already done), neutrino experiments
should bring light on the nature of these particles, dark matter searches will also continue to bring
hope on its discovery, and more and more experiments are planed so as to lighten the real new
physics. At the theoretical level, lots of extensions to the Standard Model have been considered
for years, which generally all predict new particles and phenomena to be discovered. Among all
theses possibilities, Nature may be mild with us and could have chosen the ones that are within
experimental reach.

This thesis lies in such an exciting context and focuses on three of the above puzzles which
point towards new physics, namely neutrino masses, the matter-antimatter asymmetry of our
Universe and dark matter. Even if each puzzle can be solved in many possible ways and may not
be linked, clearly it is of special interest to see whether they could find an explanation from a
common origin. This is the point of view and the guiding principle we will adopt all along this
thesis. Actually, there are good reasons to believe that at least two or even the all three enigmas
could be related. For instance, the small neutrino masses can be explained in the framework of the
favorite Seesaw models, which are the most simple extensions of the Standard Model to account
for it. As we will show in this thesis, these models not only generate interesting charged lepton
flavor violation processes which we will study, but they also contain quite remarkably all the
necessary ingredients to explain the matter-antimatter asymmetry of the Universe, as we will see
too. The smallness of the mass of the neutrinos may therefore be related to the matter-antimatter
asymmetry of the Universe. As another example, it is particularly intriguing that the quantity of
visible matter and the quantity of dark matter in our Universe are very close to each other. It is
thus important to study if such apparent coincidence could not be explained in various ways, as
we will also discuss in this thesis. The thesis is structured as follows.

In chapter 1, we review the experimental evidence for neutrino oscillations. Since these
necessarily imply that neutrinos are massive particles, we discuss how the Standard Model can
be enlarged in order to account for their mass. In particular, we introduce the three types of
Seesaw models, which are very attractive extensions of the Standard Model that can generate
small neutrino masses and at the same time new processes that violate the charged lepton flavors.
Furthermore, these models can generate enough matter-antimatter asymmetry in our Universe
and they are very well motivated by Grand Unified Theories.

In chapter 2, we focus on the charged lepton flavor violation processes in the context of
type-1 Seesaw models. First, we review the experimental and theoretical status of these promising
processes, particularly the conversion of a muon into an electron in atomic nuclei since future
experiments should reach impressive sensitivities on its rate. Second, we compute the analytical
expression of the muon to electron conversion rate in the type-1 Seesaw models, on which there
was actually no agreement in the literature. Finally, we show how the charged lepton flavor
violation processes could lead to pretty nice predictions, how they could allow to determine the
Seesaw scale and how they could allow to distinguish between the various kinds of Seesaw models.
The computation of the conversion rate and the study of the phenomenology have lead to an
original publication [1].
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In chapter 3, we review the cosmological evidence for a matter-antimatter asymmetry in our
Universe. Among all the possibilities, the Seesaw models possess quite remarkably all the ingre-
dients to explain the matter-antimatter asymmetry, on top of generating small neutrino masses.
The way the matter asymmetry is generated in the Seesaw models is via the so-called leptogenesis
mechanism. We show how it works in the framework of the type-1 Seesaw models, and discuss
the effect of the lepton flavors in the asymmetry production. Flavors are important because they
could change dramatically the way leptogenesis occurs, but also because the structure of flavors
is in fact directly related to another puzzle in the Standard Model, that is : why are there three
families of fermions with such different masses and why are the flavor mixings in the lepton sector
so different from the ones in the quark sector ?

In chapter 4, we focus on the leptogenesis mechanism in the framework of the type-2 Seesaw
model. Because the way leptogenesis works in this case is in many ways different from the type-1
leptogenesis considered in the previous chapter, we first study the scalar triplet leptogenesis
within the one-flavor approximation. Subsequently we show the importance of the lepton flavors
and why they actually always matter in the scalar triplet leptogenesis mechanism. We then give all
the necessary ingredients for computing the baryon asymmetry of the Universe, starting from the
elementary interactions of the scalar triplet. In order to show how leptogenesis works within this
framework, we finally analyze the effect of flavors in several new scenarios. The computation of
the flavor effect in type-2 Seesaw leptogenesis and the study of the new scenarios have lead to an
original publication in Ref. [2].

In the last chapter 5, we first review very briefly the evidence for dark matter in our Universe.
Since here too the Standard Model doesn’t posses any dark matter candidate, it also needs to be
enlarged to account for it. In particular, in the so-called Inert Doublet Model (IDM), a second
scalar doublet is introduced which can account for the dark matter relic density. In the last part of
this thesis, we wonder if, alike to the baryonic matter in the previous chapters, dark matter can be
generated in an asymmetric way within this model. The answer of this question has lead to an
original publication in Ref. [3].
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Part 1

SEESAW MODELS AS THE ORIGIN OF
NEUTRINO MASSES AND
CHARGED LEPTON FLAVOR VIOLATION







1] Neutrino masses and BSM physics

Since the assumption of its existence by Wolfgang Pauli in 1930 [4], neutrinos are still fascinating
the world. The “desperate” remedy to save energy conservation in the $-decay is a neutral particle
of spin 1/2 and, at that time, supposed massless. Because of its very feeble interactions with the
other particles of the Standard Model (SM), it is only years after that we had a proof of its existence.
Chronologically, first was discovered the electron neutrino v, at Hanford [5] in 1956, then the
muon neutrino v, at Brookhaven [6] in 1962, and finally the tau neutrino v; at Fermilab [7] in
2000. Three flavors of neutrinos were discovered, corresponding to the three charged lepton
families. Experimentally, the number of neutrinos species lighter than m /2 has been determined
by measuring the cross-section of the e*e™ annihilations near the Z mass. Adjusting the results
from the experiments ALEPH, DELPHI, 1.3 and OPAL, the number of light neutrino families N, is
in agreement with N, =2.92 +0.05 [8].

In the SM of elementary particles, together with its associated left-handed charged lepton,
each neutrino is a part a doublet #; = (v; e;)”, which is charged under the gauge group SU(2); x
U()y. Since they are electrically neutral and colorless, they can only interact through the Z
and the W* gauge bosons of the weak interaction. Because they are supposed massless, no
right-handed neutrino has been introduced in the SM in order to give a mass to the neutrinos
through the Brout-Englert-Higgs mechanism. At the same time, no right-handed neutrino has
never been observed in nature so far.

As a consequence of the absence of right-handed neutrinos, the SM contains by construction
three lepton flavor global symmetries U(1);,, with a = e, u,7, in addition to the lepton and
baryon global symmetries U(1); and U(1) . From now on, greek letters «, §,... will denote the
different flavors (e, i, 7). From Noether theorem, to each of these global symmetries corresponds
a conserved quantity, which are respectively the electron L., the muon L, and the tau L; flavor
numbers, and the lepton L and baryon B numbers. As a consequence, no lepton flavor changing
interactions should exist, according to the SM.

In this section, we will fist review the physics of neutrino oscillations whose observation
brought clear evidence that lepton flavor is violated in Nature and that neutrino are massive
particles. We then present the present values of the mixing parameters and the best bounds on
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the absolute neutrino mass from non-oscillation experiments. We will also discuss the prospects
of future neutrino experiments. Finally, we will show how one can extend the SM in order to give a
mass to the neutrinos. In particular, we will introduce the Seesaw mechanisms which constitute
the framework of the main works of this thesis.

1.1 Neutrino oscillations

1.1.1 Puzzles from neutrino fluxes

Collisions between cosmic rays and nuclei produce lots of pions in the upper atmosphere. These
pions decay mostly into muonic neutrinos and muons, which in turn decay into electrons, muonic
neutrinos and electron neutrinos. As a result, an important flux of electron and muon neutrinos
arrives at the surface of the earth. By measuring the muon neutrino flux coming from the top
atmosphere, the Super-Kamiokande collaboration highlighted the existence of muonic neutrino
oscillations in 1998 [9]. They detected a deficit of muon neutrinos compared to the predictions,
which can find as an explanation the fact that some muon neutrinos oscillate to another neutrino
flavor. Other explanations, as neutrino decay or decoherence, were ruled out. Few years after,
several experiments confirmed that neutrinos coming from the sun [10], from nuclear reactor [11],
and from accelerator beams [12] do oscillate as well.

Neutrino oscillations arise if the flavor eigenstates (the basis of the weak interactions) are
not the mass eigenstates (the basis in which neutrino propagates). The discovery of neutrino
oscillations has therefore drastic consequences : the global lepton flavor symmetries L, are
violated, and more important, at least two of the three left-handed neutrinos do actually have
masses, as we will show in the next section. These both consequences are clearly not consistent
with the SM, which therefore need to be extended in order to account for this phenomenon.

1.1.2 Theory of neutrino oscillations

The neutrinos which take part in weak interactions are the three flavor eigenstates v, (and
the associated antiparticles v,). By definition, these are the particles that interact with the
corresponding charged leptons e, (and é, respectively) through emission or absorption of W
bosons. Their quantum states form an orthogonal basis |v4), such that (vq|vg) = 6 45. However,
the neutrino states that are relevant for propagation are the mass eigenstates v;, where i = 1,2,3,
which coincide with the flavor eigenstate only if neutrinos are massless, or if the mass matrix
is flavor diagonal in the flavor eigenstate basis. The mass eigenstates also form an orthogonal
basis |v;), such that (v;|v;) = §;;. If in the flavor basis the mass matrix is non-diagonal, one has in
general

my=|(my,, My, Mmy,|[, (1.1)
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and the flavor and mass eigenstates basis differ by a unitary transformation :

3
Vo)=Y Uqilvi), with a=epT, (1.2)
i=1
such that
U m,U = iy, = diag(my,, my,, my,) . (1.3)

The matrix % is called PMNS, for Pontecorvo-Maki-Nakagawa-Sakata. As what was done for the
CKM matrix of the quark sector, one can parametrized %/ as

1 0 0 C13 0 8136_i6 ci2 S;2 0 el® 0 0
U = |0 3 S3 0 10 —s;2 ¢z Of] 0 €% o, (1.4
0 —3823 (23 —513€i6 0 C13 0 0 1 0 0 1

where s;; = sin0;; and ¢;; = cosf;;. The 0;;’s are the mixing angles. The angles 0>3 and 0, are
also called atmospheric and solar angles respectively, in relation with the experiments that have
measured them. The phases 6 and a; , are the Dirac and Majorana CP-violating phases, whose
values are still unknown. The presence of the Majorana phases comes from the fact that neutrinos
could be a priori of Dirac or Majorana type. In this latter case, neutrinos are there own antiparticles
up to a phase. After redefinition of the fields, one ends up with the two phases a; ». If neutrinos
are of Dirac type, these latter are unphysical and can be put to zero in the above matrix.

Let’s have a look to the production, propagation and detection of a neutrino in the plane wave
approximation. Let’s assume that a neutrino is produced at some space coordinate x =0, ¢ = 0.
Just after being created through an EW interaction, it is in some flavor state |v,). This state is a
superposition of mass eigenstates, and from Eq. (1.2), one has

Vo) =Y Uailvi) . (1.5)
i

The produced neutrino will propagate in some direction x. After some distance L, the flavor state
is given by

Va(D) = Y ailvi(L)) = Y Uaie™P i), (1.6)

where p; = 4 /El? - m%,i is the momentum in the direction x of the neutrino of mass m,, and energy
E;. The last equality has been obtained using the Schrédinger equation. We detect a neutrino
through its weak interaction with matter. By measuring the state of the neutrino, one projects it
into some flavor eigenstate |vg). The corresponding transition amplitude is thus giving by

Hup = Vplva (L)) = Y (VU Ui 1vi) = ) U Ui . 1.7)
L] i

The probability to detect a flavor state vg after a distance L, given that the produced neutrino was
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a flavor state |v,), reads therefore

P (Va—vp L) = lapl® =Y. U5 UaiU U pje PP (1.8)
inj

If we assume that the neutrino has a well-defined energy E = E;, ! and taking into account that
the produced neutrinos are generally always ultra-relativistic E > m,,, one has p; = E - mf,i /2E,
so that Eq. (1.8) can be expressed as
Am2.
. 1]
P (Va—vp, L) = ) Uy UaiUy Upje” 7", (1.9)
ij

where Am? ;= mi — m?,j. Using the unitarity of the PMNS matrix %, Eq. (1.9) can also be expressed

as

P(Va—vpt)=0ap—4 gj%e (%;i%ﬁi@laj%gj) sin® (nLil])
. 5 )i L
+2Z%m(%i%i%j%ﬁj)sm(zni) . (1.10)
i>] tj
where the oscillation length L;; = 4nE/ Am?j is the distance scale over which the oscillations
effects can be appreciable. From this formula, we see that neutrino oscillations depend on the
mass splitting between the neutrino mass eigenstates Am? »on the travel distance L and on the
mixing parameters through %,;. This means that if neutrinos are massive, and if the mixing
parameters are non-vanishing, one should be able to observe experimentally the oscillation of
neutrinos. And this is actually the case.

Before going on, it should be stressed that in order to oscillate, the neutrino that has been
produced must propagate coherently. A coherent propagation means that the wave packets of the
mass eigenstates are superposed along the path, i.e. the group velocities vg, of the neutrino mass
eigenstates are close to each other. Since |vg, — vy, | = Amf.‘j/ 2EZ?, this is the case if Amfj 3
which is indeed satisfied by most of the neutrino experiments since the energy of the produced
neutrinos is much bigger than their mass difference.

1.1.3 Experimental framework

There are mainly four sources that are used in neutrino oscillation experiments, depending on
whether the detected neutrinos come from the sun, from the top atmosphere, from nuclear
reactors or from accelerators. Each of these kind of experiment has specific travel distance L
and neutrino energy spectrum E, which are more or less suitable for the measurement of mixing
parameters. The experimental framework is generally conceived to measure the appearance or
disappearance probability of some neutrino flavor.

Neutrinos are produced in the sun by the fusion reactions. In the late 1960s, the Homestake
Experiment has observed a neutrino deficit from the sun compared to what was expected [14]. This

I This assumption leads to the correct result. However, this assumption is, strictly speaking, wrong. A more detailed
analysis should be needed in order to account precisely for the wave packets propagation and coherence [13].

10
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Normal hierarchy (+10) | Inverted hierarchy (+10)
sin26;, 0.30470013 0.30470.015
012() 33.487078 33.487075
sin® 03 0.452*+0-052 0.579* 005
0250 42.3*39 49.5%573
sin? 0,3 0.0218+00010 0.0219*00015
015() 8.50*020 8.51705)
Scp(®) 306+39 25475,
Am3, (x1075 eV?) 7.5070-19 7.50*01
AmZ, (x1073 eV?) +2.457 004 24497050

Table 1.1 — Oscillation parameters from Ref. [19], in which they performed a fit to the global
data, which come from 24 experiments. These are the solar experiments Gallex & GNO, SAGE,
SK1-4, SNO and Borexino ; the combined data from the SK1-4 experiment for the atmospheric
experiments ; KamLAND, CHOOZ, Palo Verde, Double Chooz, Daya Bay, RENO and SBL for
the reactor experiments ; and MINOS and T2K for the accelerator experiments. In the last line,
Amgk = Am.o%1 in case of Normal Hierarchy, and Amik = Amg2 in case of Inverted Hierarchy.

deficit can be explained by the disappearance of v, through the v, < v, oscillations. Experiments,
as for example SNO and KAMLAND, were in turn able to determined the solar mixing parameters
61, and Amgl. In the late 1980s, it is a deficit of v, atmospheric neutrinos that is observed by
several experiment as IMB, MACRO, and Kamiokande II, and it is well explained by the v,
v oscillations. Experiments, as Super-Kamiokande, have determined the atmospheric mixing
parameters 8,3 and Amgl. Finally, very recently, experiments as Daya Bay in 2012 [16, 15], followed
by Double Chooz [17] and T2K experiment [18] have determined the last mixing angle 0,3, by
measuring the electron neutrino disappearance from nuclear reactors. Until now, experiments
have allowed the measurement of all three mixing angles 6;», 623 and 6,3, and two mass splittings
Am3, and |[Am3, .

The present best fit values of the mixing parameters [19] are given in Table 1.1. It is re-
markable that a so large variety of experiments can all be fitted so well in the picture of three
light neutrinos. The fit is performed for normal and inverted hierarchy. Indeed, the knowledge
of the parameters Amg1 and IAmgll allows two possibilities for the mass hierarchy. Either the
hierarchy is “normal” and one has m,,, < m,, < m,, with Am3, > 0, either it is “inverted” and one
has m,, < my, <m,, with Am3, <0. The mass hierarchy is still to be determined experimentally.
From Eq. (1.10), we see that only the third term from the right-hand side of the equation could
allow to determine it. Future experiments as Daya Bay 2, INO and Reno-50 should be sensitive
on the mass hierarchy, and hopefully should allow to determine the mass spectrum in around 10
years (20, 21, 22].

The last mixing parameters that are still unknown are the CP-violating phases. Only the
Dirac CP-violating phase 6 cp could be determined thanks to neutrino oscillations experiments.
For example, we can show that the probability of v, — v, oscillation contains CP-violating terms

11
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at next order [23]

2
Amj, L

2
@ (Vu - Ve) 3 €13513523C€23512C12 , (1.11)

Am2 L Am? L
Cs Sin 2 28ssin 31
2E 4AE

where c5 = cosdcp and s5 = sindcp. For antineutrinos, the probability of v, — v, oscillations is
obtained by replacing  cp — —d¢p. By comparing neutrino-induced and antineutrino-induced
oscillations, one should therefore be able to determine the 6 cp phase. Note however that matter
effect also introduces a neutrino-antineutrino asymmetry because of the presence of electrons
and absence of positrons in the Earth. To disentangle the leptonic CP-violation effect from
the matter effect, it is adequate to place the detector at ~ 1000 km from the neutrino source.
Future experiments, as LBNO, LBNE and Hyper-K [24, 25, 26] should be able to determine the
mass hierarchy and to measure the CP-violating phase 6cp by observing v, — v, oscillations
coming from accelerators, through a precise measurement of the neutrino energy spectrum and
by comparing neutrino-induced and antineutrino-induced oscillations. These long-baseline
neutrino experiments could ideally determine the 6 cp phase at 50 after 10 years of exposure
(at least for ~half of the 6 ¢p possible values and more likely around 7/2 and 37/2 where the
CP-violating effect is maximized).

Let’s mention that all the neutrino experiments have for now determined that at least two
neutrinos are massive, so that there is the possibility that one of the three neutrinos is actually
massless. Since they measure only squared mass differences, the oscillation experiments are not
able to determine the absolute mass scale of the neutrino. However, one can already derive an
obvious lower bound on the heaviest neutrino :

my ™ > \/IAm3,| =0.05eV . (1.12)

Several experiments, not based on neutrino oscillations, brought precious bounds on the neutrino
masses, as we will now briefly discuss.

1.2 Non-oscillation experiments

1.2.1 p-decay

By measuring the highest possible energy in the tail of the energy spectrum of the electron emitted
ina f-decay n — pe” V., one should be able to determine the neutrino mass. Experiments of this
kind are sensitive to neutrino masses that are typically large (m,) > 0.05 eV, in which case all the
neutrino are quasi degenerate (m,) = m,, = m,, =~ m,,. Experiments as MAINZ and TROITSK,
based on Tritium -decay, have provided an upper bound at 95% C.L. [27, 28] on the “effective
electron neutrino mass” given by

mg= Y ms|Ueil> S2.2€V. (1.13)
i

For quasi degenerate spectrum, one has mg = (m,). In the next future, the KATRIN experiment
should reach sensitivities of the order of 0.2 eV at 90% C.L. on {m, ) [29].

12
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Figure 1.1 — Left : Feynman diagram of the 0v2 process. Right : |[m,,| as a function of the
lightest neutrino mass, in case of Normal (black) and Inverted (gray) hierarchy. The width of
the bands reflects the uncertainties in phases, mixing angles and squared mass splittings at 1g.
The horizontal dot-dashed line correspond to the present best bound from 0v2f process, while

the vertical dot-dashed line comes from cosmological bounds. We used the fact that we have
Y. m,, =3my"" in the quasi-degenerate region.

1.2.2 Neutrinoless double S-decay (0v2[)

If neutrinos are Majorana particles, i.e. they are their own antiparticles, then a process such as the
one depicted in Fig. 1.1 could be observed. This process consists in the decay of two neutrons into
two protons and two electrons without emission of any neutrino. Its amplitude is proportional to
neutrino mass matrix element

Mee =Y my, (%?),; , (1.14)
i

which according to Eq. (1.4) contains the Majorana CP-violating phases a; 2. The observation
of such process would confirm the Majorana nature of neutrinos, and it could also determine
the Majorana mass scale and potentially the hierarchy spectrum, as can be seen from the right
panel of Fig. 1.1. The present best bounds come from the experiment GERDA, IGEX, EXO, NEMO,
KamLAND-Zen and CUORICINO, which obtained that the half-time of the process should be
grater than ~ 2- 10%° years at 90% C.L. [30, 31, 32, 33, 34, 35]. The corresponding upper bound on
| Mgl is given by

|Meel <2-1071 eV, (1.15)
Future experiments, as SuperNEMO, Majorana, NEXT or SNO+ for exemple, should reach sensitiv-
ities as low as |me.| <2-1072 eV [36, 37, 38, 39].

1.2.3 Cosmology

Neutrinos have played several role in the evolution of our Universe. In particular, on the one hand
their mass should have played a role in the structure formation of galaxies. Indeed, when becoming
non-relativistic at a temperature around T ~ m,, neutrinos do agglomerate and participate to the

13
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structure formation of galaxies. The heavier they are, the earlier they participate. On the other
hand, if they were non-relativistic at the decoupling epoch at a redshift of z ~ 1100, they should
also have contributed to distort the Cosmic Microwave Background (CMB) spectrum.

The present best bound on the sum of the neutrino masses is provided by the Planck collab-
oration [40]. Using Planck, WMAP baryon acoustic oscillation (BAO) and CMB data sets, they got
the upper bound :

Y my, $2.3-107"eV. (1.16)
i

Planck also provided no evidence for additional neutrino-like relativistic particles beyond the
three families of neutrinos in the SM. They find that the effective number of relativistic degrees of
freedom is Nefr = 3.30 +0.27, consistent with the SM prediction N3 =3.046.

1.3 Neutrino mass, effective Lagrangian and Seesaw mechanisms

As illustrated by neutrino oscillations, it is now clear that at least two of the three neutrinos are
massive particles. This constitutes an outstanding evidence for BSM physics. The SM needs
therefore to be enlarged in order to account for the neutrino masses. A first question which arises
is how to give mass to neutrinos ? The smallness of the neutrino masses is also quite disrupting,
since these are of the order of ~ 10° lighter than the electron. So a second question is why are the
neutrinos so light ?

There are many possibilities to generate neutrino masses, but let’s first see if one cannot
proceed as for the other fermions. In the SM, the mass of the quarks and the charged leptons are
generated through the usual Brout-Englert-Higgs mechanism. To each left-handed doublet of
particles, one has a right-handed particle that is a singlet under SU(2), except for the neutrinos.
Together with the Brout-Englert-Higgs scalar boson (quoted as SM scalar hereafter), they form
Yukawa interactions that will generate Dirac mass for the quarks and charged leptons after Spon-
taneous Symmetry Breaking (SSB). So the way of generating a mass for the neutrinos which comes
immediately to minds is to add right-handed neutrinos vi. By doing this, one can construct
Yukawa interactions for the neutrinos :

Ly =-Vrd' Y, €L +H.c., (1.17)

where /1 = (v er) T are the SU(2) 1 lepton doublets and ¢ = ((/)+ (/)0) r is the SM scalar doublet. One
has defined ¥ = iT,y™* where 7, is the second Pauli matrix. After SSB, the scalar field acquires a
vacuum expectation value (vev), (<p°) = v/v/2 with v =246 GeV, and the above operator therefore
generates Dirac masses for the neutrinos given by m% = v, v/ /2.

This seems to be an easy and perfectly fine way of giving mass to the neutrinos. However, one
is faced with some deeper questions. Indeed, the present bounds on the neutrino masses would
require extremely small Yukawa couplings, typically of the order Y, ~ 1072, This scale has to be
compared to Yukawa coupling of the electron, muon and tau, whose value is approximately given
by Y, ~107%, ¥, ~ 1073 and ¥; ~ 1072 respectively. There are thus six fo ten orders of magnitudes
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that separate the mass of the two components of a same doublet. By comparison, the components
of the quark doublets have Yukawa couplings that are about of the same order. The smallness of
the neutrino Yukawa coupling seems therefore puzzling in this way.

Another question is the following. If one adds right-handed neutrinos to SM, these would be
electrically neutral and singlets under all the gauge groups. So no fundamental symmetry would
forbid them to have the following Majorana term :

1__
gMaj Z—EVRMV%+H.C., (1.18)

where ¢ = Cy! is the charged-conjugate of the field . 2 Together with Eq. (1.17), this term
violates lepton number by 2 units, but since lepton number is an accidental symmetry of the SM,
this is not problematic. This small adjunction has a lot of interesting implications as we will see in
the next sections. Let’s just mention here that the mass M in Eq. (1.18) is a new energy scale that is
not linked to the SM electroweak scale, i.e. it isn’t linked to the vev of the SM scalar field. For this
reason, it is not protected by the EW scale as the other SM fermion masses in the SM and it can be
much more larger than the EW scale Agy ~ 100 GeV. It constitutes therefore the energy scale of a
new physics. Before going on, let’s see how a new physics can manifest itself through the neutrino
mass.

1.3.1 Effective Lagrangian and new physics

The neutrinos are Weyl spinors, and each neutrino is a left-handed particle with 2 degrees of
freedom. Without adding any new particle to SM (as the right-handed neutrinos), one cannot
construct any gauge invariant renormalizable interaction (as the Yukawa interactions) that will
generate neutrino masses after SU(2); x U(1)y symmetry breaking. The only way is to add non-
renormalizable higher dimension operators to the SM Lagrangian, i.e. operators whose field
dimensions are bigger than [E]%. Since they are not renormalizable, we expect these operators to
be effective operators that come from beyond the SM physics. In this case, the low energy effective
Lagrangian would read

_ _ R B
Lot =L+ L+ LI+ = Loy + ——0+ ——0F+ (1.19)
Ad=s Ngoe

where A; are the scale suppression of the associated operator. These scales are not especially
connected. If these are much larger than the EW scale, one expects the higher dimension operators
to be more and more suppressed, i.e. Eq. (1.19) is a series expansion. If one or more of these
operators actually generate neutrino masses, the scale suppression would naturally explains their
smallness.

This is the same idea as in the Fermi V-A theory. Before the discovery of the W’s and Z bosons,
the muon decay was explained by a non-renormalizable dimension-6 operator, the four-fermion
Fermi interaction. The theory of EW interactions, by Glashow, Weinberg and Salam, has shown

2The charge conjugation matrix C satisfied the following equalities C _IY#C = —)/Z, ct=c !, andCc” =-C. One
has also the following useful relations ()¢ =, w© =y’ C™1, and v p=(vLr) = (v) 1
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that this operator is in fact an effective operator that comes from the exchange of new heavy
particles, the W* bosons which has been discovered experimentally in 1983. The smallness of
the Fermi coupling was therefore partially explained by the scale suppression in 1/mj,, in front of
dimension-6 operator.

Interestingly, there is a single dimension-5 operators (allowed by gauge symmetries) that we
can construct with the SM fields. This is the so-called Weinberg operator [41] :

- 1 o cf— -\ (~
d=5 _ d=5 * T
20 = 25 (61.97) (8 01p) + Hec, (1.20)
where ciES are coefficients with dimension [E]~!. This operator violates lepton number L by 2

units. After SSB, it leads to the following Majorana mass matrix for the neutrinos

2
V _
m, = —— %5 (1.21)

This matrix can then be diagonalized by redefining the neutrino fields, according to Eq. (1.2). In
order to generate neutrino masses of the order of 10~! eV, which is the typical scale expected
from experimental constraints, the dimension-5 coefficients should be of the order of 0525 ~
10~'* Gev~!. Together with its non-renormalisability, the dimension-5 operator should then be
an effective operator coming from BSM physics whose scale could be has high as A 45 ~ 10'* GeV.

But how could this dimension-5 operator be generated ?

A way to generate the Weinberg operator is by adding new fields to the SM. The easiest
possibility is to connect the lepton and scalar doublets through the exchange of new heavy particles
at tree-level. In this case, since one needs fields that couple to both scalar and left-handed lepton
doublets, see Eq. (1.20), the only possibilities are to add either fermionic singlets, scalar triplets or
fermionic triplets to the SM. 3 These are the three kinds of Seesaw mechanisms, respectively the
type-1, type-2 and type-3 Seesaw mechanisms [43]. Each one generates a dimension-5 operator
through the exchange of new heavy particles at tree-level. Since they constitute the framework of
most of this thesis, we will further develop their main characteristics in the next sections. These
Seesaw mechanisms also generate higher dimension operators, as the dimension-6 one. These
latter are very interesting since they imply the existence of new observables, as the Charged Lepton
Flavor Violation (CLFV) processes. These will be discussed in details in chapter 2.

Other possibilities do actually exist, where the dimension-5 operator is generated at loop-
level. Let’s mention for example the “scotogenic model” [44], where a new scalar doublet (the
“inert” doublet) and new fermions singlets (right-handed neutrinos), both odd under a discrete Z,
symmetry, are added to the SM. This model, where neutrinos masses are generated at one-loop,
share common points with another part of this thesis, as we will see in chapter 5. Let’s also
mention the Zee model [46], where a charged scalar singlet is added to the SM which generates
neutrino masses via one-loop diagrams, or the Zee-Babu model [47, 48, 49], in which two SU(2)
scalar singlets are introduced, one singly charged and one doubly charged, such that neutrino
masses are generated at two-loop level.

3In principle, one could also add a single scalar singlet which couples to two lepton doublets. However, one can
easily show that it cannot generate the dimension-5 Weinberg operator in Eq. (1.20) [42].
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1.3.2 Type-1 Seesaw mechanism

The type-1 Seesaw mechanism consists in adding to the SM nyy right-handed fermions, singlets
under SU(2); and electrically neutral. They are called right-handed neutrinos and will be labelled
by Nr instead of vg in what follows. As was anticipated before, we are in this case allowed to write
new Yukawa and Majorana interaction terms for the neutrinos, so that the full Lagrangian reads

_ . 1—
LYl = o+ iNgBNg— | Np ' YN€L+§NRMNN§+H.C. ) (1.22)

where Yy is a complex ny x 3 matrix, and My is a complex symmetric ny x ny matrix. After SSB,
the Lagrangian in Eq. (1.22) contains the mass terms

_ J— 1—
LYl - _Ni mDKL—ENRMNNf?+H.C., (1.23)

where mp = Yy v/v/2 is the Dirac mass matrix. Using the properties of the charge conjugation
matrix (see footnote 2), this equation can also be expressed as

T
type-l__l < 0O3x3 mp| VL
pipel Z(VL NR)(mD MN)(N£)+H.c.. (1.24)

Since My is not protected by any scale, it is generally assumed that My > mp. In this case, the
diagonalization of the total neutrino mass matrix,

033 mb
Jﬂvs( 33 D), (1.25)
mp MN
leads to 3 light Majorana neutrinos whose mass matrix reads
m =—mTimD+@>(m4 /M3)=—l2YTiYN (1.26)
v D MN D N 2 N MN ) ‘
and to ny heavy Majorana neutrinos whose matrix reads
my = My + 0 (m%/ My) . (1.27)

A more detailed analysis of the diagonalization will be done in chapter 2. It is straightforward to
show that the matrix m, has rank equal or smaller than min[3, ny] and possesses therefore the
according number of eigenvalues. One needs in turn at least 2 right-handed neutrino singlets in
order to account for neutrino experiments, i.e. ny = 2.

A graphical way to see how neutrino masses are generated is from Fig. 1.2(a), which induces
nothing but the dimension-5 operator in Eq. (1.20) with

1
d=5 _ T

The suppression scale is therefore given by the right-handed mass scale A ;-5 ~ M. Compared to
the standard picture in Eq. (1.17), the presence of the Majorana mass in Eq. (1.22) allows m,, to
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¢ . /cb \ HA 7 ¢ . /</5
N\ Np / Y \ /
Yy Yy I A Y5 Yy
‘o 29 YA 29 a,
(a) Type-1 Seesaw ZL ZL (c) Type-3 Seesaw

(b) Type-2 Seesaw

Figure 1.2 — Feynman diagrams responsible of the generation of the neutrino masses in the three
Seesaw mechanisms. From left to right, these correspond to the exchange of fermionic singlets,
scalar triplet(s) and fermionic triplets.

undergo an extra suppression from Yy v/ My. So the larger is the new scale, the lighter are the
neutrinos. Within this framework, neutrinos are naturally very light, and their Yukawa couplings
are not especially small compared to the other SM particles. These latter can even be large. For
example, m, = 107! eV would need My/ YI% ~ 10'* GeV, which can be fulfilled for Yy ~ 1 and
My ~ 10 GeV, but also for Yy ~ 107 and My ~ 10* GeV.

Parameter counting. In the leptonic sector, one has the charged lepton Yukawa matrix Y., which
is a 3 x 3 complex matrix, the neutrino Yukawa matrix Y, which is a ny x 3 complex matrix, and
the Majorana matrix for the right-handed neutrinos My, which is a ny x ny complex symmetric
matrix. All together, this makes a total of 9 + ny (ny + 7)/2 moduli and phases. However, we are
free to redefine the fermion fields using unitary matrices. It is straightforward to show that this
reduces considerably the number of physical parameters to [50] :

3+4ny moduli,and 3(ny-1) phases. (1.29)

Note that the moduli contain the 3 masses for the charged leptons, the ny light neutrino masses,
the ny heavy neutrino masses and the different mixing angles in the light and heavy neutrino
sectors. So in particular for ny = 2, there are 14 parameters (3 charged lepton masses, 2 light
neutrino masses, 2 heavy neutrinos masses, 3 low energy mixing parameters and 2 low energy
CP-violating phases, one high energy mixing parameter and one high energy C P-violating phase),
while for ny = 3, there are 21 parameters.

Remark on lepton number violation. The presence of both Yukawa and Majorana interactions
in Eq. (1.22) does violate lepton number by 2 units, as expected since the Weinberg operator is
generated. The Majorana interaction is not forbidden by any fundamental principle here, but one
could easily forbid it by imposing a B — L symmetry to the Lagrangian. In this case, we recover the
standard situation where the neutrino would be a Dirac particle with a mass m, = mp. However,
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1.3. Neutrino mass, effective Lagrangian and Seesaw mechanisms

this situation requires an extra symmetry which has no reason to necessarily exists, and it is in
this sense less minimal. Moreover, we have clear indications that the B — L symmetry should be
violated in Nature in order to generate a baryon asymmetry in the Universe — see chapter 3 —so
that the presence of the Majorana term is actually well motivated by cosmology. The generation of
the baryon asymmetry through the leptogenesis mechanism in the framework of type-1 Seesaw
models will be discussed in section chapter 3.

Note that the B — L symmetry is an anomaly-free global symmetry in the SM. Also, the global
B — L can be easily gauged just by adding 3 right-handed neutrinos. These must carry a lepton
number L(N) = 1 in order to cancel the U(1)% gauge anomaly. In this case, the B — L symmetry
could easily be spontaneously broken through the vev of a new complex scalar field ¢ carrying
L(¢) = —2, which also generate a Majorana mass term for the right-handed neutrinos. More
precisely, let’s consider the following Lagrangian

- —_— _— 1—
27" = L5y +iNgDNp — | Np ' Y e+ Ag sNRE" Ny+He.| (1.30)

where the covariant derivative reads

Dﬂzaﬂ—igB_L%Zﬁ’“ (1.31)
with gp-; the new gauge coupling, Qg the B — L charge associated to the particle, and Z,, the
new gauge boson associated to the B — L gauge symmetry. If the potential allows for a SSB of
the B — L symmetry through the Brout-Englert-Higgs mechanism, { acquires a vev ({) = v¢/ V2
and a mass my = gg—1, v¢/2 for the new gauge boson Z’ is generated. In this case, the type-1
Seesaw Lagrangian in Eq. (1.22) appears with My = /15 Vel \/5, and Majorana neutrino masses are
generated via Eq. (1.26). This simple example is very interesting since (i) it generates the type-1
Seesaw and a small neutrino masses, (ii) it predicts the existence of a new massive gauge boson Z’
which could be probed at colliders, (iii) new interactions with the SM particles are predicted too
that could also be probed by experiments, (iv) a new complex scalar singlet is introduced which
could be responsible for the inflation [51, 52], and (v) it is motivated by Grand Unified Theories
(GUT) as SO(10) which contains U(1) -, as a subgroup, as we will discuss below.

1.3.3 Type-2 Seesaw mechanism

Instead of adding fermion singlets, one can add one or more scalar triplets A = (Ai, Ai, Ai),
where k=1,..., na. Even if only one scalar triplet is in principle enough to generate three masses
for the light neutrinos, we will consider here a general situation where we add 7 scalar triplets.
In this case, the general Lagrangian reads

- = \mpz v 7 <

L2 =(DyAy)" (DHAR) - Al m3 A= Voot

.‘.

$+H.c., (1.32)

-

T'Ak

V2

where 7 = (11, T2, T3) is a vector composed by the three Pauli matrices. Here, Y5 are np complex

7-Ap

V2

+v P el Ciry

)hﬁ + pa p' (

symmetric 3 x 3 matrices, and ua, are na complex numbers. The hypercharge of the scalar triplet
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Chapter 1. Neutrino masses and BSM physics

is Y(A) = -2Y (¥), so that the covariant derivative in (1.32) reads

Dy=0,-igT -W,—ig'B, (1.33)
where T are the dimension-3 representations of the SU(2) generators. The most general scalar
triplet potential is given by

Voot = A2 (5*5)2 + A3 (EK) (¢*¢) + A4 (N TlZ)2 +s (KT T’K) (qﬁr"(p) , (1.34)

where the indices are left implicit. In this notation, the SU(2) components of the fundamental
scalar triplet representation have not all well defined electric charges. Electric charge eigenstates
are instead given by

A+

7-A - A
Ap=—=K=|v2 "k | (1.35)
V2o () -k

with the different components reading as

1 1
0 _ L, +a2 + _ A3 o
Ay =— (A +iA7), Ay =A%, A =—

V2 V2

After SSB, because of their interactions with the SM scalar doublet, the neutral component of each

(A} —iA%) . (1.36)

scalar triplet acquires a vev (A}) = Va, = fia, v*/2m5 . The interactions of the triplets with the 2
lepton doublets then contains

o5 ey P A% vy, +He, (1.37)

which give rise to a Majorana mass matrix for the neutrinos, given by
— Ap _ — v
my =Y my =3 2Va, Ya, =D pin,—5 Ya, - (1.38)
k k k My,

For any general symmetric matrix Y, this mass matrix has three eigenvalues, which shows that
a single triplet is enough to generate any neutrino mass matrix that could be measured. The
smallness of the neutrino masses is here too quite natural. Indeed, because pa/ma and Ya are
bounded by the perturbativity conditions, one has vy <« v provided that ma > v.

A graphical way to see how m, is generated in Eq. (1.38) is from Fig. 1.2(b), which induces
nothing but the dimension-5 operator in Eq. (1.20) with

(1.39)

- 1
da=5 _
Caﬁ = (2 Ek Hay 5 YAk

Ak af

The suppression scale is therefore given by the combination A -5 ~ mi/ Ua, and neutrino masses
are naturally suppressed if this factor is large. Note that unlike the type-1 Seesaw, in the case
where there is only one scalar triplet (na = 1), the neutrino mass matrix is directly proportional to
the Yukawa matrix Y5. The measurement of m,, gives therefore the fundamental Yukawa matrix
up to a multiplicative constant, rather than a complicated combination of it as in Eq. (1.26).
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1.3. Neutrino mass, effective Lagrangian and Seesaw mechanisms

Let’s note that since the scalars are triplets under SU(2);, they interact directly via gauge
interactions and are therefore very interesting to probe experimentally. Indeed, certainly one
of the main differences between the type-1 and type-2 Seesaws resides on the feasibility of on-
shell collider production of the Seesaw states. At LHC scalar triplet production proceeds mainly
via Drell-Yan processes, with a cross-section which, depending on the triplet mass, can be as
large as ~ 1pb [53, 54]. Subsequent decay of the scalar triplet, in particular to the di-lepton
channel, combined with possible displaced vertices may eventually allow the reconstruction of
the Lagrangian parameters, as has been shown in [53]. Production, however, requires the scalar
triplet to be below ~ 1 TeV.

Parameter counting. Without the potential part of the Lagrangian, one has 9 moduli and phases
in Y,, 6 moduli and phases in each Yj,, and nx moduli and phases in p4,. This makes a total of
8n, moduli and 6714 — 3 phases. Let’s note that ma, has already been diagonalized, but there is
still the freedom to redefine the individual phases of the triplets. So by redefining the lepton fields
by unitary matrices and redefining the triplet phases, one are left with

3+8na moduli,and 3(2np—-1) phases. (1.40)

The moduli contains the 3 masses for the charged leptons, the 3 light neutrino masses, the 7
scalar triplet masses. The rest corresponds to the different low energy mixing angles and phases,
and the high energy couplings ua, and Ya,. For na =1, one has therefore 14 parameters (as in the
type-1 Seesaw with ny = 2, and so less than the case with ny = 3).

Remark on lepton number violation. The presence of both lepton and scalar interactions in
the second line of in Eq. (1.32) does violate lepton number by 2 units. As in the type-1 Seesaw
case, one could forbid one of the two term by imposing a B — L symmetry. However, there is an
interesting situation where the dimension-full couplings pa, would come from the vev of some
new neutral scalar singlet fields ¢ with lepton number Ls = —2. Indeed, in this case the B - L
conserving Lagrangian reads

K\

V2

-

T-Ak

V2

zgype‘z 30[City Ya ( ¢+He.. (1.41)

)€L+)L§fg'[;r(

By acquiring a vev (¢) = vg/V/2, the scalar singlet breaks spontaneously the B — L symmetry
and generates the type-2 Seesaw Lagrangian in Eq. (1.32) with pa, = A¢ v¢/ v2. Unlike in the
expanded type-1 Seesaw model in Eq. (1.30), it is not possible to gauge the B— L symmetry without
introducing new fermion fields to cancel the anomalies (but this could be done easily by adding
the right-handed neutrinos). As a result, the model in Eq. (1.41) with a broken global B — L predicts
the existence of a quasi massless Majoron [55]. In the case where v¢ < my,, one has an interesting
situation where neutrino masses undergo an extra vg/ma, suppression compared to Eq. (1.38)
since v¢/my, is naturally suppressed compared to Yy, . This will motivate in particular the Purely
Flavored Leptogenesis (PFL) scenario in section 4.5.
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Chapter 1. Neutrino masses and BSM physics

1.3.4 Type-3 Seesaw mechanism

The third possibility is to introduce ns fermionic triplets 3; = (Zk, Zi, Z?C) to the SM Lagrangian.
This scenario is very similar to the type-1 Seesaw case. In this case, the general Lagrangian,
omitting the indices, reads

LIPS = P+ (SRR —

= ~ 1= =
Zas (@ 700)+ 3 EaMaEf 4 He | (1.42)

where Ys is a ny x 3 complex matrix, and My is a ns x ny. Since the triplets carry zero hypercharge
Y (X) =0, the covariant derivative reads

Dy=0,-igT-W,. (1.43)

The three components of each fermion triplet have the same Majorana mass term and have not
well-defined electric charge. The eigenstates of the electric charge are instead given by

R S B 0_ <3 P S
2, =— (2, +iZ7), 2, =27, 2 =— (2. —12Z7) . (1.44)
k \/z( k k) k k k \/E( k k)

As in the type-1 Seesaw mechanism, the light neutrino mass matrix after SSB is given by

vorly (1.45)
my=-—Yy —VYs5, .
v 2 > Ms z

and the heavy neutrino mass matrix reads
my = Mz . (1.46)

The neutrino mass matrix in Eq. (1.45) is not surprising since the neutral component Z(])C has
the same Yukawa interaction than a right-handed neutrino. A graphical way to see how m,, is
generated in Eq. (1.45) is from Fig. 1.2(c). Being charged under SU(2), fermionic triplets have
interesting phenomenology at colliders as LHC [53]. Since we won’t consider this mechanism
anymore in this thesis, we will stop here the analysis of the type-3 Seesaw model.

1.4 Dimension-6 operators and CLFV processes

The three types of Seesaw mechanisms do also generate dimension-6 operators, on top of the
dimension-5 one. From the Lagrangian in Eq. (1.22),(1.32) and(1.42), one can show that these are
given by [50, 56]

— - 1 1
d=6 _ .d=6 ozt : a=6 _ |yt 1t 1
fftype_l—caﬁ (&a(b)l@((p ﬁLp) , with Cap = YNM}LV Vv Yn ) (1.47)
ap
for the type-1 Seesaw, and
_ —h (0 ~ - _ 1 1
d=6 d=6 = . = N d=6
Lines=Cap (harcp)zlb(gb*rhﬁ),mth cap’ = YQEEYZ) , (1.48)
> af
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4 ¢
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(b) Type-2 Seesaw

Figure 1.3 — Feynman diagrams responsible of the generation of dimension-6 operators in the
three Seesaw mechanisms. From left to right, these correspond to the exchange of fermionic
singlets, scalar triplet(s) and fermionic triplets.

for the type-3 Seesaw. These operators are generated by the diagrams (a) and (c) in Fig. 1.3, i.e. the
same (a) and (c) diagrams as in Fig. 1.2 but with no lepton number flip from a Majorana mass
insertion. The p part of the propagator contributes rather than the My or Ms part, which explains
the presence of the derivatives in these operators. As a consequence, these two operators do not
break lepton number.

In the scalar triplet(s) case, there are several ones (as well as a dimension-4 one). Since
we will need it in chapter 4, let’s just mention the dimension-6 operator that involves 4 charged
leptons, induced by the diagram (b) of Fig. 1.3, which can be written as

Loz gy (Cra¥uliy) (1" 1) with c0, = X % (vz)
k

up (Yad)ys - (1.49)

This operator too doesn’t break lepton number L.

From Eqgs. (1.47)-(1.49), or equivalently from Fig. 1.3, we see that to these different operators
correspond new observable processes, such that u© — ey and p — e conversion, that violate the
lepton flavor L, but not the lepton number L. These are called Charged Lepton Flavor Violation
processes (CLFV), and will be discussed at length in chapter 2.

Note that, in the type-1 Seesaw, it has been shown in Ref. [50] that the knowledge of all the low
energy dimension-5 and dimension-6 coefficients is in principle enough to be able to reconstruct
the high energy parameters in Yy and My. * This is quite remarkable and not necessarily out
of reach of future experiments. Unfortunately, from Eq. (1.19), the dimension-6 coefficients
are in general expected to be small. Indeed, they involve the same number of couplings as the
neutrino mass matrix but they scale as AZ:G and, if Ay—¢ = A4=5, they undergo an extra high scale
suppression compared to the neutrino mass suppression, see for example Egs. (1.26) and (1.47)
for the type-1 Seesaw. However, this is not always the case as we will show now.

4At least when the number of heavy neutrinos is less than or equal to the number of light lepton generations.
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1.5 Inverse Seesaw models

An interesting class of Seesaw models are the so-called Inverse Seesaw models [57, 58], which are
based on the approximate conservation of the lepton number L [59, 57, 60, 61, 62, 63, 64, 65, 56,
66, 67, 68]. In these models, the dimension-6 operators are not necessarily more suppressed than
the dimension-5 ones. This is basically because Majorana neutrino mass requires lepton number
violation, while CLFV processes do not.

In the type-1 Seesaw, lepton number is conserved by the Lagrangian in Egs. (1.22) either if the
Majorana mass matrix My is vanishing, or if the Yukawa and Majorana mass matrices Yy and
My have peculiar structures. In the first case, taking My << mp allows to have large dimension-6
coefficients, but then neutrinos are (quasi) Dirac particles and their small mass remains un-
explained. In the second case, it has been shown that by assigning lepton number L(N;) =1,
L(N») = -1, L(N3) =0 to the right-handed neutrinos, the Lagrangian is lepton number conserving
if the neutrino mass matrix has the following structure [68, 69] :

Y 0 A O
0353 m? . v

My = DI, with mp=—|0]|, and My=|A 0 0]. (1.50)
mp My V2|, 0 0 Q

This case shows that it is possible to conserve L while having both non zero my and non zero
Yukawas Y. It is thus not surprising that the light neutrinos are massless but the dimension-6
coefficient in Eq. (1.47) is actually non vanishing. To generate masses for the light neutrinos, one
needs to add small perturbations that break lepton number to the above matrix, which becomes

0 m! A% Y WA a
'/%V = ( 3x3 D , With mp=— £Y, » and MN =l A l‘t ﬁ ’ (1'51)
mp My V2 ey a [ Q

where ¢ < 1 and u, i/, @, B < A, Q. In this case, keeping only dominant terms, the dimension-5
and dimension-6 coefficients in Egs. (1.28) and (1.47) are given by

_ 1 1 1
=5 =~ —— [YTuy —e(YTAY +Y'TAY)] =€ YTK Y+ Y’TXY : (1.52)
W=
_ 1 1
s (- n2)? 714 = Y 159

We see that the dimension-5 coefficient is proportional to the small parameter . Therefore, one
can have at the same time large dimension-6 coefficients and small dimension-5 ones, provided
that e <« 1 and Y ~ 1. Note that in this scenario, two heavy neutrinos have quasi-degenerate
masses :

my, =A—(u+y)/2, and my, = A+ @u+p)/2. (1.54)

The third heavy neutrino N3 with my, =~ Q, already not mandatory to explain neutrino oscillation
data, is nearly totally decouple from the rest since it only couples through small parameters.
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1.5. Inverse Seesaw models

In other words, we have seen that in the case of type-1 Seesaw, we have naively that the
dimension-5 and dimension-6 coefficients go like ¢~ o« Y2/ My and ¢?=% oc Y2 /M2 respectively.
In order to generate neutrino masses of the order of m, ~ 0.1 eV, one would need roughly Yy ~
107°...1 for My ~ 10%...10'* GeV, what leads in general to an extremely suppressed dimension-6
coefficient, and therefore extremely small rate for the charged lepton flavor violation processes
(CLFV). However, since the c%=5 and ¢%=% don’t involve the same combination of Yy and My,
we can take much larger values of Yy while keeping my at the TeV scale which give larger ¢?=%
without implying large ¢?=° and thus too large m, . Even if clearly less likely than the usual Seesaw,
this offers a unique opportunity to probe the physics BSM through CLFV processes which is

presumably the most likely to exist.

Comment on Extended Seesaw models. An important remark concern the g’ parameter in the
type-1 Inverse Seesaw model. In order to generate a small mass for the light neutrinos and to have
large dimension-6 coefficients, the difference between the right-handed neutrino masses can not

be a prioritoo large. For example in the Inverse Seesaw introduced above, if the mass splitting
is large, the parameters u and/or u' should be large, so that one expects from Egs. (1.52)-(1.53)
to have a small dimension-6 operator, since now y, i’ > A. There is however an exception if one
has u < ¢/, in which case one could a priori take larger values for ' and still have small neutrino
masses and large dimension-6 coefficients. This can be seen easily : if £ = € = 0, the determinant
of .4, in Eq. (1.51) remains equal to zero, leading to no masses for the light neutrinos even if u’
does break L. In this case, the conservation of the lepton number L is strongly violated and the
heavy neutrino masses are no more degenerate. In fact, in the limit where ' > A, Egs. (1.54)
should be replaced by

my, =pu—A*/y, and my, =+ A2y (1.55)

This kind of model, where p' > A, is called “Extended Seesaw models”, and presents additional
attractive features that can help to achieve successful low-scale leptogenesis [70]. In this case, one
has to be careful with possibly large one-loop corrections to the neutrino masses and 0v2 decay
parameter m,,, since there is no more symmetry protecting the neutrino masses [71, 72]. However,
lepton number symmetry is actually restored at low energy for ¢’ > A, so that one can actually
have the Inverse Seesaw features with non-degenerate right-handed neutrino masses [72].

In the type-2 Seesaw, unlike the type-1 Seesaw, the c?=% coefficients have no reason to be
small from the start. Indeed, L is violated by the existence of both p and Y, in the Lagrangian,
see Eq. (1.32). As a result, the dimension-5 and dimension-6 coefficients go respectively like
c=5 (ua/ma)(Ya/mp) and c=6 Yf/mi. But ua/mp and Y have no reasons to have the
same value. So if yx — 0, neutrinos are massless since these are proportional to ux, see Eq. (1.38),
but the dimension-6 operator in Eq. (1.49) is non vanishing since it involves only the Yukawa
matrix Ya and the mass scale ma. As a consequence, by taking pua <« mp, lepton number is
nearly conserved and one can have light neutrino masses together with large CLFV processes. No

peculiar matrix structure is needed.

Finally, in the type-3 Seesaw, the situation is quasi-similar to the type-1 case.
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1.6 SO(10) GUT and L-R symmetry motivations for Seesaw models

1.6.1 SO(10) GUT group

In the type-1 and type-2 Seesaw scenarios, we have discussed the possibility to enlarge the SM
group with anew B — L group. But the Seesaw mechanisms are in fact well motivated by a plethora
of Grand Unified Theories (GUT), as for example the GUT group SO(10) [73], that we now discuss
briefly. An interesting aspect of SO(10) is that each family of fermions is unified in a dimension-16
spinorial representation, which also contains generically the right-handed neutrinos. These are
therefore naturally present in SO(10). Furthermore, the SO(10) group contains two maximal
continuous subgroups which are

$0(10) > SUB) x U(L)p—1, (1.56)
SO(10) > SU@A), x SU?2) x SU@2)R . (1.57)

We recognize in Eq. (1.56) the SU(5) GUT group [74], and the B — L symmetry. The subgroup
in Eq. (1.57) contains the left-right (L-R) symmetric model SU(2); x SU2)g x U(1)p—y, [75, 76].
The breaking of SO(10) to the SM group can be achieved in many ways through one of the two
subgroups above. If we break SO(10) according to Eq. (1.56), the following chain of symmetry
breaking is possible

16 SU(5) SU(B)C x SUQ2); x U(l)y % SUB). x UL g - (1.58)

Ap- EW

SO(10) —

The scalar boson representation of SO(10) responsible of the SSB is displayed above the arrows,
while the associated energy scale is displayed below the arrows. In the above chain, the breaking of
the B— L symmetry is expected to occur at Ag_; > Agw = my, scale at which a Majorana mass for
the right-handed neutrino is generated. In this scenario, we have therefore naturally My > mp
and the type-1 Seesaw is at work. This motivates for example the Lagrangian introduced in
Eq. (1.30). Unfortunately, it has been shown that the SU(5) group as a GUT group, embedding the
SM group, doesn’t provide the good running of the coupling constant, at least in usual realizations.

Another possible chain of spontaneous symmetry breaking is through the subgroups of
Eq. (1.57), that is

S010) 22 SU@), x SUQ);, x SUQ)g x Z ii} SU@)e x SU@)L x SUR)g x Ul g1,
10 c
29, SUB)e x SUQR)L x Uy ~2 SUB)e x UL g - (1.59)
AR Apw

Here too, the breaking of B — L is expected to occur above the EW scale. An important remark
to be done is that in order to generate a Majorana mass My for the right-handed neutrinos in
a renormalizable way, one needs the vev of a 126 scalar representation. °> This representation

5Given that 16 x 16 = 10+ 120+ 126, fermion bilinears can be formed via their couplings with the symmetric 10 and/or
126, and/or with the antisymmetric 120. To get correct masses for the quarks and charged leptons, it has been shown
that one could in principle use any of the combination (10,120), (10,126), (120,126) or (10,120,126). To get the Seesaw
mechanism at work, the 126 representation is however needed [77]. Under the gauge group SU(4) x SU(2);, x SU(2),
the symmetric scalar representation 126 can be decomposed as 126 = (6,1,1) + (10,3,1) + (10,1,3) + (15,2,2), which
contains scalar triplets under SU(2);, and SU(2) g.
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contains a scalar triplet under SU(2); (A1) and a scalar triplet under SU(2) g (Ar). On the one hand,
if the neutral component of Ap acquires a vev, a heavy Majorana mass matrix My is generated.
On the other hand, the scalar triplet Ay is nothing but a type-2 scalar triplet with Y(Ay) = 2
which generates a Majorana mass for the left-handed neutrinos below SSB. Thus, unless one
generates My from non-renormalizable interactions, the Seesaw framework is a type-1+2 one in
S0(10) [78, 79, 77]. Furthermore, this scenario is peculiarly interesting since it contains the L-R
symmetric model, that we now discuss.

1.6.2 L-R symmetric model

The gauge group of this model is SU(2);, x SU(2)r x U(1)p—r. As the left-handed sector of the SM,
the right-handed particles are here embedded in doublets £r = (Ng eg) and Qg = (ur dg), which
transform under SU(2)g. In this case, the electric charge formula has the attractive form

Q=L +Ii+——, (1.60)

where I 2 r are the left and right isospins respectively. After SU(2)g x U(1)p- — U(1)y symmetry
breaking, the hypercharge Y is in this case simply given by Y =21 f{ + B — L, which is interestingly
in agreement with the SM if the leptons carry a charge B — L = —1 and the quarks carry a charge
B-L=1/3.

The breaking of the L-R symmetric model to the SM gauge group can be done via different
ways. A necessarily ingredient is the bi-doublet ® which transforms under both SU(2); and
SU(2)g, that is needed in order to give a mass to the fermions,

(I)O o't

(I) = CD_ q)/O

. (1.61)

After SSB, the electrically neutral component of the bi-doublet acquire vev’s (@% = vy and (@) =

V{), and fermions become massive. However, other scalars are needed to break the residual
U)rsr x UQ)p_1 to U(1) gy, where the U(1) 14 g symmetry is left because the neutral ®° and @'
carry I% + Ig =0.

A possibility is to introduce two scalar ¢ and ¢pg, doublets under SU(2) and SU(2) g respec-
tively and with charge B— L =1 [75, 76, 80, 81, 82, 83, 84]. By acquiring a vev, one of the doublet,
let say ¢1, could therefore break U(1);+g x U(1)p—1, — U(1) gy This possibility is perfectly fine,
but in this case it was shown that the neutrinos are Dirac particles whose small mass can not be
explained easily.

Another interesting possibility is to introduce two scalar triplets Ay and Ar with B—L =2
on top of the scalar bi-doublet ® [85], as in the case of SO(10) breaking from Eq. (1.59) with
renormalizable interactions to induce the right-handed Majorana mass M. Here, the breaking of
U()+r x U(1)p_1 is done via the vev (AOR) = vj, of the electrically neutral component of Ap. In
this case, a Majorana mass My & Vvj, for the right-handed neutrinos is generated. One ends up
therefore with the type-1 Seesaw scenario in Eq. (1.22), but also with the type-2 Seesaw scenario
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Chapter 1. Neutrino masses and BSM physics

in Eq. (1.32) [86].°

The L-R symmetric model could therefore easily generate both the type-1 and the type-
2 Seesaw model. In this case, the total Lagrangian is the sum of the Lagrangian in Eqgs. (1.22)
and (1.32), and the neutrino mass is the sum of Egs. (1.26) and (1.38). Following the value of the
different parameters, one or both types of Seesaw will be favored.

Final remark. Let’s note that a more complicated possibility, based on the two previous ones,
could lead to both Seesaw type-1 and type-2 Lagrangians in Egs. (1.22) and (1.32). Indeed, let’s
take the scalar content of the L-R symmetric model to be constituted by 1 scalar bi-doublet
® =(2,2,0), 2 scalar doublets ¢y = (2,1,1) and ¢pr = (1,2,1), and 2 scalar triplets Ay = (3,1,2) and
Ag = (1,3,2). In the brackets are given the corresponding SU(2); x SU(2)r x U(1) p—, charges. " In
this case, the general L-R symmetric Lagrangian contains

—ffLRBY[[_L(I)fR-I-Y/[[_L(i)fR
+ YALf}:CZ'Tz Al + YAR€£CiT2 ARrlr +[JALJ)LAI(/)L +IJARJ)RA;¢R +H.c., (1.62)

where ® = 7,®* 7, transforms as ®. The rest of the scalar potential is not explicitly written, but
it is assumed to be such that at least ® and ¢ acquire vev’s. Let’s note that it contains term
proportional to ([)2 ® ¢r, which could be forbidden by imposing some discrete symmetry as Z».
There are several possibilities of symmetry breaking, but let’s assume that @, ¢z and ¢y acquire

vev’s
x 0 Vpr 0 Vo,
Ag) = PR =—= ==, 1.63
(Agp) (0 K’) <¢R> \/5 <¢L> \/z ( )
In this case, scalar interactions also generate a vev for Ay, p given by
2
1 Vo
<A%R> = VA = E#AL,R mzLYR . (1.64)
ALr

As a consequence, a Majorana mass for the heavy right-handed neutrinos is generated with
My =2Yp va,, as well as a type-2 Majorana mass term for the light left-handed neutrinos, given
by Eq. (1.38). The neutrino mass matrix reads therefore

T
_ 2Yn;, Va, mp,

My = (1.65)

mp 2Ya, VA,

where here mp = Yyx + Y;x'. Then, if VA, 3> Va,, one also have that a type-1 Seesaw mechanism
is at work, and the final light neutrino masses matrix is given by the sum of the two types of Seesaw

6The point is that the scalar potential of the Lagrangian contains a term yTr[A}I)A @71 which give rise to a vev for
Ap given by vp, o }/v(z)/ VAg-

"This configuration has already been considered in [82]. We will here discuss briefly a scenario that is somehow
slightly different.
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T

my=-mp-——
ZYAR VAR

mp+2Ya, v, . (1.66)

Here too, both type-1 and type-2 Seesaw mechanisms are at work.

Another interesting possibility is that @, ¢p; and Ag acquire a vev. In this case, if we also
impose a Z, symmetry to ¢ in order to forbid the c/); ® ¢ term such that ¢pr doesn’t acquire any
vev, one ends up with a type-1+2 Seesaw with an inert scalar doublet ¢ as in the Inert Doublet
Model, see section 5.2.
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YA Muon to electron conversion in nu-
clei in type-1 Seesaw models

Muon conversion to electron in atomic nuclei — that in the following we will call u© — e conver-
sion — is a process that is not present in the SM (without neutrino oscillations). However, it is
predicted to exist in some extension of the SM so that the observation of such a process would be
a clear evidence for new physics. ! Experimentally, this process is very appealing because future
experiments should probe very high sensitivities on its rate, up to several orders of magnitude
better than the present upper bound. It is therefore mandatory that minimal extensions of the SM
own robust expressions for this rate.

The goal of this chapter is to compute the rate of this process in the type-1 Seesaw framework.
We first write the type-1 Seesaw Lagrangian in the mass eigenstate basis, then introduce the
Charged Lepton Flavor Violation processes, to which belong the u — e conversion. Subsequently
we compute the analytical expression of the rate of this process, valid for any type-1 Seesaw
model. In the next sections, we analyze the phenomenology one could derive from our result, and
compare the predictions to the other kind of Seesaw mechanism.

2.1 Type-1 Lagrangian in the mass eigenstate basis

The type-1 Seesaw Lagrangian was introduced in section 1.3.2, Eq. (1.22). As anticipated, by
redefining the different neutrino fields, the neutrino mass matrix in Eq. (1.25) can be diagonalized.
This redefinition of the fields also leads to modifications in the neutrino interactions. To take
care of that, one needs to write down the Lagrangian in the neutrino mass eigenstate basis. We
perform in this first section the diagonalization step by step. We remind that the mass interactions
of the type-1 Seesaw Lagrangian, as given in Eq. (1.23), can be expressed in terms of matrices as

} 1l — — v
fgﬁ’il:—g(% Nr) 4, (NLC)+H.C., @.1)
R

Hncluding neutrino oscillations, this process does actually exist. However, it is extremely rare — and experimentally
unreachable — since its rate goes like the neutrino mass over the W mass to the 4th power.
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Chapter 2. Muon to electron conversion in nuclei in type-1 Seesaw models

where

My

0 T
( 3x3 mD) . 2.2)
mp MN

T
Here, vi = (v, VL, vLT)T and Ny = (NR1 ... Ng , with ny the number of right-handed neu-

trinos. Without loss of generality, we will assun;,e in what follows that the matrices My and Y,
have already been diagonalized after redefinition of respectively the right-handed neutrinos fields
Npg and the charged lepton fields through unitary transformations. The matrix .4, is symmetric
and, according to the Takagi’s factorization, can be diagonalized by block thanks to a unitary

matrix Uy :
My =Uj M, Uy . (2.3)

Taking care of normalizing correctly the kinetic terms, this matrix Uy is in the limit where My >
mp given by [88, 56]
laxs =5 (My! mD)T 3 03
Uy = o |+o(m)IMy), (2.4

-1
_MN mp  Tuyxny — TN

where
en = (My'mp) Mymp) and, €y = (My'mp) (My'mp)" . (2.5)

The presence of the € term in the diagonal can be understood as the following. Let’s consider
the low energy Lagrangian made of the dimension-5 Weinberg operator and the dimension-6
one in Eq. (1.47). The latter involves a derivative so that, after replacing the scalar field ¢ by its
vey, it gives a correction to the kinetic term which takes the form vy 0(1 +€ex)vr. In order to
get back the canonical kinetic term, one must therefore perform a non-unitary transformation
vi — v (1 +e€n/2), which leads to the form of the diagonal terms of the Uy matrix in Eq. (2.4)
and explains at the same time why € is nothing but proportional to the dimension-6 coefficient
in Eq. (1.47). After having performed the unitary transformation of Eq. (2.4), the block-diagonal
matrix is approximately given by [88, 56]

vy =

y _[-mpMy mp+0 (my M) O (mpiMy) | (my 00| (2.6
0 (m3,1 M%) My +0 (mj,/ My) 0 my

where m, = —mLT)M;]l mp and my = Mp. The light neutrino mass matrix m, can finally be
diagonalized by a matrix %, the PMNS matrix. All in all, the mass matrix .#, is fully diagonalized
by a unitary matrix U given by

2.7

U, U,
U= U diag % D) = (UJVVV Ujvvlzvv) '
v
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2.1. Type-1 Lagrangian in the mass eigenstate basis

where
EN - t
Uy = (1]3><3 - ?)% , Uwn = (1\4N1 mD) ’
!
-1 €N
Unyv=—-My mp, UNN=1]annN—7- (2.8)

The neutrino flavor eigenstates are related to the mass eigenstate rn;, with i =1 to 3 + ny;, through

3+ny 3+ny
= ) UgiPrn; and Ng = ) U} Prn;, (2.9)
i=1 i=1

where k =1 to ny. All the mass eigenstates are Majorana particles, i.e. n = n;. Explicitly, we write
n;= (v1 vy v3 Njp... NnN) T, where the three first mass eigenstates v; are the light neutrinos, and
the ny last ones are the heavy neutrinos N;. In this chapter, the indices i, j,... will denote the
mass eigenstates, and the indices «, §, ... still denote the flavor eigenstates e, u and 7.

The presence of the terms € and egv in Eq. (2.4) are crucial in order to have well defined
kinetic terms. Because of these, the U, entry of the matrix U is not a unitary matrix. In the mass
eigenstate basis, the various gauge boson and scalar interactions read [67]

7 = ¢ Z, [c PL-C}Pr| n;

= 4— niy" |CijPL—Ci;Pr|nj, @.11)

w
gfﬁi = \/_m ¢ ZaUm (ml Py — mniPR) n; +H.c., (2.12)
w
3 i *

LA g gb3 [C,] My, P~ mp; Pr) — Cij(mniPR_manL)]nj’ (2.13)
L = —ﬁh’%[% M, P+ My, Pp) + Cj (mn,.PR+manL)]nj» (2.14)

where the Majorana properties of the neutrino fields n; have been used to obtain the above form
of their coupling to bosons. In the above expressions, g is the weak isospin coupling constant, c,,
is the cosine of the weak mixing angle, and C and m,, are (3 + k) x (3 + k) matrices defined as :

3
Cij= Zl UjaUaj, mpy, = Diag(mp,) = Diag(my,, my,, my,, my;, ..., my, ), (2.15)
a=

where m,, are the mass eigenvalues of the mass eigenstates n;. The electromagnetic and Z
interactions of the charged leptons are not modified by the basis change, so there are no flavor
changing neutral current at tree-level.

These modified interactions have interesting consequences. Indeed, from Eq. (2.10) we see
that the W'’s couplings to lepton is no more diagonal. Worse, because the matrix U, is not unitary,
the Fermi constant Gr measured in experiments is no more the one defined as G2M = v2g%/8m2,.
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The Fermi constant extracted from the decay u — ev,v,, is actually given by [89]

_ (€N)ee + (EN)’LLI,L

Gr=GM |1 5

(2.16)
Since ey ~ m%/ MIZV, see Eq. (2.5), one expects small deviation from the SM value. Another
clear consequence of the modified interactions is the Charged Lepton Flavor Violation (CLFV)
processes.

2.2 Charged Lepton Flavor Violation processes

Through the dimension-6 operator effects on the Lagrangian, from Egs. (2.10)-(2.14) new inter-
esting processes are predicted that violate lepton flavor but conserve lepton number. As we will
illustrate below, the ones involving charged leptons as u — ey, i — eee or y — e conversion are
experimentally very interesting. This new class of processes, in which lepton flavor is violated,
are called Charged Lepton Flavor Violation processes (CLFV). For example in the type-1 Seesaw
model introduced above, we see that the charged leptons don’t have any flavor changing neu-
tral interactions, but they still can change flavor through the emission and absorption of W'’s at
loop-level, with a neutrino flavor transition in the loop.

The recent experimental evidences for neutrino masses has shown that lepton flavor is in
fact violated in the neutrino sector. These implies that CFLV processes do already exist thanks
to neutrino oscillations. However, proceeding through neutrino masses m,, they need two
neutrino mass m, insertions in the diagram, which lead to a branching ratio proportional to
(my/my)*, which is extremely suppressed. For example, it has been shown in Ref. [90] that,
assuming only neutrino oscillations, the branching ratio of the process u — ey is of the order of
Br(u — ey) ~ 1075
future experimental bounds, see below.

, which is several tens of order of magnitude smaller than the present and

The CLFV processes are not specific to type-1 Seesaw models. In fact, a lot of models
do actually predict them, like the other two kinds of Seesaw models. This is because once a
model generates a dimension-5 operator, it is generally expected to generate dimension-6 ones
as well, see section 1.4. For example, as already mentioned above, the type-1 Seesaw generates
a dimension-6 operator given by Eq. (1.47). We here write again the associated dimension-6
coefficient CZ;G [50] :

azs |yt 1 1y HZN‘Y* Ly (2.17)
Cap N+ A N = Nia—_ 2 IN:if» :
M;VM ap i mNi

where we used the fact that M)y can be taken without loss of generality as a diagonal matrix of real
elements. Here and in what follows, we denote by Yy, , the matrix elements of Y. We have shown

d=6

that this dimension-6 coefficient ¢ is remarkably nothing else than the ey in Eq. (2.5), up to a

factor v2/2. As we will see, it is in fact involved in all CLFV processes.
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2.2. Charged Lepton Flavor Violation processes

2.2.1 Experimental status

The CLFV processes are very promising because new experiments will reach very high sensitivities
on the branching of some of them. One distinguishes the following processes.

The decay of a charged lepton ¢, in another charged lepton ¢4 with emission of a photon. The
rate of such process reads I'(¢, — ¢ BY) and its branching ratio is normalized according to

r(ga_’glﬂ/)

, 2.18
T, (2.18)

Br (f a—? lﬂ/) =
where Iy, is the total decay rate of the charged lepton ¢,. The present best bounds on the different
branching ratios are provided by the experiments MEG for u — ey [91] and BABAR for 7 — ey and
T — py [92]. In the near future, the upgrade of the MEG experiment, MEG-II, should increase the
sensitivity by nearly one order of magnitude on the y — ey process [93]. Concerning T — £gY,
SuperB and Belle IT should also improve the sensitivity by approximately one order of magnitude
in a near future (~2021) [94, 95, 96].

o log—Llplyls

The decay of a charged lepton ¢ in 3 charged leptons ¢, £y and £;s. The rate of such a process is
given by I'(¢, — ¢ ﬁﬂyﬁ_g) and the associated branching ratio by

Br(a—0py05) = L ;jﬁ”ﬂﬁ) ' (2.19)

a

The present best bounds on this branching ratio are provided by SINDRUM I [97], BABAR [98] and
BELLE experiments [99]. In the future, the experiment Mu3e is expected to improve the sensitivity
by about ~4 orders of magnitude with respect to the present bound [100]. For 7 — ¢ ﬁé},%, the
SuperB experiment should improve the sensitivity by one to two orders of magnitude [95].

o un(A,Z)— e(A,Z)in an nucleus éJV

The conversion of a muon into an electron in a nucleus .4/ which has Z protons and A-Z
neutrons. This process will also be referred to “p — e conversion” in what follows. Explicitly, when
amuon is stopped by some material, it is trapped by an atom and a muonic atom is formed. The
muon falls from energy levels until it reaches the 1s ground state. From this moment, the muon
has different possibilities : either it decays in orbit through u — ev,v,, or it is captured by the
nucleus through u (A, Z2) — v, (A, Z - 1), or it is converted into an electron without emitting any
neutrino and this is the exotic u — e conversion process (1 (A, Z) — e(A, Z). In u — e conversion,
the final state of the nucleus could be the ground state or an excited state. However, the transition
to the ground state, called “coherent” capture, is in general enhanced with respect to the other
transition (“incoherent” capture) by a factor equal to the number of nucleons in the nucleus [101].
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Process Upper bound (95% C.L.) | Experiment/Collaboration Ref.
ut—ety 57x10713 MEG [91]
put—etete | 1.0x10712 SINDRUM I 197]

™t —uty 44x1078 BABAR [92]

Tt ety 3.3x1078 BABAR [92]
tt—ptutum | 32x1078 BELLE [99]

Tt —etete” | 3.6x1078 BELLE [99]
tt—putete |27x1078 BELLE [99]

Tt et ut 3.7x1078 BABAR (98]
tt—utute 2.3x1078 BELLE [99]
tt—etet 20x1078 BELLE [99]

w Ti—e Ti | 43x107'2 SINDRUM II [102]

u Au—e” Au | 7x10713 SINDRUM II [104]

u Pb—e Pb | 4.6x107 1 SINDRUM II [103]
Process Future sensitivities Experiment/Collaboration Ref.
u—ey 4x107 1 MEG (93]

T— Uy 2.4%x1079 SuperB, Belle II [102, 104, 103]
T—ey 3.0x107° SuperB, Belle II [102, 104, 103]
u—eee ~10716 Mu3e [100]

T 000 23-8.2x10710 SuperB, Belle I (102, 104, 103]
uTi—eTi ~10718 PRISM [105],[106]
wAl—e Al ~107Y Mu2e [108]
Al —e Al ~107Y COMET [105],[106]

Table 2.1 — Present upper bound and expected sensitivities on different CLFV processes. The
bounds are on the rate R;{‘L »» as defined in Eq. (2.20) for 4 — e conversion processes, and on the
branching ratios, as defined in Egs. (2.18) and (2.19), for the other processes.

The rate of such an event is I'(u.4/" — e./), and it is generally normalized according to

[ (uAN — eN)

</V )
Fcapt.

N
A

(2.20)

where F*C/;/pt. is the capture rate of the muon by the nucleus .4". The present best bounds on the
rate Rl‘jﬁ . for different nuclei are provided by the SINDRUM II experiment [102, 103, 104]. In the
next future, new experiments like COMET, PRISM and Mu2e should reach fantastic sensitivities
on u — e conversion in Titanium and Aluminum [105, 106, 107, 108, 109]. They are planned to
improve the sensitivities on such processes by up to ~6 orders of magnitude. This is very exciting
since these processes are in general not expected to be more suppressed than the others. The
reason why they will reach such sensitivities is multiple. First, there is only one particle produced,
the electron. This one carries an energy

Ee=m,—B,—Ry, 2.21)
where B, ~ Z*a®my,/2 is the binding energy of the 1s muonic atom and R 4 = mZ,/2m,y is the
recoil energy of the nucleus [110]. For Titanium, one has typically B, ~ 1.27 MeV and R 4 =
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Process | Present upper Experiment/ | Ref. || Future Experiment/ | Ref.
bound (95% C.L.) | Collaboration sensitivities | Collaboration

Z—pe | 75%x1077 ATLAS [114] || 41x1077 LHC [116]
Z—71e |9.8x107° OPAL [112] || 3.5x107° LHC [116]
Z—7tp | 12x107° DELPHI [113] || 3.5x1076 LHC [116]
h—tu | 1.57x1072 CMS [116]

T—un |23x1078 Belle [117] || 10710 SuperB [95]
T—un | 3.8x1078 Belle [117] || 10710 SuperB [95]
T—un® | 22x1078 Belle [117] || 10710 SuperB [95]
B) —put | 2.2x107° Babar (18]

B — e | 6.4x1078 CDF [119] || 1.5x 1078 LHCb (120]
BY — e | 2.0x1077 CDF [119] || 6.5x1078 LHCb [120]
K} —pe | 4.7x10712 BNL 871 [121]

Table 2.2 — Present and expected sensitivities for some other CLFV observables.

0.12 MeV [111], so that the experimental signature of such a process is in good approximation a
single mono-energetic electron with an energy E. ~ m, =~ 106 MeV. This signature is very clear
and far above the end-point energy of the muon decay spectrum, which is around ~52.8 MeV. The
only relevant backgrounds come from muon decay in orbit (whose energy endpoint is around
my, because of the presence of the nucleus [110]), from cosmic rays, and from beam particles. In
this latter case for example, the muon may decays in flight and produce background events. In
order to decrease it, future experiments will use different methods, like for example using a pulsed
beam [106].

o Summary

The three kinds of processes above constitute promising way of searching for new physics. We
summarize in Table 2.1 the present bounds at 95% C.L. and the expected sensitivities of the
future experiments on these CLFV processes. Let’s note there are also plethora of other CLFV
processes that could be probed, for which we summarize in Table 2.2 the present bounds and
future sensitivities and on which we will not focus on this thesis, for example :

o 7 — ﬁa%. The best bound on this process is provided by OPAL [112], DELPHI [113], and
ATLAS experiments [114]. According to estimations [115], the LHC with a luminosity of
20 fb~! could improve the sensitivity by a factor ~2.

e h— /¢ a%. The best bound on this process is provided by the CMS experiment at LHC [116],
which should also improve the sensitivity in the future.

e 7 — un,un’,un®. The best bounds on this processes are provided by the Belle experi-
ment [117], and SuperB should improve the sensitivity by ~2 orders of magnitude [95].

o Bg s — M7, pe. The best bounds on this process are provided by the Babar and the CDF
experiments [118, 119]. LHCb at LHC should improve the sensitivity by a factor ~4 [120].
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Chapter 2. Muon to electron conversion in nuclei in type-1 Seesaw models

2.2.2 Theoretical status in the Seesaw models

It is clear that the CLFV processes represent great hope of new physics discovery. As we shown, this
is on the one hand because future experiments should reach great sensitivities on their detection,
and on the other hand because a multitude of theoretical models do predict them, as the Seesaw
models. It is therefore very important to have the expressions of the branching ratios of these CLFV
processes in each theoretical model. These have been extensively studied in the literature for all
the Seesaw mechanisms. In particular, the rate of CLFV processes in type-2 Seesaw have been
computed in Refs. [124, 125, 126, 127, 128], and the ones in the type-3 Seesaw in Refs. [56, 129].
Let’s now focus on the rate of these processes in the type-1 Seesaw model.

° £ — gy in type-1 Seesaw

The analytical expression of the rate £, — gy in the type-1 Seesaw models, I'(¢q — £gy), is
well-known [130, 131, 132, 133, 134]. Since we will need it in what follows, we show the analytical
expression of the branching ratio of y — ey (neglecting tiny corrections proportional to the
electron mass) :

2 (2,5
XSy Glel ,ue|2

Br(u—ey)= G AN (2.22)
U

- 12874

where I';, = 2.996 x 10719 GeV is the total decay rate of the muon, and Gﬁe is a loop form factor
whose analytical expression is given in Eq. (B.121) of Appendix B.4. The general expression for
Br(¢q — €gY) is easily obtained from the above formula by replacing {u, e} — {€o, € 5}.

° lo— ﬂﬁﬂyé_g in type-1 Seesaw

The analytical expression of the rate I'(¢, — ¢ ﬁéy%) has been computed in Ref. [67]. Since we
will need it below, one has for example that the branching ratio of the decay i — eeé is given by :
az,  Gpmy,

2 1175 2
1
-\ w ueee ue 2 ue ue 4 ue ue
Br(p— eet) =r—oi—s » {z‘inox +F,° =25y, (F," —F,°)| +4s,|F, —F,

|2

2 4 ue ue,\ ~pex
+165;,Re —48sy,Re[(F,” - F, )G, ]

} . (2.23)

The expression of the various loop form factors above are given in Eqgs. (B.120)-(B.129) of Ap-

1
e Leee, e
(FZ + EFbox )GY

+3253,1G,°1* |In

2
M 11
2 4

pendix B.4. The expression for Br(¢, — éﬂéﬁiﬁ) can be obtained by replacing {u, e} — {¢q, Zﬁ}.

o (A, Z) — e(A, Z) in an nucleus éJV in type-1 Seesaw

While the expression of the branching ratio for o — £gy and £ — ¢ MYE were well established
e
It has been calculated in the literature for the various possible types of Seesaw : with right-

in the type-1 Seesaw models, it was actually not the case of the y¢ — e conversion rate R
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2.3. u — e conversion rate for type-1 Seesaw models

handed neutrinos in Refs. [136, 137, 138, 139, 140, 141, 142], scalar triplet(s) in Refs. [143, 144, 145]
and fermion triplets in Ref. [129]. However; for the type-1 Seesaw, a comparison of the various
calculations showed that there were no agreement on what is actually the result. This issue is also
relevant for references using calculations in previous articles [145, 146]. Some of the discrepancies
have a very significant impact on the predictions. Given both these experimental and theoretical
situations, in this thesis, we first recalculate the u — e conversion rate for the type-1 Seesaw
model. Subsequently we will check and compare our result with the previous calculations. The
corresponding phenomenology it leads to is done in the next section 2.4.

Comments. Before going on, let’s note that all the loop form factors involved in the expressions
of these CLFV processes invoke the product of the mixing elements :

Yy v

* Nip YN;

Gy Py e o 3 Uony Uiy, f(m3y) o< ¥ —2 22 f(m3, ), (2.24)
N; N; MN; Mn;

where we recognize the 03826 coefficient in Eq. (2.17), as anticipated. Note that in order to have
observable rates for say u — ey, i.e. Br(u — ey) > 107!, the combination Yy/my should be
roughly larger than ~ 107> GeV~!, or equivalently

my
1TeV’

Yy >1072. (2.25)
For TeV right-handed neutrino masses, this requires quite large Yukawa couplings (Yy > 1072).
This could at first sight be in contradiction with the neutrino mass, which roughly requires
Yn ~ 1078 (my/1 TeV)'/? if one fixes the neutrino mass scale to m, ~ 0.1 eV. However, we have
shown in section 1.5 that the neutrino mass matrix can undergo an extra suppression in some
peculiar models as the Inverse Seesaw, based on an approximate lepton symmetry, so that one
can have observable rate for the CLFV processes together with small neutrino masses. Even if
clearly less likely than the usual Seesaw, this offers a unique opportunity to probe the physics BSM
which is presumably the most likely to exist.

2.3 u— econversion rate for type-1 Seesaw models

We have derived in section 2.1 the type-1 Seesaw Lagrangian in the neutrino and charged lepton
mass eigenstates, and this now allows us to compute the yt — e conversion rate. This computation
was made in collaboration with Rodrigo Alonso, Belen Gavela and Thomas Hambye [1]. Since the
goal of the paper was to obtain a new formulae for the rate, one had to make sure that our result
was totally correct. We therefore paid attention to take certain precautions, in particular:

1. all the steps of the computation have been cross-checked independently ;

2. several methods have been used to confirm the result, as the comparison with results
obtained in the quark sector ;

3. the final result was carefully compared with the previous results, and the differences were
highlighted.
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Since this is a complex process that involves nuclear physics, we first present the general expression
of the conversion rate, explaining briefly how to handle the nuclear part of the problem. We next
present the methodology of the computation, i.e. the answer to the questions “How should we
proceed ?”. Finally, the different amplitudes are given, associated to the different contributions,
and they are plugged in the formula that take care of nuclear physics and the final result is derived.
The reader who would like to go to the original calculation of the type-1 Seesaw contribution can
go directly to section 2.3.2.

2.3.1 General expression of the conversion rate and approximations

The muon interacts with a nucleus .4 by exchanging some particles with it. As Fig. 2.1 shows, the
exchanged particle will probe different layers : the nucleus level, the nucleon level, and the quark
level. But what is actually the typical momentum of the exchanged particle ? By making a fast
analysis of the kinematics, the 4-momenta of the initial and final states are approximately given by

p=(my0), p'~(my,myl,), (2.26)

py = (my,0), Py~ (my,—myl,), (2.27)

where p and p_4 are the momenta of the initial muon and nucleus state, while p’ and p’,, are the
momenta of the final electron and nucleus state. I, is the direction of the outgoing electron. In
Eq. (2.26)-(2.27), we assumed that the initial states are at rest, and we have neglected the mass of
the electron compared to the nucleus mass m_4 and muon mass my,. The transferred momentum
is thus in good approximation given by

g=p-p' =(0,-myl,). (2.28)

Therefore, the exchanged particle probes the nucleus with an energy of the order of the muon
mass, i.e. |g| ~106 MeV. Since this momentum is smaller than 1 GeV, in a first approximation it
doesn’t probe the inner structure of the nucleons, and from this point of view the nucleons are
made of 3 valence quarks, each one carrying one third of the nucleus momentum. However, as we
will see, the strange quark contribution may bring significant correction. We now detail the main
steps in calculating the conversion rate. We will mainly follow the approach of Ref. [153].

o General expression of the rate

The general expression of the rate of some nuclear transition i — f is given by Fermi’s golden rule
T(i— f)=2m p(Ey) |[(fl#estli)|” . 2.29)

where p(Ey) is the density of final states of energy E r and (f| Al i) is the matrix element of the
effective Hamiltonian /¢ between the final and the initial states. In the present case of u — e
conversion, this expression becomes [149]

! yooluP (2.30)

2 final states

PeEe
2
o

I(uN —eN)=
m
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N N

Nucleus

(a) Photonic contribution (b) Non-photonic contribution

Figure 2.1 — Photonic and non-photonic contributions to the nuclear ¢ — e conversion process. In
the first case, the conversion occurs via an interaction with the electromagnetic field of the nucleus.
In the second case, the muon interacts with one quark g of a nucleon N, which constitutes one
part of the total nucleus .A4".

where the factor (peE./ mft) involves the density of the final states, such that the electron wave
packet is well normalized (the factor 27 is absorbed in this normalization). From Eg. (2.26), one
has that (peE./ mfl) =~ 1. The muon bound state wave function is normalized to unity, and we also
averaged on the initial spin and summed over the final states of the electron. The interacting
Hamiltonian is related to the effective Lagrangian through

M = e, N Holty N = — f Bx (e, N Loiltty N - (2.31)

In any general model, one can compute the effective Lagrangian at the quark level. Once this is
done, one needs to compute the matrix element in Eq. (2.31) at the nucleus level. This pathway, of
going to the quark to the nucleus level, involves nuclear physics and has been studied in details,
see e.g. Refs. [147, 148, 149, 150, 151, 152, 153]. Here are the main steps.

At the quark level. The 4-fermions interaction of the u — e conversion is described by an
effective Lagrangian Zs. For a rigorous calculation of the rate, it is necessary to separate the local
contributions from the long-ranged ones. This stems from the fact that long-ranged contributions,
unlike local ones, are sensitive to the atomic electric field effect. The Lagrangian contains therefore
two distinct parts, respectively called usually “photonic” (long-ranged) contribution and “non-
photonic” (local) contribution [147, 150, 151, 153]

geff :xphot + gnon—phot . (2.32)

The general form of the photonic part is given by

4GF

Lot = % (mHARﬁO“ﬁPLeFaﬁ +myALioPPreFop+ H.c.) ) (2.33)
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where the coefficients Ag ; are model-dependent. This part describes the interaction with the
electromagnetic field of the nucleus. The non-photonic part is generically given by

Gr _ _ i}
gnon—phot = _E Z [ (gLS(q) ePriL+ 8RS(g) BPL#) q4q
q

=u,d,s
(8LP(q) PRI+ 8RP(q) EPLL) GY54
(8tvig) €Y* PLp+ grvigy €Y Prit) GYad

(8LAw) @Y PLit+ grA(g) €Y PRI) GYaY5q

1 -
+§ (gLT(q)éa“ﬁPR,u+gRT(q)é0“ﬁPLp) qoqpq+Hec.|, (2.34)

+
+
+

and describes the interactions with the quarks of the nucleus. Following our conventions, F,, =
0uAy—0yAy and oy = (i/2)[yu, yv]. The various g1 x(g) and grx(g) are coefficients that need to
be determined for each specific model. Here, X stand for S, BV, A, T, respectively denoting scalar
(S), pseudo-scalar (P), vector (V), axial-vector (A) and tensor (T) interactions.

At the nucleon level. Once the effective Lagrangian at the quark level has been computed in a
given model, it must be sandwiched in nucleon matrix elements to rewrite the Lagrangian in terms
of the nucleon fields (also called “hadronization”). It has been shown in Refs. [154, 148, 155] that
this can be done by replacing the quark currents ¢ I'x g, where I'y stands for {1,s5,Yu, YuY5 T v}
by the corresponding nucleon currents :

(NIGTx qIN) = G Uy Tx Wiy, (2.35)

where ¥ y stands for the wave functions of N = p, n and GE?’N) are nuclear form factors, which
have been determined for example in Refs. [148, 152, 156, 153]. Since the typical momentum
transferred by the current is of the order of the muon mass which is small compared to typical
nucleon structure scales ~ 1 GeV, see Eq. (2.28), the qz dependence of the nucleon form factors
GE?’N) can be neglected. In the limit in which strong isospin is a good symmetry, that is up to
terms proportional to the up and down mass difference, the neutron and proton form factors are
related through

(w,p) _ ~(d,n) (u,n) _ ~(d,p) (s,p) _
GX —GX ) GX =G and GX =G

o o (2.36)

It can be shown that only the scalar and vector contributions do actually contribute to the coherent
transition rate. This stems from the fact that the axial, pseudo-scalar and tensor nucleon currents
couple to the nuclear spin and therefore to incoherent contributions. 2 As a consequence, we will
neglect these latter in what follows. The scalar and vector form factors have been computed in
Refs. [152, 156, 153] and are given by

GUP =G ~513.74), GY'P =GN ~43(269), GV =GP ~2.5(0.64), (2.37)

(u,p) _ ~(d,n) _ (d,p) _ ~u,n) _ (s,p) _ ~(sn) _
G, =G, =2, G, =G, =1, G, =G, =0. (2.38)

2As previously mentioned, the coherent conversion process, in which the final state of the nucleus is the same as the
initial one, gives generally a larger contribution than incoherent one approximately by a factor of the mass number of
the target nuclei. We will consider only the coherent process in what follows.
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The scalar form factors have been extracted from the baryon octet B mass spectrum, in combina-
tion with the data on the pion-nucleon scattering [152]. We show in bracket the smaller values
obtained in Ref. [157], in which another method was used. Clearly, scalar nucleon form factors
contain appreciable theoretical and experimental uncertainties. Conservation of vector current
implies that the vector charge is equal to the number of valence quarks of the nucleon. From
Eq. (2.37), one sees that the strange quarks of the nucleon sea can significantly contribute to the
scalar nucleon form factor, so the first approximation of considering only valence quarks in the
process is actually not so good, and one needs to take into account the strange quark contribution.
However, as we will see below, only vector current receives a contribution in the type-1 Seesaw so
that the strange quark will finally not contribute to the conversion rate.

Atthe nucleuslevel. The matrix element of the effective Hamiltonian with respect to the nucleus
states is given by Eq. (2.31). From the above general Lagrangian in Egs. (2.32)-(2.34) together with
Eq. (2.35), we see that the matrix element can be divided in two contributions : a leptonic and a
nucleonic part. So once the Lagrangian is known in a given model in terms of nucleon fields, it
must still be sandwiched in the lepton and nucleus matrix elements. This will allow to rewrite
the Lagrangian in terms of lepton fields and nucleon densities. The leptonic part contains matrix
elements as (e|e I'x u|u), which will give :

(ele Tx pluy =W () Tx Wyu(7), (2.39)

where ¥, (7) and ‘Pu(?) are the wave functions of the electron and the muon respectively. The
initial muon state is the 1s state of the muonic atom, and the final electron state is a a plane wave
with an energy E, ~ my, see Eq. (2.21). The wave function of the muon state can be determined by
solving the Dirac equations in the electric field of the nucleus [153].

From Eq. (2.35), the nuclear part contains elements as (A |y ¥ y|A)y and (N |y Yu INIA).
Since the nucleus A = (A, Z) contains Z protons and A — Z neutrons, these nuclear matrix ele-
ments give [153, 158]

(NN Yyl N)=Zpp, (2.40)
(NN Wl N) = (A= 2) py, (2.41)
(NN YP Wl ANy =Z pp, (2.42)
(NP Y Wl N) = (A= Z) p, (2.43)
(N PNy PnlA)Y =0, (2.44)

where p,(7) and p,(F) are the proton and neutron densities of the nucleus. In good approximation
the nucleus is spherically symmetric, and these densities are normalized as

o0
f anr’dr Ppn(r)=1. (2.45)
0
The matrix element of spatial components of the vector current is proportional to the velocities
of the constituents and is negligible in the present problem. The time component of the vector

current counts the number of nucleons in the nucleus.
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Summary. Allin all, we can use the different results in Eq. (2.31)-(2.35),(2.39)-(2.44), to derive
the final form of the matrix element, which reads

M= '/%phot +'/%non-phot (2.46)
where
_4Gr 3 Ny Lap gy ~af -
AMphot = 72 my | d°r{ARVea®PPRY  + AV 0P PLY | (N |Fop (PN, (2.47)

and

-/%non-phot = 7 f Anrid
q=u,d,s

(gLS(q)\Pe PpY¥, + gRS(q)\ile PL\PN) (ZGéq'p)pp +(A-2) Gfgq,n)lon)

+ (8w Pe Y PLY u+ grvig) Ve Y PRY 1) (ZGi,q'p)pp +(A-2) Gif"")pn)] )

(2.48)

The form factors G(sf"’,N) are given in Eq. (2.37)-(2.38). The matrix element (A|Fyp(F)|.A) in
Eq. (2.47) has still to be determined. Assuming that the electric field of the nucleus is also spheri-
cally symmetric, and neglecting the contribution of the magnetic field compared to the electric
one (since we assume a spherical symmetry), this element will give a contribution proportional to
the total electric field of the nucleus E(r).

The transition rate of the coherent conversion is given by Eq. (2.30). After squaring the
amplitude, averaging on the initial muon spin and summing over the final states of the electron,

the branching ratio R;" ,, defined in Eq. (2.20) as the final conversion rate over the capture rate

fi—e’
N
Fcapt_, reads [153]
N 2G2 D) cp) L M), 5Py, (p) . 50 |2
R, = [|ARD+gLSS + s 4 g Py gy
capt
‘D4 aPg S0
+ |ALD +gPIsP 4 gmgm o Py )y g v (2.49)
where we defined
~(p) @, . @,
&5 rs = Z Gy gLs i) » &1 rs = ZG '8Ls,Rs() » (2.50)
~(p) @, - n
gL]\O/Rv = Z G/ P 8LV,RV(q) » ggl/)m/ = Z Gv gLV.RV(q) . (2.51)
q q

In Eq. (2.49), D, SP1 and VP are dimensionless overlap integrals. More precisely, D is a spatial
integral involving the lepton fields and the electric field E(r) of the nucleus, and S and vPm
are spatial integrals involving the lepton fields and the nucleon densities Zp, and (A— Z)p,. We
won't write their analytical expressions here for shortness, but these can be found in Ref. [153].
Let’s however discuss how one can evaluate them numerically.
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Nucleus 4./ [ D s ve [ s v Ta, (10557
1Al 0.0357 | 0.0153 | 0.0159 | 0.0163 | 0.0169 0.7054
SoTi 0.0870 | 0.0371 | 0.0399 | 0.0462 | 0.0495 2.59

197Au 0.167 | 0.0523 | 0.0859 | 0.0610 | 0.108 13.07
228Pb 0.162 | 0.0495 | 0.0838 | 0.0575 | 0.107 13.45

Table 2.3 — Nuclear form factors and capture rates for various nuclei. For Aluminum, Gold and
Lead the overlap integrals have been obtained using neutron distributions from pionic atom
experiments [161]. For Titanium the values have been obtained using neutron distributions from
polarized proton scattering data [162, 163].

In order to evaluate these overlap integrals, the proton and the neutron densities are needed.
While the proton density is precisely determined from electron scattering experiments [159, 160],
the neutron distribution is less known. There are therefore two main sources of uncertainty in the
calculation of the transition rate : (i) the scalar form factors in Eq. (2.37) and (ii) the neutron density.
This latter uncertainty has been carefully discussed in Ref. [153], where several approaches have
been reviewed to determine the neutron density, and to compute the overlap integrals. Whenever
data from polarized proton scattering exists, the uncertainty on the overlap integrals S’ and
VP" can be reduced to a few percent. Otherwise, it should be considered to be of the order
of ~10%.

Numerical estimations of the overlap integrals can be found in Ref. [153]. We show in
Table 2.3 their values for various relevant nuclei used in experiments. 3 For Aluminum, Gold, and
Lead, the values have been obtained using pionic atom experiments [161], while for Titanium the
values have been obtained from polarized proton scattering data [162, 163]. We also include in this
table the associated muon capture rate found in Ref. [164]. Let’s note that future experiments like
AlCap aim to provide precision measurements of the products of nuclear capture on Aluminum,
which is the target material for both COMET and MuZ2e [165]. Also, improved knowledge of the
neutron distribution in nuclei should improve the overlap integral values.

o Light nuclei approximation

Following Ref. [153], an approximation consists in taking the neutron density to be the same as
the proton density p, = p,. For light nuclei, this is a good approximation because the number
of neutrons and protons are approximately equal. We show in Fig. 2.2 from Ref. [153] the values
of D, S and V™ obtained using this assumption. We see that for Z < 30, one has in good
approximation that S ~ M and P ~ V(P) ~ D/8e. If, in addition, we neglect the relativistic
effect of the muon bound state and we replace the muon wave function by its average value in
the nuclei, the conversion rate doesn’t depend on the details of the neutron distribution, and the
overlap integrals can be expressed as

1 1
VP xSV~ 5w Fp 2, v xS & 5w Fp (A=2), D~ gev?, (2.52)

3The normalization of the overlap integrals used here is not the same than the one in Ref. [153]. The two differ by a

factor mzl 2,
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Nucleus 4.4 D N VP st V| Ze | [Fp(=m3)
1AL 0.0362 | 0.0155 | 0.0161 | 0.0167 | 0.0173 | 11.5 0.64
oo Ti 0.0864 | 0.0368 | 0.0396 | 0.0435 | 0.0468 | 17.6 0.54
197Au 0.189 | 0.0614 | 0.0974 | 0.0918 | 0.146 | 33.5 0.16
208Pb 0.161 | 0.0488 | 0.0834 | 0.0749 | 0.128 | 34.0 0.15

Table 2.4 — Nuclear form factors in the approximation of equal densities for proton and neutron,
and taking the average value of the muon wave function in the nucleus. The values are taken from
Ref. [153].

where F), is some nucleus-dependent nuclear form factor, and (¢,,) is the average value of the

muon wave function in the nucleus divided by mz/ 2,
D) 403 Zy
=\|——, 2.53
bu 7 (2.53)
with Z the effective charge of the muon in the 1s state, and a = e?/47 the fine structure constant.
In the light nuclei approximation, the branching ratio R!‘j‘i, . reads

a3F§ Z4 G2m?

N eff TFMy « =(p) | =(p) s, sm)[?
RYe= g 5 = |8€ZAR+Z(gLS +gl)+ -2 +gLV)|
capt.

2
+|8eZAz +Z(gm gl + (-2 (g + g |

g (2.54)

We show in Table 2.4 the evaluation of the form factors F; and the effective charge of the muon Ze
for relevant nuclei. The values are taken from Ref. [153]. We see that for light nuclei, as Aluminum
or Titanium, the values of the overlap integrals are quite similar to the ones in Table 2.3, which
have been obtained using experimental neutron densities. However, this is no more the case for
heavier nuclei as Gold or Lead, where both results deviate by up to ~ 30%, especially concerning
the neutron form factors S" and V",

Validity of the approximation. It is important to stress that, firstly, the approximation p, = p, is
not necessarily a good approximation for " and V", as can be seen by comparing their values
in Table 2.4 with the one shown in Table 2.3 obtained from experiments. Secondly, from Fig. 2.2,
taking S"Y ~ V" and S”) =~ V) is clearly not consistent for heavy nuclei with Z > 30. Finally,
by taking the average value of the muon wave function in the nucleus in Eq. (2.53), we assume
actually that the nucleus is point-like, which is equivalent to not separate the photonic and the
non-photonic contributions. When does this last approximation ceases to be valid ? To answer this
question, one needs to compare the different scales of the problem [150]. The wave function of the
muon bounded in the lowest orbit is characterized by the Bohr radius rg = (¢ Z m#)‘l. This radius
has to be compared with the nucleus radius, r. 4. Using the Fermi model, one has approximately
.y = Z'3 fm. The nucleus can be considered as point-like only if the Bohr radius is much larger
than the radius of the nucleus. The requirement rg > r_4 implies Z <« 60. As a consequence, all
in all the above expression (2.54) is valid for relatively light nuclei, typically Z < 30.
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Figure 2.2 — Numerical values of the overlap integrals for various nuclei, using the approximation
of equal densities for proton and neutron. The figure is taken from Ref. [153].

Comments. In Fig. 2.2 from Ref. [153] for example, we see that the values of the overlap integrals
increase with Z until they reach a plateau around Z = 30, and then decrease for Z 2 60. One
;jﬁ . to be larger for nuclei with Z € [30,60]. However, as
seen previously in for example Table 2.1, future experiments plan to use Aluminum and Titanium
nuclei, which have Z = 13 and Z = 22 respectively. Why ? The reason is the background reduction.

First, the larger the Z, the smaller the Bohr radius rp, and the larger is the capture rate. As a

expect therefore the conversion rate R

consequence, the muon in heavy nuclei has a shorter lifetime than in light nuclei, as can be seen
in Table 2.3. This is not convenient experimentally because long lifetimes are required in order to
eliminate the beam-related background. Secondly, the smaller the binding energy, the farther the
electron energy is in the tail of the energy spectrum of the background. Since the binding energy
increases with Z, light nuclei are again favored. This is why future experiments will use Aluminum
and Titanium nuclei.

2.3.2 Methodology

How should we proceed ? From previous section, the methodology to follow is the following.

1. One needs to compute the effective Lagrangian at the quark-level in Egs. (2.32)-(2.34), in
order to derive the gx (4 coefficients and so the final result in Eq. (2.49). Starting from the
general type-1 Seesaw Lagrangian in Egs. (2.10)-(2.14), this is achieved by computing the
amplitudes of the processes g — eq, to get the photonic and non-photonic parts.

2. The result must be verified. Several methods can be use to check the amplitudes and their
relative factors. Also, several papers have provided other methods to get the conversion
rate, which are generally approximations of the result presented in Eq. (2.49), as the one in
Eq. (2.54). Finally, our result is compared with the various one obtained previously in the
literature, and the origin of the inconsistencies are traced back.
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(a) Photon Penguin Diagram (b) Z Penguin Diagram

i
% e 1% e
w w
u d; u d d
(d) Box Diagram (e) Box Diagram

Figure 2.3 — The five classes of diagrams contributing to it — e conversion in the type-1 Seesaw
model.

2.3.3 Computation of the rate in type-1 Seesaw models
o Amplitudes

In the type-1 Seesaw framework, violation of charged lepton number arises at the one loop level,
as was anticipated in section 2.2. The y — e conversion is induced by a series of gauge boson
mediated diagrams given in Fig. 2.3. The various contributions to the process can be divided in
those in which the momentum is transferred by the photon, by the Z boson or via two W bosons.
The first two proceed via penguin diagrams, whereas the latter proceeds via box diagrams. Alike
to the quark case, the internal fermions in the loop must have non-degenerate masses and non
trivial mixings, in order to avoid a GIM cancellation.

The detailed amplitudes associated to all the different parts of the process are given in
Appendix B. In order to simplify the computation, we fixed the gauge ¢ = 1, i.e. we went in the
Feynman-t'Hooft gauge. 4 The only approximations used in our calculation are to neglect : i) the
electron mass compared to the muon mass ; ii) higher orders in the external momentum over the
W mass ; iii) the value of the three light neutrino masses compared to the heavier ones. > The
first two approximations are accurate at a level better than @ (10™%), that is to say better that what
can be expected from higher loop contributions, and much better than the uncertainties on the
nuclear form factors. The third approximation becomes excellent as soon as the right-handed
neutrino masses are a few orders of magnitude above the light neutrino masses. We next show the
contributions to the amplitude from the photon and then from the W and Z bosons.

4For specific diagrams, as the boxe ones, we made a computation of the amplitudes without fixing the gauge, in
order to have supplementary check of the consistency of the result.

5This latter approximation is not made in the first equality of Eqs. (B.120)-(B.129), only in the second equality of
these equations. One could therefore use those results for any value of the right-handed neutrino masses.
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Note that, as we have seen in the previous section, for a rigorous calculation of the rate it is
necessary to separate the local contributions (non-photonic) from the long-ranged (photonic)
ones. This stems from the fact that long-ranged contributions, unlike the local ones, are sensitive
to atomic electric field effects. The W and Z mediated diagrams are obviously all local. The
v-mediated diagrams contribute in fact to both classes of transitions, local and long-ranged. The
word “photonic” must therefore be understood for long-ranged interactions, and not for all the
QED contributions.

Photon contribution. The contribution from the photon exchange has a common basis with
the u — ey process. It is computed in Appendix B.3.2. The general matrix element of the y — ey
process can be written as

ieg?

Y=W6‘j(q)ﬁe(p/) Fy(*Ya—4qa)PL—10apq" G}’ (mePL+myPR) |uu(p), (2.55)
w

where ¢, denotes the photon momentum, g, = p, — p,,- The analytical expressions for G#e and
F{,‘e can be found in Appendix B, Egs. (B.120) and (B.121).

The second term in this equation (2.55) — mediated by the photon-lepton “dipole” Gi,w
coupling - is the only one contributing for an on-shell photon and is long-ranged, whereas the
“monopole” term F}‘f ®islocal (i.e. it only accounts for off-shell photon exchange and it involves
2 powers of the photon momentum in the numerator which compensate the long range 1/
propagator of the photon between the lepton and nuclei lines [150]). Let’s note that the u — ey
decay amplitude is obtained for on-shell photons, i.e. for g? = 0. In this case, obviously, only the
dipole term survives. Therefore, the knowledge of the u — ey amplitude, calculated long ago to
determine the y — ey branching ratio, is not sufficient. One needs to calculate the Ff,‘ ¢ part.

In the case of 4 — e conversion, both dipole and monopole terms do contribute to the
photonic and non-photonic effective Lagrangian respectively. The photonic contribution to the

effective Lagrangian is given by the dipole term :

apeny _

14 eGﬁeaaﬁPR,u Fab . (2.56)

g = e
phot 4(4n)m%v

To get the non-photonic contribution from Eq. (2.55), one has to include the quark line and use
the fact that the exchanged photon has momentum g = —mfl, see Eq. (2.28). From the amplitude
in Eq. (B.88) of the Appendix B.4, one gets : 7

apa )
°C£r)1/0n—phot = Z wz eF#eYaPL“ qYaQq q, (2.57)
q=u,d,s 2WLW

where Qy is the electric charge of the quark g = u,d (Q,, =2/3,Q4 =-1/3), and a, = g?/4m.

6To get the effective Lagrangian from Eq. (2.55), one just has (i) to multiply the amplitude by -1, (ii) to replace the
e% (q) by A%, uy(p) by ., and ite(p') by &, and (iii) to use the fact that 6ﬁAa =iqpAaq-
"The term proportional to ga in Eq. (2.55) drops because of quark current conservation.
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Z and W contributions. These are non-local diagrams, that therefore contribute only to the
non-photonic effective Lagrangian. Their contributions are obtained from the amplitudes in
Egs. (B.89)-(B.90) in Appendix B.4, and are given by

2

Z 5 = 3 2
Lionphot = 2 55 eFy YaPip gy* (BPL-Qqs%) a, (2.58)
qg=u,d,s mW
w “2 teqq
=0
gnon—phot Z 4 Fbox YaPLlt Gy PLq. (2.59)
q=u,d,s mW
where If, is the weak isospin (Ii =1/2, If’;l = IE’ = —1/2) and s, is the sinus of the weak mixing

angle. The analytical expressions of Fge and nggq for the up and down quarks can be found in
Appendix B, Egs. (B.122), (B.124) and (B.127). Let’s note that, as said above, whatever the loop
form factors of the strange quark, since the associated scalar nuclear form factor vanishes, the
strange quark doesn'’t contribute to the conversion rate, so that we omit its contribution in what
follows.

Final photonic and non-photonic contributions to the effective Lagrangian. Putting all the
contributions together, the total photonic part of the effective Lagrangian is therefore given by
Eq. (2.56),

4Gp —e
Fohor =5 | (2(4;1)2 Y ) eo"’Prp Fop+He. |, (2.60)
and the total non-photonic part is obtained by summing Egs. (2.57)-(2.59),
-y
“Znon-phot = > [( ) ey'PLi qYa ( + Ay Ys) q+ H-c.] : (2.61)
\/_ q=u,d

where Vf,l ¢ contains the contribution of the monopole F)’f ¢ term as well as that from the weak
gauge-boson exchange diagrams. The term proportional to A’;e is an axial-vector interaction, and
therefore it doesn’t contribute to the coherent conversion process. One has, from Egs. (B.92) of

Appendix B.4,
3
VL = Qqss, P + I"—Q 2 | FEe+ = L peaq (2.62)
=UqSw 2 qSw 4 box ’ '
I 1
pe _ "4 e ueqq
AY = - Y = SRl (2.63)

The coefficients V; ‘4 Age and G)’,w encode all the dependence on the internal fermion masses and
mixing angles.

o Expression of the 1 — e conversion rate in type-1 Seesaw models

The effects of the nuclear form factors and of the average over the atomic electric field can be taken
into account in the way described in section 2.3.1. A careful comparison with Egs. (2.33)-(2.34)
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2.3. u — e conversion rate for type-1 Seesaw models

allows to make the following replacements

% e e

A% =— G
R™ o@am?2 7

a a
, 8LV(g) = —7w Ve, 8rawa = —7w AL (2.64)

From these last two correspondences, we see that only the left-handed vector and axial-vector
interactions do actually contribute to the non-photonic conversion rate, i.e. only the first terms
of the third and fourth line of Eq.(2.34). However, as said above, only the vector interaction do
actually contribute to the coherent conversion rate. The final expression for the ratio of the

coherent 1 — e conversion over the capture rate I'//_ is given by Eq. (2.49) and reads

capt.

20‘ GF TFEu 52 e e 2
RY = “LGE D+ 2V + VE) VP 4+ (VA +2vE) ViDL 2.65
H—e 71'2 FLC/;/pt 8e ( ) ( u d ) ( )

The nuclear information is encoded by the D, V?) and V"™ overlap integrals whose values are
given in Table 2.3, taken from Ref. [153]. The values of Fcap
from Ref. [164]. In the following, we will use Eq. (2.65) for all numerical results.

. are given in the same table and come

Let’s note that the comparison of this equation with the analytical expression of the decays
u — ey and p — eeé in Eqgs. (2.19) and (2.18), illustrates the fact that Rﬁﬁe, Br(u — ey) and
Br(u — eee) are sensitive to different combinations of the same form factors, which contain the

dimension-6 coefficient as it should.

Light nuclei approximation. For low atomic number, Z < 30, and for comparison with other
calculations, the result can be nevertheless simplified using the approximation in Eq. (2.54), in
which case the branching ratio reads
312 4 2
a wa Fy, Z 5 Gpm
R .= =t |Z( 2VEC+VH) + (A- 2) (VE° +27H) (2.66)

p—e 4 V%
87 Z lﬂcapt

where we defined, see Eq. (B.138)-(B.139) of the Appendix B.4,

Vi = VE +Qqsi, Gy (2.67)

The values of Zs and F), are given in Table. 2.4, taken from Ref. [153]. Since in this light nuclei
approximation we do not separate the photonic and non-photonic contributions, the result in
Eq. (2.66) can also be obtained taking the long range contribution proportional to Gf;e to be
non-photonic, in which case the effective Lagrangian reads, using Eq. (B.96)

PLron-phot = — Zd[( “) ey PLp Gva (Vi + Ays)q+Hc . (2.68)
q u

This effective Lagrangian leads indeed to Eq. (2.66), after the replacement

dy ~ a ~
Ap=0, gw=——Vg" 8w =-— 43" (2.69)
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Chapter 2. Muon to electron conversion in nuclei in type-1 Seesaw models

o Cross-checks and comparison with the literature

We gather here together the result of comparing our formula with those in previous literature.
These latter are most often given in the approximation of low atomic number, although the first
two items below hold for the exact formulae. A number of comments can be made :

* Sign of the Gy contribution. Our results agree with the sign indicated in Refs. [137, 141, 142],
and is opposite to that in Refs. [138, 139]. Note that G, contributes both to y — e conversion
and to u — ey decay - see Eq. (2.22) — and the loop integrals involved can be related with
analogous amplitudes in the quark sector, once the internal quark charge is switched off:
this allows to check that our results are consistent with those for K transitions [166] and for
b — s¢* ¢~ decay [167].

* Box diagrams. Refs. [137, 138, 139] also exhibit differences in the relative size and/or sign
of the crossed and not crossed box contributions, that is, in the amplitudes resulting from
the last two diagrams in Fig. 2.3. As shown in the Appendix, we obtain a —4 factor between
these contributions, in agreement with for instance the quark results for AS=2 or AB =2
processes in Ref. [168], and Refs. [141, 142]. Also, we obtain half the contribution considered
in Ref. [146] for all box diagrams.

* Constant terms in the F, and Fz form factors. In the case of right-handed neutrino masses
heavier than the W mass, my = my, the different form factors can be expanded as in
the right-handed Egs. (B.130)-(B.135) of Appendix B.4. The associated expressions contain
constant terms and terms proportional to ln(mlz\,/ m%v). For right-handed masses sufficiently
low to result in observable u — e conversion rates, the constant terms are numerically
competitive with logarithmic ones and cannot be neglected. We get different results for
them, though, than in Ref. [142], where some of them have been neglected. On the contrary,
our results agree with the full expressions for those form factors given in Ref. [67] for the
computation of the y — eee rate, to which they also contribute, see Eq. (2.23). Furthermore,
the u — e conversion rate has been also calculated in the framework of the supersymmetric
type-1 Seesaw model in Ref. [141] ; we checked that its non-supersymmetric limit results
in logarithmic terms which agree with ours, but there too the constant terms have been
neglected. 8

* Decoupling limit. In the limit of infinite right-handed neutrino masses and fixed Yukawa
couplings, the low-energy theory is renormalizable (e.g. the Standard Model with massless
left-handed neutrinos) and, in consequence, the extra singlet degrees of freedom introduced
must decouple, leaving no impact on low-energy observables, see for example [169]. We
have checked explicitly that this condition is indeed fulfilled by our ¢ — e conversion
expression, but also by all the other rates mediated by right-handed neutrinos as for example
u— ey and p — eee. This is in disagreement with the non-decoupling behavior obtained in
Ref. [145] for the u — e conversion rate in the type-1 Seesaw models. °

8Numerically, to neglect the constant terms for these form factors can lead to rates which can differ by several orders
of magnitude in the few TeV range.

9The analytic expressions used in Ref. [145] are the same ones that are valid for the case of a fourth generation of
quarks and leptons [170] (that is, with an active extra neutrino instead of a singlet right-handed neutrino, which cannot
decouple as the remaining low-energy theory would not be renormalizable).
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e Cross-checks using other methods. The derivation of the rate from the expression of the
amplitude can also be obtained from the effective Lagrangian following methods developed
in other papers. For example we can use the result obtained in Ref. [151] or in Ref. [148],
where they don’t separate the photonic and the non-photonic part, so that their results
are strictly correct in the light nuclei approximation. We have carefully checked that their
methods also provide exactly the result in Eq. (2.66).

¢ Finally, let’s note that with respect to the results in Ref. [140], we get different coefficients for
several logarithmic and constant terms.

2.4 Predictions and constraints : degenerate case

The p — e transition rates expected in the type-1 Seesaw framework are clearly highly model
dependent. For right-handed neutrino masses above the eV scale — as those considered in this
work — for which the Seesaw approximation U,y ~ YII, v/my in Eq. (2.8) holds - they scale in
particular as the inverse of the right-handed neutrino masses at the fourth power, and contain four
Yukawa couplings in the numerator, '° bringing each one a flavor dependence. Nevertheless, it
turns out that the models which can naturally give measurable rates are models which involve two
or more quasi-degenerate right-handed neutrinos and for these models one can make remarkably
clear predictions. The quasi-degenerate case is particularly natural, as it takes place for instance
in scenarios in which lepton number (L) is approximately conserved [59, 57, 60, 61, 62, 63, 64, 65,
56, 66, 67, 68] : the degeneracy is protected by the symmetry. This assumption allows a natural
decoupling between large Yukawa couplings (inducing L-preserving large rates) and small Yukawa
couplings (guaranteeing small neutrino masses) and results in viable scenarios, even for low
Seesaw scales. In other words, large Yukawa couplings to get large CLFV rates goes with quasi-
degeneracy. This class of models is generically called Inverse Seesaw models [57, 58], which have
been introduced in section 1.5.

For this quasi-degenerate case, we have found that the model lead to remarkable predictions.

These predictions hold for the ratios of two rates where a same flavor transition occurs, for
N

u—e
handed neutrinos are quasi degenerate, only one right-handed neutrino mass scale is relevant in

example Ry’ ,/Br(u— ey) or R, ../ Br(u — eee). The point is simply that if at least two right-
the rates and the dependence on the elements of the mixing matrix (which contain the Yukawa
dependence) factorizes from the mass dependence. For instance, for my, =~ my, = ... = my, the
rates in Eq. (2.65) for u — e conversion takes the factorized form

2 2

2a2, Gamy, [ s L
I — riV = a2 Gy D+ 2V + V) VP 4 (V,+2Vy) v(")] Y UenUy,| » (2.70)
capt. i

1011 this phenomenology section, higher orders in Yukawa couplings will be neglected, assuming a perturbative
expansion holds, although this might not be the case for couplings larger than unity (141, 67]. This assumption is
required for the factorization of the Yukawa (mixing) structure in the rates and the simple relations that follow as
discussed below.
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and Eq. (2.22) for u — ey factorizes as

2

2 GEm?
S
wiw K , @2.71)

a
12874 T,

Br(p—ey) = G)z,

nn
*
Z UeN,» UHNL
1

where Gy (xy), Vi, (xy) and V, (xy) are functions of xy = m%;/m?, given in Appendix B.4, Eqs. (B.99),
(B.136) and (B.137). In consequence, the flavor dependence in the mixing parameters drops in the
ratio of both rates, leaving only a dependence on the mass my of the heavy neutrinos [171] :

2
RSN (1 = RY, 25672ay Ty | 22Gy D+ RV + V) VP + (V, +2V) VD
- N) = =
u—ey Br(u — e)/) S%U F(C/;/pt. GY
2.72)

Note that the cancellation of the mixing parameters dependence in the ratio is valid at the domi-
nant order in the mixing angle expansion, that is to say that in Egs. (2.71)-(2.72) we neglected terms
which involve four insertions of light-heavy mixing in the amplitudes, see Egs. (B.130)-(B.135) in
Appendix B.4. This approximation is justified for the range of low right-handed neutrino masses
we contemplate (i.e. my from 1072 GeV to my) in view of the experimental constraints on the
mixing, whereas for the large mass regime (i.e. my above myy) it relies on the perturbativity of the
Yukawa couplings.

In this first phenomenological section, we will show the predictions concerning the ratios
of rates in the case where all the heavy neutrinos are degenerate. The result can in particular be
applied to the Inverse Seesaw models, where two right-handed neutrino are quasi-degenerate
and the third one provides tiny contribution to the CLFV rates, since it has very small mixings, see
Eq. (1.51) in section 1.5. The non-degenerate case is analyzed in next section 2.5 below.

2.4.1 Ratios of rates involving one same flavour transition

If all the heavy neutrinos are degenerate, my, = my, = ... = my, the expressions in Egs. (2.22),

(2.23) and (2.65) allow to compare the relative strength of 4 — e conversion to the y — ey branch-

ﬁ:ee(y‘/‘/ ), and to the y — eee branching ratio, Rﬁ:,ee(e‘/;/ ) As explained above, these ratios

depend only on the right-handed neutrino mass scale my (at leading order in Yy v/ Mp). The
11

ing ratio, R

results are illustrated in Fig. 2.4 as a function of m for various nuclei, in the large my regime.

We see that the ratios to ¢ — ey and u — eee for Titanium, Gold and Lead fall on top of
each other. Numerically the agreement holds at the % level. This is due to the conversion ratio
R}j‘e/ in these nuclei being approximately equal, at the percent level (modulo possible nuclear
physics uncertainties). The ratios entering this quantity vary from atom to atom solely through
the square of the variables V"), V", D divided by I'¢y,,, , see Eq. (2.65), which differ by about 10%
for Lead versus Titanium, and similarly for Gold for instance, see Table 2.3. But the combination in
which these variables enter in Lead, Titanium and Gold, via the form factors V: 2 , Gi,‘e in Eq. 2.65,

UEor mp = 100 GeV, we get Rgi,e = 6.9 -Br(u— ey) and Br(u — eee) = 0.033 - Br(u — ey). The first result differs
numerically by two orders of magnitude with Eq. (3.21) of Ref. [142], by a factor 4 with the value we get from the analytic

formulas of Refs. [142, 141], and by a factor 45 from the value we get from the analytic formula given in Ref. [139].
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Figure 2.4 - Rﬁ:;(j/m ‘He/Br(p — ey) (left panel) and Rﬂ_,gé‘:/) ﬂ_,e/ Br(u — eee) (right

panel) as a function of the right-handed neutrino mass scale my, for ;1 — e conversion in various
nuclei.

happens to be very close numerically. The coincidence at the % level of the u — e conversion
ratios RJV in Titanium, Gold and Lead in all the mass range is a prediction of the quasi-degenerate
right- handed neutrino scenario. It is worth noting that the future experiment’s choice of using
Titanium and Aluminum is nicely not redundant, since the present scenario provides very different
predictions .

One distinctive feature of these ratios is that they vanish for some value of my, when the
i — e conversion rate in Eq. (2.65) vanishes. This peculiar feature is due to the up quark VA and
down quark V; ¢ contributions in Eq. (2.65), having opposite signs as an outcome of their different
charge and weak isospin, as can be seen from Eq. (2.62). The value where the yt — e conversion
rate vanishes is nuclei-dependent and, in the limit where my > myy, it is given by
Sy ( 37S ) v TwD

2| _ 2
my |, = My exp

. pI— (2.73)
§V(n) + (Tw — 5) V)

This shows that small variations on the nuclear form factor (i.e. the overlap integrals) may result
in sizable variations on the value of m?v| o» Which is therefore sensitive to the nuclear physics
uncertainties. The uncertainty in the ratio V(”)/ V" translates, for instance for 5-10% variations,
into O (TeV) shifts on the value of the right-handed neutrino mass at which the conversion rate
vanishes. With the overlap integral values given in Table 2.3, the rate vanishes for mass values
typically in the 2-7 TeV range, respectively 6.6, 4.1, 4.0 and 3.8 TeV for Al, Ti, Au and Pb respectively,

as Fig. 2.5 shows. 12

The left panel of Fig. 2.6 depicts the ratio Rﬁ Lol Rﬁ‘L .- Sweeping over increasing my values,
the ratio first vanishes when Rgi, . does, and later goes to infinity when R;?L . vanishes. On the
right panel, we show the ratios Br (¢4 — éﬁy) IBr(€q, — Eﬁéﬁ?ﬁ) for the electron, muon and tau
charged leptons. These ratios only differ by an overall factor, since the loop functions are the same.

This ratio is continuous and don't display any my degeneracy for my = 100 GeV.

12Note that a plot of the same ratio is displayed in Ref. [145], with quite different results, in particular vanishing rates
for much lower m; values, see footnote 8 above.
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Figure 2.5 — Taking the nuclear form factor for each nuclei from Ref. [153], we show the mass
values for which the u — e conversion rate vanishes for different nuclei. If possible, the values of
the nuclear form factors D, V”) and V" come from pionic atom experiment or proton scattering
experiments. Otherwise, these are taken by using the approximation of taking equal proton and
neutron densities, see Table. (2.4) and the associated discussion.

The fact that for the degenerate case the ratios depend only on the mass scale my;, leading
to very clear predictions, has been first pointed out in Ref. [171] precisely for the ratios Br (£, —
Cgy)IBr(lq — €glp 7 p)- The p — e conversion rates provide other ratio predictions, which lead to
a very interesting situation. Indeed, from the experimental determination of two u — e transition
processes, and up to discrete degeneracies, it is possible to determine the scale my of the generic
framework considered. That pair of processes could be any two among the four processes which
will be probed with improved sensitivity in near future : u — ey, u — eee, R;‘L . and R;{ i, To
lift possible degeneracies, a third measurement may need to be considered. As an example,
assume that from the MEG and COMET experiments, Rﬁ:,ee(f D
my = 2.5 TeV or my = 16.5 TeV would then be singled out, see Fig. 2.4. To lift this degeneracy,

is measured to be ~ 0.1 : the values

the observation of a third u — e transition process would be necessary : for instance RE i, at
PRISM or u — eee at u3e— PSI [172]. If the ratio is as predicted by one of the two mass values,
this would be a strong indication for this scenario. Alternatively, the measurement of two rates
might be incompatible with the upper bound or the measurement of a third one, which would
rule out the scenario. Similarly, the measurement of a single rate, together with the upper bound
or measurement of another one, could exclude this scenario for ranges of m values (eventually
excluding the whole mass range). Note also that, analogously, the measurement of 7 — ¢y decay
and of T — £¢'¢' decay would also allow to determine the my scale [171]. That determination

could be compared with the u — e results above, to rule out or further confirm this scenario.

Although the full range of right-handed neutrino masses will be analyzed, we next discuss in
detail the maximum and minimum right-handed neutrino mass scales that future sensitivities
may reach, as well as the sensitivity reach for the charged-current mixing of steriles with the
electrons and muon sector of the SM. We will denote by “large” mass regime the one in which the
right-handed neutrino scale is larger than the electroweak scale, my = myy, while the “low” mass
regime will be the one in which the heavy right-handed neutrinos are lighter than my, (although
always much larger than the usual three light neutrinos). Let us consider first in detail the regime
of singlet fermion masses larger than the electroweak scale.
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Figure 2.6 — Left : RE Lo/ R;‘Le as a function of my. The horizontal dot-dashed line show the
large my asymptotic value of Rﬁ Lol Rﬁ‘i .- The vertical dot-dashed lines correspond to the mass
values for which R}’ , and R:}Le vanish. Right : Ratios R, o7, = Br (i — ey)/Br(u — eee) (solid),
R,_¢Y, = Br(t — ey)/Br(u — eee) (dotted) and Rg_,ﬁz# = Br(t — wy)/Br(u — pup) (dashed) as a

function of the mass my;.

2.4.2 Large mass regime (my = my) and constraints on the mixing parameters

o Analytical results

Expanding Egs. (B.120-B.129) to lowest order in inverse powers of xy, = mIZVi/m%V, the terms
relevant for the ratio of the u — e conversion rate to the capture rate — see Eq. (2.65) —read

N 2 , 16In(x) - 37 3+3In(x)
ue _ * 2
V, = 1:21 Uen, Uy, Vu(xn,), Vu(x) = (§ B 5 ), (2.74)
a2y . 1, 16In (x) 37 3-3In(x)
Vge = l; Uen; Uy, Va(xn,), Va(x) = ( 53, 3 ) (2.75)
e X 1
Gy =) Uen Uiy, Gy(xn), Gy =3 (2.76)
i=1
whereas for the particular case of light nuclei in Eq. (2.66), it results
~ N _ 2 , 16In(x)— 3 +3In(x)
ue * 2
Vi —i:ZiUeNiUuNiVu(XNi); Viu(x )—(3 B 5 ) (2.77)
e . - 8 1, 16In(x)-31 3-3In(x)
V= L Ve U, Valon), Valx) = (——sfu 2 g ) : 78

As an illustration of the well-behaved decoupling limit, consider the up quark contribution in
Eq. (2.74). Although the loop integral exhibits a logarlthmlc mN/mW dependence, the 1/my
dependence of the elements of the mixing matrix U,y ~ YN v/ my —see Eq. (2.8) — ensures a total
rate scaling as ~ 1/my, In*(m3,/m?,) for my > my. In other words, a rate that vanishes in the
decoupling limit as it should.

Using the analytical expression of the other processes in Egs. (2.22) and (2.23), in the large
mass regime xy = mIZV/ m%v > 1, the leading term in the three types of rate under discussion scales
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Figure 2.7 — Present bounds and future sensitivity on |}y, Yy, » YN{L' (Ieft) and |}y, Uen; U: Nil
(right) as a function of the right-handed mass for scenarios characterized by one right-handed
neutrino mass scale my. The solid lines are obtained from present experimental upper bounds
in Table 2.1, that is Br(u — ey) <5.7-107'3 [91], Br(u — eee) < 107'2 [97]. The dashed lines are
obtained from the expected experimental sensitivities Br(u — ey) <4-10714 [93], Br(u — eee) <
10716 [100].

therefore as

(2.79)
(2.80)

r~ (lan)Z/xIZV, foru— eee and u— econversion,

F~1/x12\,, forp—ey.

o Maximum Seesaw scales that future experiments could probe

Fig. 2.7 shows the lower bounds resulting for the Yukawa couplings (left) and mixing parameters
(right), if the various rates are required to be large enough to be observed in planned experiments.
It also shows the upper bounds which hold today on these quantities from the non-observation
of these processes. This figure illustrates well the impact of future ¢ — e conversion measure-
ments/bounds, as they will become increasingly dominant in exploring flavor physics in the u—e
charged lepton sector. Values of the Yukawa couplings as low as 107!, 1073 and 10~ could be
probed, for my =100 TeV, my = 1 TeV and my = 100 GeV, respectively, with Titanium experiments
being the most sensitive. If the Yukawa couplings are required to lie in the perturbative regime,
i.e. that each Yukawa coupling is smaller than /47, the bounds of Fig. 2.7 can be rephrased as
upper bounds on the myy scale:

1
) 4-1071% 73
my<3.4-10°TeV: | —— (2.81)
Br(u— ey)
1
3 10710 14
my<S1.7-10°TeV: | —— (2.82)
Br(u— eee)
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N

-18
my $9.7-10°TeV- | — ) (2.83)
Rl
17 i
- 1
my $3.9-10°TeV- | — (2.84)
u—e

Imposing instead that the Yukawa couplings should be smaller than 1 would lead to bounds
smaller by about a factor of ~ 3. Overall, this exercise shows that future experiments may in
principle probe the type-1 Seesaw model beyond the ~few 1000 TeV scale.

2.4.3 Low massregime (my < my ) and constraints on the mixing parameters

o Analytical results

In the low mass regime, expanding in powers of the small parameter xy = mjzv/ m%v « 1, the
leading terms of the different form factors relevant for u — e conversion in an arbitrary nucleus
—see Eq. (2.65) — are given by

ny i 2 ,4In(x)+6 3+6In(x)
Vi = Y UenUpy Vulxny),  Vu(x) = (—si, + )x, (2.85)
= z 3 4 8
N 1,4In(x)+6 3
Vit = LU Vabind,  Valo) = (—gsfu — g) x, (2.86)
ue & * X
G = ; UenyUpn, Gy (o), Gyl = 7, (2.87)
whereas for conversion in light nuclei, Eq. (2.66), they take the form
_ ny . - . 2 ,4ln(x)+7 3+6In(x)
VS = Y Uen Uy, Vu(xn;), Vu(x) = (—Sf,, + )x, (2.88)
= i 3 4 8
- oy _ _ 1,4In(x)+7 3
VIS = Y UenUpy Valxn),  Valx) = (—§Si+ + 5) x (2.89)
i=1

As a consequence, for xy = m4;/m%, < 1 the leading terms in the transition rates vanish as : 13

r ~ xIZV(lan)z, foruy— eee and pu— econversion, (2.90)
r ~ szv’ for u—ey. (2.91)

This is in contrast with the leading behaviour found for the large mass regime xy > 1, Eq. (2.79),
with the scaling law being inversely proportional to xzzv’ ensuring decoupling. Note that to get
Egs. (2.90)-(2.91) we assumed fixed U,y mixing parameters, as it is customary to express con-

131n the low mass regime, the amplitude for y — ey is analogous to that for b — sy, while those for y — e conversion
and u — 3e exhibit only a GIM cancelation quadratic in the light neutrino masses instead of the logarithmic one for
quark transitions such as b — se*e™, which are proportional to fermion electric charges inside the loop.
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straints on sterile neutrino models in terms of these mixing parameters. 4

o Minimum Seesaw scales that future experiments could probe

Taking ¢t — e conversion experiments by themselves, the sensitivity to low singlet fermion masses
is outstanding. This is illustrated in Fig. 2.8(a) (dashed lines), which shows a sensitivity down to 2
MeV for Titanium for large mixing. Nevertheless, a series of existing experimental bounds curtails
the expected impact, to wit :

* Unitarity bounds. The mixing matrix elements Uy, entering the rates are constrained by
the bounds on the unitarity of the leptonic mixing matrix [89, 173]. The relevant bounds
here are those holding for my < my, in which the strong constraint from p — ey present
for masses above myy is lost due to the restoration of the GIM mechanism under the my,
scale. In the region ~ 100 MeV< my < my the bounds are dominated by the constraints
on S decay (lost under the GeV regime), kaon decays, universality constraints from 7 and
7 decays, and tree-level u decays. For very light N;, under the pion and muon masses, the
constraints from the decays of the latter are lost, since all eigenstates are then available
in the decay, so that unitarity is recovered. Nevertheless, below 100 MeV the absence of
zero distance effects in short baseline oscillation experiments (such as KARMEN [174] and
NOMAD [175] ) also sets constraints on the mixing elements [89]. Stronger constraints
follow nevertheless in that region, mainly from “peak" and “decay" search experiments.

* Peak experiments explore the direct production of light (< mg, m;) extra singlet fermions in
two-body (¢ N;) particle decays of light mesons. From pion [176] and kaon decays [177, 178],
the absence of a monochromatic line - or peak — in the charged lepton energy spectrum at
(mfcn +m5— mzzv,-)/ 2mg ., ' excludes at present the 30 MeV< my < 400 MeV region. Decay
searches provide even stronger constraints.

¢ Decay experiments including more than 2 particles in the final state look for the effects of
the production and decay of massive neutrinos. The relevant processes for constraining
Y Uen; U;;Ni are K,m,D — ¢ N; — € 0'vp 0" with £,¢', 0" = e, u. Their non observation sets
very strong constraints in the range 1 MeV< my < 2 GeV [179, 180, 181, 182]. Similarly
searches for a Z — Nj;v decay sets interesting constraints below the mz mass [183]. For a
more detailed discussion of both decay and peak experimental bounds see Ref. [184], and
also Refs. [185] and [186].

* Supernovae and BBN limits. Upper and lower bounds on the mixing can be obtained from
supernova SN1987A data [187], since the known duration of the blast would be modified
if the right-handed neutrinos are produced in the core and escape carrying energy away,
and that depends on the mixing. BBN limits have also been explored for the very low mass
region [186, 188, 189, 190].

14 For small sterile masses above the eV, the Seesaw approximation U,y o Y;\r,v/ my (< 1) in Eq. (2.8) still holds, and
an extra xl‘\,2 factor has to be added in Eqgs. (2.90)-(2.91), so that the rates have a logarithmic or constant dependence on
my. Below this range one enters the Dirac-dominated regime, where the mixing angles become free parameters, and
the asymptotic behaviour is that in Egs. (2.90)-(2.91).

151n the rest frame of the decaying meson.
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e LHC search for the decay of a 125 GeV scalar boson via the channel h — v N — vv/{¢ provides
new bounds on the Seesaw parameters [191, 192, 193, 194, 195], which can be translated
into bounds on rare processes. The branching ratio of the SM scalar boson decaying into
Majorana neutrinos enters the implementation of these bounds, which in the general
Seesaw considered here reads

Qy My
Br(h—>VN) = ?rthot

ny mzl mz' 2
;(|U6Nf|2+|UﬂNi|2+|UTNi|2)m—]2:;(1__]%) , (2.92)

where the decay into all three light neutrinos v; and all heavy ones N; is considered. l“thOt
denotes the total decay width of the scalar boson including the SM channels plus those
producing the extra heavy neutrinos. The different decay widths of the heavy neutrinos also
enter the analysis, mainly all N — v¢* ¢~ channels.

Following Ref. [184] (see also Refs. [185, 186, 190, 196]), Fig. 2.8(a) provides an approximate
drawing of the regions excluded by these constraints (depicted as shaded areas). We included :
non-unitarity bounds, kaon and pion peak searches, kaon decay searches by the PS191 experiment,
D meson decay searches by the CHARM [181] and NuTeV [182] experiments, 16 7 decay searches
by the Delphi experiment [183], and SM scalar decays data from LHC. The exclusion lines for
the mixing parameter |}y, Uen, U ; N; | are valid at 90% C.L., for the present (continuous curves)
and future (dashed curves) reach of the three types of measurements under discussion : y — ey,
1 — eee and y — e conversion. Note the impressive sensitivity expected from y — e conversion in
Titanium taken by itself, reaching Seesaw masses down to 2 MeV. Nevertheless, the very stringent
PS191, CHARM and NuTeV bounds on decay searches into N; determine a lower bound on the
mass at which conversion experiments would be competitive : 2 GeV. The SHiP experiment should
further increase this lower bound to 5 GeV.

Fig. 2.8(b) shows the maximum rates allowed by the bounds on mixing depicted in Fig. 2.8(a)
(shaded areas), as a function of the mass my;, at the 90% C.L.. Horizontal lines in Fig. 2.8(b)
indicate the present (continuous) and future (dashed) sensitivities of the different experiments :
their intersection with the corresponding rate (depicted with the same color) determines the
lowest mass for which the new experiments would improve present bounds.

About the SM scalar boson decay constraints, Fig. 2.8(a) depicts a model-independent
bound, except for the assumption of degenerate heavy neutrinos. This bound is obtained [193] by
translating the absence of an excess over the SM expectation for the channel & — vv¢* ¢~ into an
upper bound on Br(2 — vN) < 0.51 (90% C.L.) [195] in Eq. (2.92), and employing then the general
Cauchy-Schwarz inequality |}y, Uen, U ; Nl-l <X nN;alUan; |2.17 Figs. 2.8(a) and 2.9 illustrate that

16 The bounds from meson decay searches for masses below 2 GeV depicted in Fig. 2.8 are those provided by the
experimental collaborations which assume decaying Dirac neutrinos ; for Majorana neutrinos they may differ by factors
~ /2 or less, depending on whether the decay channel is or is not self-conjugate [179]. The inclusion of those factors
would require a reanalysis of the experimental data for masses lighter than 2 GeV, which we refrain from attempting
here as that region turns out to be out of reach for the ;1 — e conversion experiments under discussion.

171 Fig. 2.8(a) this bound is plotted down to 20 GeV, a point below which the typical cuts in the invariant mass of the
lepton pair would remove the events coming from the scalar boson decay via the right-handed neutrino [193]. The
equivalent bounds shown in [193, 194], which we used, do not extend further down than 50 GeV : in the region 20 — 50
GeV what Fig. 2.8(a) depicts is an extrapolation.
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Figure 2.8 — The left panel shows the |}y, Uen, U, ; n,| versus mass sensitivity regions for present
(continuous curves) and future (dashed curves) e— p flavor experiments. Black, red, green and blue
curves result from Br(u — ey), Br(u — eee), RI’}L . and REL o respectively. The regions already
excluded by non-unitarity limits, 7 and K peak searches, , K, D, Z decay searches, BBN, SN1987A
and LHC collider searches (dotted lines) are also indicated. Shaded areas signal the regions already
excluded experimentally. We also include the future SHiP experiment sensitivity [197]. The right
panel shows the maximum allowed flavor changing rates compatible with the bounds of the first
panel. The horizontal lines give the present (solid [102, 91, 97]) and future (dashed [198, 172, 106,

108, 105, 107]) sensitivities of the different experiments.

it turns out to be less stringent than for example the present MEG bound on Br(u — ey). In the
future, if LHC can reach a ~ 1% sensitivity on Br(h — vN), the constraint would be comparable to
the present MEG one.

More stringent bounds follow in concrete realizations of the Seesaw. For instance, the Inverse
Seesaw scenario with just two right-handed neutrinos added to the SM and approximate lepton
number L conservation in section 1.5 [68, 69] (see also Refs. [62, 63, 64, 66]) is very predictive. The
mixing-dependence of Br(h — vN) — the term between parenthesis in Eq. 2.92 — reduces in this
case to an overall scale dependence, which can then be bounded from Fig. 2.8(a). Furthermore,
in these scenarios the mixing elements |Uy v, | are not arbitrary, but explicit functions of a few
observable quantities such as the measured light neutrino mass differences and mixing angles,
the overall scale and the Dirac (6) and Majorana (&) phases. This allows to express bounds on
|Uen, U, ; ;| from SM scalar decay as a function of the values of those CP phases. This interesting
fact is illustrated in Fig. 2.9, whose bands depict the maximum and minimum bounds obtained
by varying those phases. The values of the neutrino parameters used in this figure are the ones
given in Table 1.1, from Ref. [19]. For normal hierarchy (NH), the maximum and minimum
boundary lines of the bands correspond approximately to (§,a = 0,7/2) and (6, = 0,—-7n/2),
respectively, while the equivalent values for the case of inverted hierarchy (IH) are (6, a =37/2, )
and (6, @ = 0,—m/4). The allowed values never reach the absolute bound, also depicted. On the
other side, note that the plot for IH allows some points in which the  — e mixing tends to vanish :
this is expected and well-known (first pointed out in Refs. [199, 200]), because in this class of
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Figure 2.9 - Bounds on | Y.y, Uen, U, ; A from LHC scalar decay data and comparison with flavor
violation searches. The constraints from LHC data are illustrated for a sensitivity of Br(h — vN) <
0.51 (90% C.L.) [195], and a future one improved to the % level [194]. For these values, isolated
purple curves are the absolute bounds for a generic Seesaw model. Bands in orange and red
show instead the variation with the unknown values of the Dirac and Majorana CP phases, for
the approximately L conserving scenario in Ref. [68], for normal (left panel) and inverted (right
panel) hierarchy. The present (black) and future (dashed black) MEG sensitivities and the expected
one for conversion in Titanium (blue), in Aluminum (green) and p — eee (red) are shown for
comparison.

models some entries of the Yukawa couplings may vanish (and therefore the entry in the mixing
Uqn; would vanish too) for certain values of the CP phases and light neutrino mixing and mass
differences within their 90% C.L. region [171]. As an example of the impact of the analysis for
this type of models, with the present limit on Br(h — vN), if MEG observes a signal of order the
present sensitivity, only particular ranges of the phases would be allowed in this model. In any
case, for the u-e channel it is not expected that LHC data will allow to approach, even from far, the
sensitivities one expects in the new generation of yt — e conversion experiments.

2.4.4 Comments

Itis worth to remark that the sensitivities and exclusion plots obtained apply not only to the (quasi-
degenerate) type-1 Seesaw scenario object of this section, but also to any BSM renormalizable
theory containing Dirac or pseudo-Dirac singlet fermions, which mix with SM light leptons with
strength Uy p.

Also, the predictions on the ratios of rates, such as that in Eq. (2.72) and the figures above,
hold as well for the case where only one right-handed neutrino would dominate the rates, because
in this case the Yukawa dependence also drops, leaving the same dependence on a unique mass.
This situation is quite generic of scenarios where the right-handed neutrino mass spectrum
is hierarchical, since in the large my > my (low my < my,) mass regime all but the lightest
(heaviest) N; contributions can be in general neglected, see Egs. (2.79), (2.80), and Eqgs. (2.90) and
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(2.91) above. However, the price to obtain measurable flavor-changing rates with hierarchical
spectra is to induce in general unacceptably large neutrino masses, disregarding eventual large
fine-tuning between the various parameters.

Nevertheless, we have shown in section 1.5 that one could a priori take larger values of the
i’ parameter in the Inverse Seesaw model, while still keeping the advantages of having small
neutrino masses and large CLFV rates. In this case, one could have a large mass splitting between
the two right-handed neutrinos, see Eq. (1.54). The price to pay is that this Extended Seesaw
model is not anymore motivated by a nearly conserved lepton symmetry. Furthermore, one has to
pay attention to possibly large one-loop corrections to neutrino masses and neutrinoless double
beta decay parameter mi,,, see e.g. Refs. [191, 139, 71, 72]. This case is therefore less interesting a
prioribecause there is no simple symmetry to explain it, but it is perfectly possible. This is why
the next section is dedicated to the possibility that right-handed are not degenerate.

2.5 Ratios of rates involving one same flavor transition : non degener-
ate case

We now tackle the more general case where the right-handed neutrinos are no more degenerate.
In this case, we will see that one can still factorize the mixing matrix element from the mass
dependent terms. The reason is more subtle, and one needs first to parametrize correctly the
Yukawa matrix elements. In this section, we will for simplicity restrict ourself to the two right-
handed neutrinos case, ny = 2, and our analytical study will focus on the situation where the
right-handed neutrino masses are larger than the W mass, my, > my, even if we will cover the
whole mass range for the numerical results.

An important comment concerns the observability of the CLFV processes in the case where
the right-handed neutrinos are not degenerate. Indeed, as shown above, it is easy to have large
CLFV rates and small neutrino masses when at least two right-handed neutrinos are quasi-
degenerate. Now, it is important to stress that such a situation can also be obtained with non-
degenerate right-handed neutrinos, as in the Extended Seesaw mode, introduced in section 1.5.
To show that, we will use the Casas-Ibarra parametrization that allows us to see that easily.

2.5.1 Casas-Ibarra parametrization

In order to analyze the non-degenerate case, we need to parametrize the various parameters that
enter in the mixing elements Uy, and U ; ;- Indeed, as shown in Eq. (2.24), it is the combination

*
Uon, U* 2 it Ye of,000) 2 2.93
Z eN; UN; f mNi X Z__ f le' = ZCNi f mNi ) ( : )
i i MN; Mpy; i
that enters in the various form factors of the concerned rates. To this end, it is useful to introduce
the Casas-Ibarra matrix [201]
v

7 (M) V2 Yy u () TH? (2.94)

R=
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where 71, is the diagonal matrix of the light neutrinos mass eigenstates, and % is the PMNS matrix.
The matrix R is a complex ny x 3 matrix (where ny is the number of right-handed neutrinos),
which contains all the high energy parameters, i.e. the parameters that are not contained in the
neutrino mass matrix m, = v2/ 2(Y§ M;,l Yn) = U iU . Asaresult, R is totally unknown except
for the fact that it is complex orthogonal :

RRT =T,yxny , RTR=Tx3. (2.95)

This matrix is very useful since, by inverting Eq. (2.94), it allows to factorize in the Yukawa matrix
Yn the low energy parameters, in m, and %, from the high energy ones, in My and R :

V2 .
Yy = ~ MNY? R i )V? . (2.96)

Or in component, using the fact that My can be taken diagonal My = diag(my;,),

Va2my;

\'A

YN,'CX =

> Rwj\/m% }‘a) : (2.97)
7

where m; is the mass of the neutrino eigenstate v ;. That is to say this parametrization allows us to
scan all the Yn which could account for the data. To do so, one needs to enter the mixing data in
%, the neutrino mass difference in m;, and vary the other parameters (the 3 CP-violating phases,
mM" and the unknown high energy parameters in My and R) in their allowed range. It allows
therefore to see easily how one can get large Yy with still small neutrino masses. Clearly, large Yy

must come from large R entries, i.e. large imaginary part in R as we will see.

2.5.2 ny =2 non-degenerate right-handed neutrinos

The two right-handed neutrinos case is particularly interesting as it is the one which contains the
minimum number of independent parameters.

o Parametrization

In this case, the 2 x 3 matrix R contains only 1 complex angle 6 = a + i, and it can be parametrized
as [202]

cosf sinf 0 (H) | (2.98)

A

0 6 sinf
R_( COS Sin

(NH) , R=(

0 -sinf cos6 —sinf cosf 0

in the case of normal and inverted hierarchies respectively. Since R is any complex orthogonal
matrix, one has

cosf =cosacoshf—isinasinhf and sind =sinacoshf+icosasinhf, (2.99)

where «a € [0, 2] is an angle, while  can take any value in ®. The Yukawa matrix Yy has therefore
only 6 unknown parameters (see Eq. (1.29)) : the low energy CP-violating phases « € [0, 2]
and 6 € [0,2x], the 2 heavy neutrino masses my, and my;,, and the complex high-energy angle
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0= a+ipf with a € [0,27] and B € R. On top of that, the neutrino mass hierarchy is also unknown.
Since there are 2 right-handed neutrinos, only 2 light neutrinos receive masses so that the absolute
neutrino mass scale is actually known, mi,nin = 0 eV. Nevertheless, the number of unknown
parameters is too large to make generic predictions on the various CLFV rates separately. However,
as we will show now, one can still make remarkable prediction on the ratios of branching ratio,

provided that the rates are not too suppressed.

o Ratio of rates

From Eq. (2.98) and (2.99), we see that the CLFV processes are proportional to some combination
of cosh f and sinh . For large 3, one has cosh = sinh 3, so that all the Yukawas scale as Yy
cosh 8. 18 The combination cosh f3 is therefore nothing else but the overall scale of the Yukawa
couplings. In order to have observable rates, one needs quite large Yukawa couplings Yy =
1072 my/1 TeV, see Eq. (2.25). From Eq. (2.96), this roughly requires § > 6 +In/my/1 GeV so
that, in order to have observable rates, one has indeed in a good approximation

Yyox coshf with g>1. (2.100)

This parametrization therefore shows that indeed one can have large Yy and small m,,, provided
that f is large. This shows also that this is possible even if my, and my;, are not degenerate. More
remarkable, one can see after development that in this case the different terms entering in the
sum in Eq. (2.93) share a common factor. For example in the case of normal hierarchy, one has

_ Y]:}IIJ YN]@ 2

CN, = = (Z R;hj \% mvf%jﬂ) (; Rk ka%]:e)
J

my, my,  Vimpy,
2cosh? B N - % *
= Vz—n’lNl [mvz%Z,U%Ze + mVSOZZg#aZ/ge +1iy/ My, My, (62/2ﬂ6213e _%3,U%2e)] , (2.101)

and

*
_ YNg/J YN2 e 2
= X

ZR;&]'\/ mVj@/ju) (Zk: R,k y/ mw%fcke)
j

CN, =
N N, my, . VP,
2COSh2,6 . . . . .
= Vz—m [mvz%zu%Ze + mvs%gﬂ%ge + 1/ My, My, (%2#%36 —%3“%26)] . (2.102)

That is, ¢, = ¢; - mp, /mp,. One can easily show that the same relation stands for the inverted
hierarchy. The combination in Eq. (2.93) can therefore be written as

i) + o f )

N,

(2.103)

2
2. CN, f(mN,-) =CN
1

As a consequence, one can still factorize most of the unknown parameters contained in cy, from the
branching ratios, so that the ratios of branching ratios will now only depend on both my, and my;,
(or equivalently on my, andr = my,/ mp,).

18More precisely, the approximation cosh f = sinh § holds at better than 1% for § > 3.
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Figure 2.10 — Mass values of the lightest right-handed neutrino for which the it — e conversion rate
vanishes for Aluminum and Titanum, as a function of r = my,/ my, . We required the conversion
rates to be observable by future experiments.

Before commenting the results, it is instructive to compute the values my|y where the u — e
conversion rate vanishes, which are shown in Fig. 2.10. For my, > myw, these are now given by

9v7(n) 9
2y +(—+— -
m2| =m? exp| > ° e’ _pInr | (2.104)
0 %V(nu(%_g)v(p) 1+71

where r = mpy,/ my;,. The values of m N|0 vary by few TeV around the one obtained in the degen-
erate case, which is recovered for r = 1 as well as for large r, as expected from the decoupling
theorem. The maximum deviation is obtained for ryax = 3.6 whatever the nucleus, which is the
value that maximizes the function In7/(1 + r). Quite remarkably, this value is also the value for
which one has a maximum deviation for all the other rates, still for my, > my . This can be
understood because, for my; > my, the different form factors only depend on the logarithm of
XN, = my, I my,, see Egs. (2.74)-(2.75). From Eq. (2.103), one has therefore

, (2.105)

(A+Blnxy,)

1\ 2B
1+—|+—Inr
r r

docn; fxn) =) cn, (A+Blnxy,)=cy,
i i

where A and B are some constants. We see that here too, the maximum deviation from the case
r = 1is obtained for ry,x maximizing the function in the second term of the bracket, which gives
also approximately rmax = 3.6.

Let’s note that for my, < my, one expects things to be much less simple, since the different
form factors depend now on xy, and xy;, -Inxy;;, see Egs. (2.85)-(2.86), and one has

Y en, fxn;) =) cn, xn; (A+Blnxy,) = cn, xn; [(A+Blnxy, )1 +7)+2Brinr] . (2.106)
- .

1

We see that in this case, the deviation increases with increasing r, and no simple prediction can
be done.
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8 Rﬁ:g}(,ﬂ) = R/ ,/Br(u — ey) (upper left panel) and Rﬁ:ﬁé‘é‘/) =
R

ﬂ_,e/ Br(u — eee) (upper right panel) as a function of the lightest right-handed neutrino mass
scale my;,, for 4 — e conversion in Aluminum (green) and Titanium (blue). Lower panels :
RZLE/ Rﬁle (lower left panel) and Rﬁ:gze = Br(u — ey)/Br(u — eee) (lower right panel) as a
function of my;,. In all the figures, the solid line corresponds to the degenerate case, while the
dashed line corresponds to the maximum deviation for my, 2 my . The points has been obtained
varying all the unknown parameters of the model, under the requirement of observable rates, and

taking r = my,/my;, intherange r € [1, 103].

Figure 2.11 — Upper panels :

In the upper panels of Fig. 2.11, we show the ratios Rﬁ:;;‘/v) (upper left panel) and Rﬁ:ﬁé‘{)

(upper right panel) as a function of the lightest mass my,, for Aluminum (green) and Titanium
(blue) nuclei. The various points have been obtained by varying all the unknown parameters
according to their domain, and r in the range r € [1, 103]. We also required the different branching
ratios to be observable in the near future, that is we took Rgie >10718 R;‘Le >10717, Br(u—ey)=
4-107'* and Br(u — eeee) = 10715, see Table 2.1. The solid line corresponds to the degenerate
case r = 1, while the dashed line corresponds to the maximum deviation obtained analytically

> mw.

~

max = 3.6, which fit well the points for my;,

The lower panels of Figure 2.11 show, as a function of my;,, the ratio R!% ,/RA! , (lower left

p—e’ tu—e
panel) and Br(u — ey)/Br(u — eee) (lower right panel), varying all the unknown parameters and
requiring rates that could be observable by the future experiments. Here too, the solid and dashed

lines correspond to r = 1 and rmax = 3.6 respectively.
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Aswe can see from these figures, the ratios of rates is only mildly sensitive to the mass splitting
of the right-handed neutrinos, at least for my, 2 my. As a consequence, the measurement of
ratios would in this case provide a narrow range of possible values for my, . The measurement of
several ratios could even potentially lead to the determination of the two mass scales my, and mp;,.
However, this should be very difficult in practice because : first, the measurement of the ratios
goes always with uncertainties and, second, the nuclear overlap integrals have also associated
uncertainties as we discussed before. Assuming for example my, 2 my, the measurement of
ratios with their associated uncertainties could allow to determine a range of values for my, and
therefore also a (wide) range of possible values for my;, see Fig. 2.11. All together, this would lead
in practice to uncertainties on the determination of the Seesaw scales my,, but more hardly to the

determination of the second scale mp,.

2.5.3 ny =3 non-degenerate right-handed neutrinos

In this case, the 3 x 3 matrix R contains 3 complex angles él- =qa;+if; withi=1,2,3, and it can be
parametrize as [201]

CoC3 —C183— 81503 §183— 018283
R= 62§3 515‘3—§1§2§3 —3‘153—(:‘13‘23‘3 . (2.107)
) $16 C162

Here, the number of unknown parameters is 13, see Eq. (1.29). The situation is more complicated
than the previous case with only nyy = 2 right-handed neutrinos. However, one doesn'’t expect in
general any simplification in ratios of rates, since now there are 3 complex angles in the R matrix.
We won't go further into analytical details here. Let’s just note that if one of the right-handed
neutrinos is much heavier than the others, it will decouple from the rest so that one recovers the
previous situation with ny = 2. This is also the case if 2 of the 3 right-handed are degenerate.

2.6 Comparison between the different types of Seesaw

One question which naturally arises is the following : how could we determine which kind of
Seesaw is at work ? The distinction between the different types of Seesaw can not be done only
from the neutrino mass matrix, because the three types of Seesaw generate the same dimension-5
operator in Eq. (1.20), and any neutrino mass matrix that could be observed could be generated
by any of the three Seesaw. One needs therefore informations coming from other experiments.

A way to distinguish between them is thus precisely through observations of CLFV processes
they induce. This can be simply understood from the fact the dimension-6 operators of each kind
of Seesaw are different, see Eqs. (1.47), (1.48) and (1.49). !9 This requires the CLFV processes to be
not too suppressed, as in particular in the Inverse Seesaw models — see section 1.5. We will now
show that the CLFV processes can indeed distinguish between the Seesaw types.

19 Another way of distinction is to look at the direct production of the associated heavy particle at colliders. In the
case of type-1 Seesaw, this is hardly feasible because they couple only to the fermions and the SM scalar through the
Yukawas couplings. On the contrary, in the case of type-2 and type-3 Seesaw, since the heavy particle couple to gauge
bosons, they are expected to be more easily detected.
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2.6.1 Type-2 Seesaw ratios and maximum scales

In type-2 Seesaw with only one scalar triplet, the CLFV branching ratio are given by [203, 131, 124,
125, 127, 56, 145] : 2

2
Briu— ey) = —— ( L8 ) viv. P yty, [ (2.108)
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where the conversion rate is given in the light nuclei approximation. In the second equalities
of the u — ey and p — e expressions, we have neglected the mass splitting between the triplet
components, i.e. we took ma = mpo = mp+ = mp++. This approximation is generically justified
only for high triplet mass, in which case the relative splittings |0 m|/ m, is small because of the
perturbativity of the quartic couplings. 2! Let’s note that on the one hand, since the scalar triplet
couples to two fermions, the process i — eee is generated at tree-level from the exchange of a
scalar triplet, see Fig. 1.3(b). On the other hand, the processes u — ey and p — e conversion come
atloop-level. One expects therefore the u — eeerate (and the ¢, — ¢ ﬁfy? 5 in general) to be larger
than the other rates.

We see from the above formula that the rates R;j‘i, e

combination of the Yukawa couplings IY Yalye < Yo Wge, contrarily to the u — eee rate which

and Br(u — ey) depend on the same

depends on IYA el Yalee o € d=6 Ag aresult, the ratio R* ¢ (T) s fixed to

Leee* u—e(Al)
RIT
F==18, (2.111)
RiL,
and in the same way as in the type-1 Seesaw case, the ratio Rﬂ_,ﬁyﬂ) 7 - ./ Br(u— ey) depend

only on the masses m+ and ma++. In the approximation of degenerate triplet component masses,
the various ratios depend only the unique mass scale m14.

u—e(AN)

We show in Fig. 2.12 the ratio Ry, ..,

as a function of the mass ma = ma+ for various nuclei.

20Note that these expressmns can be expressed in terms of the dlmensmn 6 coefficient, see section 1.4. One has
indeed that Br(u— ey) « | X ¢ caﬂael , Br(u — eee) |c,ueee|2 and RV (i e X [ ca#ael2

21 The mass splitting goes like [§m| =~ Am? /g mp, where A is some quartic coupling. Requiring || < V47 (47), one
has for example |6m|/ma < 0.05 (0.2) for mp = 1 TeV. Below typically 1 TeV, the mass splitting may be larger so that
the 4 — ey and the u — e conversion rates depend in general on both m+ and m++, and the approximation is less
consistent. However, experimentally the ATLAS and CMS collaborations have provided lower bounds on the doubly
charged scalar through its dilepton signature A** — ¢%¢*_ At 7 TeV, with a luminosity of L = 4.7 -fb~! and assuming
Br(A** — ¢*¢%) ~100%, ATLAS [204] excluded m =+ below 409, 398, 375 GeV at 95% C.L. in the ee, up, ey channel
respectively. With the same assumption, CMS [205] set a lower bound ranging from 204 GeV to 459 GeV. Assuming for
concreteness m++ = 400 GeV implies the upper bound |§m|/ma < 0.3 (1.2), requiring A < V47 (47).
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Figure 2.12 — Rﬁ_,eeq(, )= R;jﬁe/ Br(u — ey) as a function of the scalar triplet mass ma = ma-+,

for Aluminum and Titanium nuclei. The upper solid curve corresponds to the degenerate case
ma+ = mp++, while the lower dashed curve has been obtained varying the mass splitting in its

allowed range.

The band has been obtained varying ma++ in its allowed range for perturbative quartic couplings
IAl < 4. We see that for ma = 900 GeV the ratios are monotonous increasing functions. The
determination of a ratio by experiments, typically above ~ 0.5 for Aluminum and ~ 1 for Titanium,
leads to the determination of the mass scale mx. As in the type-1 Seesaw, the determination of a
second ratio could confirm or rule out the type-2 Seesaw scenario. For ma < 900 GeV, the allowed

mass splitting doesn’t allow the determination of the mass scale.

As in the type-1 Seesaw, one can compute the sensitivity on ma we get from the various
processes. Using the approximation ma = ma+ = mp++ and the perturbativity of the Yukawa
couplings Y < v/4x, the maximum scalar triplet mass scales that future experiments could probe
are given by

4.-10714 M4

Br(u— ey)
10-16

Br(u — eee)
1/4

(2.112)

ma < 4.1-10° TeV-

1/4
(2.113)

ma <1.0-10* TeV-

10—18
R,

(2.114)

ma <8.3-10° TeV-

10-17 1/4

Al
R,

(2.115)

ma <3.9-10° TeV-

Imposing instead that the Yukawa couplings should be smaller than 1 would lead to bounds

smaller by about a factor of ~ 3.

2.6.2 Type-3 Seesaw ratios and maximum scale

In type-3 Seesaw, the 4 — eee and  — e conversion CLFV processes arise all at tree-level. This is
because the fermionic triplets ;. induce flavor mixings at the level of charged fermions, contrarily
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Chapter 2. Muon to electron conversion in nuclei in type-1 Seesaw models

to the type-1 Seesaw where flavor mixings arise only at the level of neutral fermions. Such a
charged lepton flavor mixing simply comes from the fact that the Yukawa interaction of the
Lagrangian contains £ 3 Sk Yy_g'[ﬁfé .2Ys VZE(Z. Therefore, a muon can go to a Xz which can
go to an electron without passing through neutral leptons. Nevertheless, u — ey arises at loop-
level because the electromagnetic couplings are still flavor diagonal in the charged lepton mass
eigenstates basis. The expressions of the various rates, in the limit where my, > myy, are given
by [129, 56]

3a | (13 Vs <« M, 2 15V 4 g2
Briu— ey) = —|[=2 —6.56| — 976 - Vi @), )", | = |c— (2116
=en =gy (3 )2 er Zi:m%/v( Jei ()i 1287 |+ (2116
1 2
Br(,u—»eee):V4(3sin6w—231n20w+§) CZIQ_G , (2.117)
3 G2m5 Z4 8 4 2 2
N a” YET Seff o 2 2 d=6
e=5 79Fp (ZZ+N)(1—§SW)+(Z+2N)(—1—§sw) ’cﬂe ,
capt.
(2.118)

where we neglected the light neutrino mass contributions in the last equality of the first equation,
and where the conversion rate is given in the light nuclei approximation. These three expressions
depend on the same combination of the mixing parameters via the dimension-6 coefficient
cﬁe:6 = (Yg M;IME yy) ue> see Eq. (1.48). As a result, the ratio of two processes involving a same

flavor transition doesn’t depend on 036:6 anymore. Even better, in the limit where my, > myy, the

ratios are fixed and are given by [129] : %2
Br(u— ey) ~ Br(t — uy) ~ Br(t — ey)
Br(u— eee) Br(t— uuu) Br(t— eee)
RrTi
u—e
Br(u— ey)

Al
RiL,

Br(u— ey)

~1.4-1073, (2.119)

~1.5-10%, (2.120)

~6.7-10°. (2.121)

Contrarily to the other kind of Seesaw models, one has Br(u — eee) > Br(u — ey) because y — eee
arises at tree-level and p — ey at loop-level. The predicted fixed ratios have drastic consequences,
since the determination of a single ratio could rule out the type-3 Seesaw scenario as the one
generating CLFV processes. Similarly, the measurement of one or better several ratios as predicted
in Egs. (2.119)-(2.121) would be a very strong indication for the type-3 Seesaw. Let’s note that
contrarily to the other kind of Seesaw, one cannot predict the mass scale from the determination
of one ratio.

If all the triplets are degenerate in mass, one can finally compute the sensitivity of the future
experiments on the mass scale ms = my,. Using the perturbativity of the Yukawa couplings
Ys < v4m, the maximum fermionic triplet mass scales that future interesting experiments could

221 et’s note that expression of R/{Le agrees with the one obtained in Eq. (40) of Ref. [129], but we get a ratio

ji—e! Br(pr— ey) which is ~ 4 times larger compared to their Eq. (42).
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probe are given by

4.10714 M4
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ms <2.5-10% TeV- (2.122)

1/4

ms <5.8-10% TeV- (2.123)

ms <3.9-10* TeV-

1/4
ms <1.8-10* TeV-

(2.125)

2.6.3 Distinction between the Seesaw

From the above results in Fig. 2.11, Fig. 2.12, and Eqs.(2.111), (2.119)-(2.121), we can now compare

the various ratios for the three kinds of Seesaw. The ratios R*~°"") and RZ —¢UD are the only

u—ey —e(AD
ones that can be used to distinguish between the three types of Seesaw. Moreover, it is also

possible to make the distinction between the type-1 and type-3 Seesaw via the ratios Rﬁ:eef;{) =

R}j‘:,e/Br(p — eee) and Rﬁ:gg = Br(u— ey)/Br(u— eee).

We show in Fig. 2.13, as a function of the mass scales of the heavy particles mpy,, ma+ and
my, the various ratios for the type-1 Seesaw (black), type-2 Seesaw if possible (blue) and type-3
Seesaw (green). We focus on the region my > myy, since it is the most predictive one. The solid
lines correspond to the degenerate case in each Seesaw. The bands have been obtained varying all
the unknown parameters in their allowed range. The regions that won’t be probed by the future
experiments are shown in red and are delimited by the dotted horizontal lines.

ﬁ:;(,m = 7.5. MEG will improve the

sensitivity on u — ey to Br(u — ey) ~ 4-107'4, so that the sensitivity on the ratio will increase

to Rﬁ:ﬁfym =~ 107.5. Then, thanks to the PRISM experiment, the sensitivity on the ratio should
progressively decrease by ~ 6 orders of magnitudes to reach Rﬁ: ;(,Tl)
there is actually no bounds on the u — e conversion process. As the Mu2e and COMET will get
u—e(Al)
p—ey 7
2.5-107%. The PRISM experiment, using Titanium, should therefore not be able to probe the type-3
Ry—»e(Ti)
u—ey

For Titanium, the present sensitivity on the ratio is R

~2.5-107°. For Aluminum,
in sensitivities, the sensitivity on the ratio will progressively decrease until reaching R

Seesaw through the ratio

From Fig. 2.11, we see that it is in principle possible to distinguish between the various Seesaw
mechanisms. Both measurements of R}, ;(,T’) and Ry~ ;(YA”

the possible degeneracy. As an example, let’s assume that experiments measure R

could be necessary in order to remove

—e(Ti
foeTi g g

this value corresponds two type-1 mass scales my, = 330 GeV and mpy, = 120 TeV, and a type-
2 mass scale around 6 TeV, but the type-3 is ruled out as the one generating mainly the CLFV
processes. To remove the degeneracy, the measurement of the Rﬁ:;(,m would be needed. This
latter value could confirm either the type-1 or type-2 Seesaw, or rule out both possibilities.
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Figure 2.13 — Various ratios (i) for the type-1 Seesaw as a function of the lightest right-handed
neutrino mass my;, (black), (ii) if possible for type-2 Seesaw as a function of the scalar triplet mass
ma+ (blue), and (iii) for type-3 Seesaw as a function of the scalar triplet mass my (green). The solid
lines correspond to the degenerate case in each Seesaw model. The bands have been obtained
varying the various parameters, allowing the non-degenerate case. The region above or below the
dotted red lines could not be probed by future experiments.
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2.7 Summary

In this chapter, we have analyzed the CLFV processes induced by the type-1 Seesaw models,
as u — ey, 4 — eee and u — e conversion. Concerning this latter process, since there were no
consensus on the expression of its rate, we have carefully computed it. We have found a new
expression valid for any kind of nucleus. Our result is given in full generality by Eq. (2.65) with the
form factors given in Egs. (2.62) and (B.120)-(B.129). In the light nuclei approximation, it is given
by Eq. (2.66) with the form factor given by Eq. (2.67). Although quite close to the one obtained in
the literature, the new expression gives rise to a different phenomenology, that we have studied.

In particular, firstly we have analyzed the phenomenology in the case where all the right-
handed neutrinos are degenerate. This case is well motivated by the Inverse Seesaw models,
based on an approximate lepton conservation symmetry, in which one can have small masses for
the light neutrinos, and at the same time observable CLFV rates. This is generally not the case
because in the standard Seesaw mechanism, CLFV process rates are expected to be proportional
to mf,/ mZZV, thus very suppressed. In this context, where there is only one mass scale m, we have
shown that the ratio of two CLFV rates involving a same flavor transition does depend on this
unique mass scale my. This result has very interesting consequences since, on the one hand, it
should allow us to get information on the energy scale of the Seesaw just from the knowledge of
two (or three) CLFV rates (a third one may be needed to remove a potential degeneracy). On the
other hand, the knowledge of only one rate and a bound on another one may be enough to rule
the type-1 Seesaw as the main mechanism that generates CLFV processes. Taking into account
that the processes 1 — ey and p — eee will not reach sensitivities better than other low-energy
experiments for my < 40 GeV and my < 50 GeV respectively (see Fig. 2.8), we show in Fig. 2.14 as
a summary the ratios Rﬁﬁel Br(u — ey) (solid) and le‘i,e/ Br(u — eee) (dashed) as a function of
the mass for various nuclei. Subsequently, we have analyzed the present and future constraints on
the mixing parameters for the low and large mass regimes, and compared them to the sensitivities
of other experiments. These will provide the best constraints for right-handed neutrino masses
above ~2 GeV (before SHiP) and ~5 GeV (after SHiP). We have shown that future experiments
could probe type-1 Seesaw masses as high as my ~ 103 TeV.

Secondly, we have analyzed the non-degenerate case with two right-handed neutrinos. We
have shown analytically that, requiring observable rates, the ratio of two rates now depends on
both neutrinos masses my, and my, = my;,. For my, 2 my, the results are very close to the ones
obtained before, since they are just shifted by few TeV with respect to the degenerate case. The
measurement of the ratios could in this case provide a narrow range of possible values of m,,
see Fig. 2.11. In the 3 right-handed neutrinos case, it seems not possible to make any compact
analytical analysis. We didn’t compute the various ratios numerically, but the situation is expected
to be very similar to the two right-handed case.

Finally, we have compared the ratios obtained in the type-1 Seesaw with the ones in the
other kind of Seesaw mechanisms, see Fig. 2.13. We have shown that the ratios have different
expressions in all three types of Seesaw. In particular, for m > myy, the type-2 Seesaw predicts a
ratio R;j‘i, o/ Br(u — ey) that increases monotonically, and a fixed ratio RE il RZ i,
to make similar prediction on the other ratios because the expression of u — eee depends on

It doesn’t allow

another combination of the mixing parameters. Concerning the type-3 Seesaw, only fixed ratios
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Figure 2.14 — Ratio of the u — e conversion rate over the u — ey (solid) and over the y — eee
(dashed) as a function of the degenerate mass my;, for Aluminum (green), Titanium (blue), Gold
(red) and Lead (gray) nuclei. Lines are dotted when they require, for y — ey and y — eece, a
sensitivity better than the one expected at planned experiments.

are predicted. As a consequence, it is in principle possible to distinguish between the various
types of Seesaw mechanism from the knowledge of two or, better, more rates. We have also shown
that future experiments could probe mass sensitivities as high as 10* TeV for both type-2 and
type-3 Seesaw.

Let’s note, as a final remark, that in practice things may be more complicated, since the u — e
conversion rates possess various uncertainties, in particular from nuclear physics which could
shift the various curve by ~1 TeV order. In this case, the uncertainties should be treated correctly
and would enlarge the bands in the various plots. Nevertheless, we don’t expect any drastic impact
the above conclusions, since the uncertainties could lead at most to order ~ 1 TeV shifts, as in the
non-degenerate case.
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Part 11

SEESAW MODELS AS THE ORIGIN OF
THE BARYON ASYMMETRY OF
THE UNIVERSE







8] The Baryon Asymmetry of the Uni-
verse and standard leptogenesis

Since the discovery of the positron in1932 by Carl D. Anderson, it is clear that either a particle has
an associated antiparticle as predicted by Paul Dirac few years before, or it is its own antiparticle.
For example, a charged particle as the electron and its associated anti-particle (the positron) have
exactly the same quantum numbers, except for their electric charge which are opposite. One
could think naively that a perfect symmetry exists between particles and antiparticles in Nature.
However, all what is made arounds us is made of matter, and not anti-matter. Protons, neutrons
and electrons are the elementary blocks that constitute all the usual matter on earth. Antimatter
can only be seen from creating it in accelerators or in the high atmosphere from cosmic rays
interactions. Even beyond the earth, observations actually lead to the same verdict : there is
no trace of any structure made of antimatter in the Universe. How is this possible ? Clearly, the
matter-antimatter symmetry is broken. To understand this point, let’s introduce very briefly the
history of our Universe as it is actually understood.

The Standard Model of cosmology is the Lambda Cold Dark Matter (ACD M) model where
Lambda denotes the dark energy. It is based on the theory of General Relativity using the
Friedmann-Lemaitre-Robertson-Walker metric. According to this model and using Planck ob-
servational data, our Universe seems to be constituted of approximately 4.9% of ordinary matter,
26.8% of Dark Matter (DM) and 68.3% of dark energy [40]. These two latter elements constitute
the dark sector whose associated origin and nature has not yet been determined, which means
that most of our Universe has still to be understood. The ACDM model is in excellent agreement
with various properties of the cosmos, especially :

¢ the measurement of the Hubble-Lemaitre expansion and the acceleration of the expansion
of the Universe through the dark energy,

¢ the Cosmic Microwave Background (CMB) power spectrum, thanks in particular to the
various density of ordinary matter and dark matter,

e the abundances of Hydrogen, Helium, and Lithium atoms, through the Big Bang Nucleosyn-
thesis.
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Figure 3.1 — Sketch of the evolution of our Universe since the Big Bang. ©Max Planck Institute for
Physics

The existence of a CMB means that our Universe started in a hot, dense state and has been
expanding over time. As we go back in time, our Universe was more and more hot and compact.
Around 14 billion years ago, the Universe is expected to have been so hot and compact that the
temperature could have reached a temperature close to the Planck temperature Tpjanck ~ 103 K,
or in terms of energy Epjanc ~ 10'° GeV. This was the Big Bang era.

A sketch of the evolution of our Universe is presented in Fig. 3.1 . At early times, between the
Big Bang era and the CMB decoupling which occurred about ~ 3-10° seconds after, the Universe
was constituted by a plasma of elementary particles. But what kind of elementary particles ? This
depends on the temperature. Basically, for temperature values above the mass my of some particle
X, the plasma will be populated by these particles X but also by the associated antiparticles X.
For example, for temperatures above ~500 keV, the kinetic energy of particles in the thermal
bath is large enough for electron and positron species to be created in pairs and to populate
the plasma. One could therefore naively expect that, at early times, our Universe was in good
approximation symmetric regarding the particle and antiparticle abundances. However, following
a totally symmetric cosmological evolution for both kind of particles, one can show that the
present matter density would have been much less than the observed one, by approximatively
~ 9 orders of magnitudes. This means that at some point in our Universe, either the matter-
antimatter symmetry must have been violated in order to account for the observed matter density,
or the antimatter is living apart somewhere in the Universe. However, such a separation of
population cannot be accounted by the ACDM model. Moreover, this would allow matter-
antimatter annihilations to SM particles at the boundary between the matter and antimatter
regions. In particular, high energy photons are expected to be created and since such annihilations
have never been observed, the matter-antimatter symmetry violation is favored.

By matter asymmetry, one generally means baryon asymmetry because it dominates, since
the baryons are much heavier than the leptons, and because it is known unlike the lepton asymme-
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try (due to the neutrino asymmetry whose amount is not known). This is the Baryon Asymmetry
of the Universe (BAU). The BAU is usually given as a ratio between the baryon number density np
over the entropy density s, which doesn’t vary due to the expansion and is constant in time. The
analytical expression of these two quantities can be found in Appendix C.1. The present value of
the baryon density, and therefore the baryon asymmetry, as measured by Planck is at 1 sigma level
given by [206]

ng—np
~ BB = (9.2+0.1)-10711 . (3.1)

today

Y;oday - ng
S

today S

The BAU is sometimes instead defined as the ratio np between the baryon density and the photon
number density n,, whose value is related to the previous one and is given by

_hp ng—ng
np=—| =
ny

=(6.5+0.1)-10710, (3.2)
today

today ny

In this chapter, we will present the main experimental methods used to determine the baryon
density of our Universe, and so the BAU. We discuss the ingredients needed in order to generate a
baryon asymmetry, i.e. the Sakharov conditions. The generation of the baryon asymmetry is called
baryogenesis. We discuss some of the various possible scenarios, in particular the leptogenesis one
which consists in generating a baryon asymmetry through the production of a lepton asymmetry.
This leptogenesis scenario is well motivated since it is naturally present in the different Seesaw
models that we introduced previously. In order to understand more deeply the way leptogenesis
proceeds, we focus on the type-1 Seesaw leptogenesis, firstly without distinguishing between the
lepton flavors, and secondly taking into account the effect of the lepton flavors.

3.1 Experimental determination of the baryon density

The baryon density as defined in Eq. (3.1) or (3.2) can also be expressed in terms of the density
parameters Qp. This quantity is generally the one furnished by experiments, and it is the one that
enters in the Friedmann equations. It is defined as the ratio between the present baryon energy
density pp over the critical energy density p,

2
3Hj

QBE—B, where p.=——

) 3.3
Pc 8nG 5-3)

with Hy = (67.74+0.46)km/s/Mpc the present value of Hubble rate H [206], and G the gravitational
constant. Let’s note that Hj is often given in terms of the reduced Hubble constant / according to
Hy =100- h-(km/s)/Mpc. The baryon density parameters Q is related to Y3 and np through

1y (To) 3 H?
e, 0y, (3.4)
S0 8nGmy so

B

where sy = $lioday is the present value of the entropy density and ny (To) = 7y ltoday is the present
value of the photon number density, whose analytical expression can be found in Appendix C.1.
In Eq. (3.4), we have used the fact that the energy and the number density are related through
PB = npmp = ngmy, with m,, the mass of the proton.
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Figure 3.2 — Left : The most precise plots of the angular power spectrum of the CMB, as given by
the Planck collaboration [206]. Right : effect of the variation of the baryon density on the CMB
power spectrum. This figure is taken from [207].

The most precise determination of Qp has been performed by the Planck collaboration,
which has provided, at 68% C.L., [206]

Qph?=0.02230+0.00014 . (3.5)

This is the value used to get Egs. (3.1) and (3.2) through Eq. (3.4). To get this value, the Planck
collaboration has combined data coming from the CMB spectrum and external sources as from
Lensing and from Baryon Acoustic Oscillation (BAO). Let’s now briefly discuss two of the several
ways of determining the baryon asymmetry of our Universe.

3.1.1 From the Cosmic Microwave Background (CMB)

A possible way to determine Qp experimentally is from the angular CMB power spectrum, which
basically gives us the amplitude of the temperature fluctuations of the CMB in function of the
angular frequency ¢. We show in left panel of Fig. 3.2 the power spectrum given by the Planck
collaboration [206]. We will not provided here all details, just mention that the shape of the curve
does in particular depend on Q. In a sake of illustration, we show the effect of the baryon density
variation on the CMB power spectrum in the right panel of Fig. 3.2, taken from Ref. [207].

3.1.2 From Big Bang Nucleosynthesis (BBN)

The Big Bang Nucleosynthesis describes how the various light element abundances have been
generated as the Universe was cooling down. By light elements we mean the Deuterium D, the
Helium 3 He and * He, and the Lithium ?Li. Without going into details, let's mention the main
steps of the scenario. For T = 1 MeV, the weak interactions are in equilibrium, and processes as
n+v, — p+e  maintain the p, n, e and v,, particles in thermal equilibrium (the notion of thermal
equilibrium is explained in Appendix C.1.5). If the protons and neutrons are non-relativistic,
which is the case for T < my, ,,, this process implies that their abundances are directly related
through n,/n, = e®™'T where 5m is the mass splitting §m = m,, — my ~ 1.3 MeV.At T ~ 0.7 MeV,
these weak interactions freeze out, so that the p and n abundance ratio is fixed to n,/n, = 6.
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For 0.1 MeV < T < 1 MeV, processes involving light nuclei are in thermal equilibrium. The
Deuterium appears through p + n — D + 7, the Tritium through D + D — T + n, p, the Helium
through D+ T — *He+ n,p and D + D — * He +y. The abundances of the various nuclei are thus
directly related, but these are not definitively fixed since the inverse processes as D+y — p+n still
occur (because they are faster than the Hubble rate) and dissociate the nuclei. Below T~ 0.1 MeV,
these inverse processes are no more possible and the various light nuclei abundances are fixed,
and related to each other. The sum of these light nuclei abundances is nothing but the total
baryonic abundance np present in our Universe, and their relative abundances depend in fact on
the ratio ng/n,, since the rates of the above nuclear reactions depend on the density of baryons.
Therefore, by measuring the light nuclei abundances fractions nx/ng with X = D, 3He,"Li, one
could determine the value of 5.

A summary plot of the species abundances in function of the baryonic fraction 19 = 10'%-np
of the Universe is given in the left panel of Fig. 3.3 [8]. The bands show the 95% C.L. range.
The yellow boxes represent the observed light abundance fractions at 95% C.L.. The largest
vertical band indicates the BBN concordance range without the lithium constraint, 5.7 <119 < 6.7
(95% C.L.), and the narrow band represent the more precise CMB measurement of the cosmic
baryon density, 6.4 <119 < 6.6 (95% C.L.).

The fraction of Deuterium D is the most precise one, because it could only have been
produced during BBN. It has been measured from the observation of the absorption spectra of
high redshift object as quasars, whose light has been partially absorbed by clouds of gas. The * He
is not a so good indicator of the baryon density because it depends on the expansion rate. Indeed,
since two neutrons are needed to produce one * He atom, the neutrons must not have decayed
before they have been captured. Finally, the 3 He and ” Li abundances are less precise since their
determination is more complex and model dependent.

Finally, let’s note that there are other ways to determine the baryon density of our Universe.
Even if they are less precise than the CMB method, let’s mention in particular methods based on :
type-1 Supernovae (the velocity of these candles depends on the matter density), gravitational
lensing (the matter density bends the light and acts as a lens), Baryon Acoustic Oscillation (BAO)
(acoustic waves were generated as the plasma constituted by photons and baryons was attracted
in dense regions, composed by ordinary and dark matter, and these sound waves have decoupled
after the epoch of recombination, what can be seen from large scale structure of matter using as-
tronomical surveys). The right panel of Fig. 3.3 shows a summary plot of the various experimental
data, taken from Ref. [208]. It gives the preferred values of Q5 and Q) densities from various kind
of experiments, where the quantity Q, denotes the dark energy density and Qs = Qp + Qpjs the
total matter density. To get baryon density g, one can subtract Qpys as provided by the CMB.

3.2 Needed ingredients for baryogenesis

If we start with a B-symmetric Universe at early times, i.e. ng = fig, then at T < 1 GeV a large
amount of nucleons N = (p,n) and anti-nucleons N = (p, 72) are formed from quarks. From
QCD interactions, one has therefore efficient N + N — SM annihilations, which are in thermal
equilibrium until T = 20 MeV. As a consequence, the final fraction density after the thermal
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Figure 3.3 — Left : light nuclei abundance fractions as a function of the baryonic fraction 19 =
10 .np, with ng = ng/ny. The plot has been taken from Ref. [8]. Right : summary plot of the
various experimental measurement of Q vs Q,, taken from Ref. [208].

decoupling of these annihilations at Tz, = 20 MeV is given by

Eq Eq Eq
n ny (Tr) 1y (Tio)
Y};oday _ _N - _N ° - _N ~ 10_20 < 10_10 . (3.6)
S ltoday S0 So

which is well below the observed value given in Eq. (3.1). One needs therefore an asymmetry
before T = 20 MeV, given the fact that it would be difficult to create one after due to kinematical
reasons.

A baryon asymmetry exists in our Universe, and it must have been generated at some epoch
earlier than the BBN era. The generation of the baryon asymmetry is called “baryogenesis”.
Baryogenesis requires three basic elements to work. These are the Sakharov conditions [209]
which say that, starting from a Universe composed by an equal amount of baryons and antibaryons
(AB =0) and assuming CPT invariance, the processes that generated the baryon asymmetry must

1. violate the baryon number B. This is obvious since we start with AB = 0 and finish with
AB # 0. There should thus exist a process a — b where a and b are initial and final states
carrying different baryon number, B, — B, # 0.

2. violate Charge (C) and the Charge-Parity (CP) symmetries. If it is not the case, the B-violating
processes a — b would occur at the same rate than a® — b° or a®”? — b°P, where the ¢ (°P)
superscript denotes the C (CP) conjugate states, so that even if the baryon number B is
violated in the process, it is in fact globally conserved.

3. have departed from thermal equilibrium. Otherwise, not only a — b processes do occur
but also b — a do occur, and once a baryon asymmetry is generated it would be directly
destroyed. The notion of thermal equilibrium is discussed in Appendix C.1.5.

84



3.3. Baryogenesis possibilities
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Figure 3.4 — Shape of the scalar potential as a function of the scalar field in case of a first order (left)
and a second oder (right) phase transition. The curves go from bottom to top as the temperature
increases.

These three ingredients must be fulfilled in order to generate the BAU. Interestingly, the SM
satisfies the three conditions. Indeed, (i) the baryon number B, even if conserved globally, is
violated at the quantum level by the sphalerons, which are non-perturbative processes (instantons)
that violate the B + L number. We will further discuss the sphalerons in section 3.3.3 below. (ii) C
and CP are violated by weak interactions. (iii) The departure from thermal equilibrium may be
assured by the ElectroWeak Phase Transition (EWPT) or by the expansion of the Universe.

However, as we will now see, the SM seems not to be able to produce enough BAU. This is
on the one hand because CP-violation in the SM seems not to be sufficient to produce enough
baryon asymmetry, and on the other hand because departure from thermal equilibrium requires
a first order electroweak phase transition (see Fig. 3.4) while in the SM it is actually a crossover
transition. These two failures are clear motivations for beyond the SM physics (BSM). We will next
discuss briefly some of the well known baryogenesis scenario of BSM physics.

3.3 Baryogenesis possibilities

3.3.1 Electroweak baryogenesis

We know that the scalar potential of the SM is such that the scalar field has a vev, given by
(p) = v/ V2, with v =246 GeV. However, at high temperature, one must include the quantum loop
corrections to the scalar potential. One can show that above some critical temperature Trw, the
minimum of the scalar potential is such that the scalar field ¢ has actually no vev, while below
Trw it gets a vacuum expectation value through the Brout-Englert-Higgs mechanism [210]. There
is therefore an ElectroWeak Phase Transition (EWPT) at some temperature Tgyy.

In the left panel of Fig. 3.5, we show the vev of the scalar field as a function of the temperature,
computed in the SM framework. From this figure, one sees that the critical temperature is
approximately given by Tpw = 165 GeV, and one has therefore :

T>165GeV — (¢p)=0 (3.7)

T«<165GeV — (¢)= . (3.8)

Sil <
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Figure 3.5 — Left : SM evolution of the vev of the scalar field, expressed as v2/T?, as a function
of the temperature T using different methods. Right : SM evolution of the EW sphalerons rate
T'rw =I'/ T* as a function of the temperature, using different methods. Both plots are taken from
Ref. [210].

One can show that if the phase transition is a first order transition, that is the vev of the scalar
field jumps from v=0to v# 0 at some precise temperature (see the left panel of Fig. 3.4), it is
in principle possible to generate a baryon asymmetry. ! However, as already mentioned, the EW
transition in the SM is not first order, in which case the vev changes smoothly from v =0 to the
v =246 GeV as the temperature decreases (see the right panel of Fig. 3.4). In order to get a first
order transition, one need to act on the EWPT, for example by adding new scalar particles as in the
Two Scalar Doublet model (2HDM) or Supersymmetry.

3.3.2 GUT Baryogenesis

Grand Unified Theories, see section 1.6, on top of all the other advantages, also provide all the
ingredients needed for baryogenesis. Indeed, they usually contain new heavy particles X, with new
interactions that breaks B, C and CP, as in SO(10) and L-R GUT theories. One expects generally
(in particular from proton decay bounds) that the heavy particle masses should lie around the
GUT scale, so that the out-of-equilibrium decays of these particle fulfill all the Sakharov conditions
and can account for all the observed baryon asymmetry.

3.3.3 Sphalerons and baryogenesis through leptogenesis

The gauge symmetries and the particle content of the SM Lagrangian imply that the baryon
number B and the three flavor numbers L, are conserved at tree-level in the SM. From the

lndeed, for a first order phase transition, most likely regions of non-zero vev nucleate bubbles at different space-
time coordinates. When growing in the empty space with v = 0, bubbles with v # 0 filled progressively the whole
Universe. During the conquest of the empty space, bubbles should have collided and it is these collisions that could be
at the origin of the BAU. This is obviously not a thermal equilibrium process. For more details concerning this scenario,
see for example Ref. [211, 212].

86



3.3. Baryogenesis possibilities

conservation of the three lepton flavor numbers L, the total lepton number L is (accidentally)
conserved at tree-level as well. However, baryon and lepton numbers are anomalous : B and
L numbers are in fact broken at the quantum level. Indeed, the SM contains non-perturbative
processes called sphalerons [213] that break the B + L number while conserving separately the
B/3 - L, numbers and so the total B — L one.

Sphalerons are complex processes, and our goal here is not to enter in the details of the way
they are induced. For now, let’s just say that they violate B + L number but conserve B/3 — L, (and
B-L), and that they are active for temperature within the range T € [132,10'?] GeV. The lower value
can be seen from the right panel of Fig. 3.5, taken from Ref. [210]. The higher value is obtained
from Eq. D.44 in Appendix C.2 [214]. Therefore, since they break B + L but conserve B — L, if
some BSM physics has generated a lepton asymmetry AL above 132 GeV, a baryon asymmetry AB
should have been generated too. As an example, let’s suppose that a lepton asymmetry ALipi = Linj
is generated above 132 GeV by some BSM physics. A naive computation allows us to determine
the baryon asymmetry transferred by sphalerons :

(B+ L)fin =0 —  Lfin = —Bfin (3.9)
Lini
5

(B=L)fin—(B—=L)ini =0 —  Bfin = Lfin — Lini = — (3.10)
In the first equation, we assumed that the EW sphalerons violates B + L by typically bringing
it to zero, and in the second equation we used the fact that sphalerons conserve B — L so that
A(B - L) = 0. The naive result Bg, = —Lini/2, even if not rigorous, does still provide the good order
of magnitude, and we see that, starting from a zero initial baryon asymmetry Bin; = 0, we actually
end up with Bgy, # 0. The correct relation between the B — L, L and B asymmetries is computed in
Appendix C.5. Taking into account the various spectator processes, it is given by [215]

28 28

AYB =%AYB_L=—5—1AYL for TZ TEw, (3.11)
12 12

AYB =§AYB_L = —gAYL for Tsphal S T 5 TEW y (3.12)

where Tgpha = 132 GeV is the temperature below which sphalerons are not active anymore. The
above ratios are close to the naive result obtained in Eq. (3.10). For T < Typpa, sphalerons freeze
out and if no baryon number violating process occurs the baryon asymmetry remains unchanged
and given by Eq. (3.12). It is therefore the Eq. (3.12) that must be used in order to relate the present

today
YB

baryon asymmetry A with the B — L asymmetry produced above Typpar.

This scenario, of generating a baryon asymmetry starting from a lepton asymmetry, is called
baryogenesis through leptogenesis, or just leptogenesis. Along this mechanism, the three Sakharov
conditions become :

1. the lepton number L must be violated,
2. C and CP must be violated,

3. the process must depart from thermal equilibrium.
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Leptogenesis is very appealing since all the above conditions are actually fulfilled in the now
well-known Seesaw mechanisms, which contains new heavy particles whose out-of-equilibrium
decays may violate L, C and CP. Thus, on top of generating small neutrino masses, Seesaw
models could also provide an explanation for the baryon asymmetry of the Universe. This idea
of leptogenesis has originally been carried in Ref. [216], where they considered leptogenesis in
the framework of type-1 Seesaw models. We will now introduce in the next section the basics of
leptogenesis in the type-1 Seesaw context. Leptogenesis in the framework of the type-2 Seesaw
will be discussed in detail in chapter 4.

Definition of the total lepton and baryon asymmetries. InEq. (3.11) and (3.12), the total lepton
asymmetry is defined as AY; = Y7 — Y;, where the total lepton abundance Y7 = ny/sis equal to
the sum of the lepton flavor densities Y7, = Y,_+ Y, (without Dirac right-handed neutrino) :

Ny Ny
AY =) AY; =) (AY,, +AYe,), (3.13)
a a
with N¢ =3 is the number of flavor families. In the same way, taking as usual 1/3 for the baryon
number of the quarks, the total baryonic asymmetry AYp = Yp — Y; is defined by

Ny
AYB:%Z(AYQQ+AY%+AY%), (3.14)

a

The quantities conserved by sphalerons are the B/3 — L, and so the B — L ones, which are thus
defined as

Ny

1
AYpjs_p, = gz(AYQﬁ +AYy, +AYdﬁ) —(AY,, +AY,), (3.15)
p
N¢ 1
AYp=) g(AYQa+AYua+AYda)—(AYga+AYea) : (3.16)
a

3.4 Basics of Leptogenesis : the unflavored type-1 Seesaw case

We now introduce pedagogically the type-1 Seesaw leptogenesis mechanism because we will need
it for the type-2 Seesaw leptogenesis in the next chapter. For a question of clarity, we first study the
unflavored leptogenesis, i.e. we neglect the effects of the lepton flavors and the spectator processes.
The flavor issue is addressed in the next section. The reader familiar with these concepts can
directly go to chapter 4.

3.4.1 Lagrangian and interactions

The type-1 Seesaw mechanism contains right-handed neutrinos N; that are expected to be heavy
in order to generate small neutrino masses, see section 1.3. By heavy, here we mean typically
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my;, > 1 TeV. The right-handed neutrino interactions read, see Eq. (1.22),
. 1
gtype—l e _NRi ('[)T YN,-UC €La - ENR[ my; N}%l +H.c.. 3.17)

As usual, we choose a right-handed neutrino basis such that the Majorana mass matrix is diagonal
and real. We remind that lepton number is violated in the type-1 Seesaw Lagrangian because of the
presence of both Yukawa and Majorana terms. From the above Lagrangian, we see that the right-
handed neutrinos interact with the other SM particles through the Yukawa interactions. For a mass
typically above the electroweak scale, they can decay in a lepton ¢, and a scalar boson ¢ through
the Yukawa interactions N; — €,¢. 2 As seen in section 1.3.2, because the Yukawa couplings Yy, «
are complex matrices, these decays, on top of being L-violating, contain also in general a C and
CP violating part. The first two Sakharov conditions are therefore satisfied from the start in the
type-1 Seesaw Lagrangian. The third one is also satisfied as soon as the right-handed neutrino
decays out-of-equilibrium. In particular, all along these next sections, we assume that the lepton
asymmetry is generated by the out-of-equilibrium decay of the right-handed neutrino N;, which
is much lighter than the other right-handed neutrinos Tspha < my, < my;,, .

3.4.2 Unflavored statement and general scenario

In order to understand the main ideas behind leptogenesis, we will in this section consider the
simple but representative scenario of the “unflavored leptogenesis”. In this latter :

¢ the effects of the lepton flavors are neglected, i.e. the right-handed neutrino Ny is assumed
to decay into only one lepton ¢ (carrying lepton number L(¢) = 1) which encompasses all the
lepton flavors,

e the effects of the spectator processes are also neglected, i.e. the SM reactions in the thermal
bath as the quark Yukawa interactions don’t play any role during the leptogenesis era.

We will now illustrate the main steps in the generation of the B — L asymmetry from the N; decays
by considering a simple example where the ) are initially in thermal equilibrium with the thermal
bath. Chronologically, one has typically the following steps as the temperature cools down.

1. At T > my,, right-handed neutrinos N; are in thermal equilibrium. Their number is
therefore known and given by the thermal distribution.

2. At T ~ mpy,, the Ny’s will progressively disappear from the thermal bath. If the decay/inverse
decays are in thermal equilibrium N; < £¢ (i.e. they are faster than the Hubble rate), the
Ny’s disappear by following a Boltzmann suppressed thermal equilibrium distribution. If
the inverse decay reaction is not in thermal equilibrium, they disappear simply by decaying
N; — ¢¢. In both cases, since the decays violate L, C and CP, a total B — L asymmetry
AYp_ is progressively generated. As long as processes like the inverse decays ¢ — N; are

2From now on, £ and eq designate the left-handed doublet ¢ and the right-handed singlet eg, respectively.
In the quark sector, we also designate Qq, uy and dy as the left-handed quark doublet, right-handed up-type quark
singlet, and right-handed down-type quark singlet.
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in thermal equilibrium, until some decoupling temperature Tge, the production of a final
B — L asymmetry may be slowed down.

3. At T ~ Tgec, the inverse processes £¢p — N effectively stop. From this moment, all the N;’s
left decay out-of-equilibrium and produce a net B — L asymmetry.

4. At Tophal S T < Tge, all the right-handed neutrinos have decayed, and the present baryon
asymmetry is related to the final B — L asymmetry through

AYl;oday _ Y];Oday = Csphal * ‘AYB?E%‘ , (3.18)

where Cgphal = 12/37 is the conversion factor due to sphalerons, given in Eq. (3.12) and
determined explicitly in Appendix C.5.

This is the basic general picture, which gives an idea of how things work. From the above scenario,
it is clear that the decays/inverse decays play a crucial role in leptogenesis. We now give the
analytical expression of the tree-level decay rate and then the analytical expression of the CP-
asymmetry in the unflavored leptogenesis.

3.4.3 Tree-level decay rate

From the Lagrangian in Eq. (1.22), it is straightforward to compute the tree-level partial decay rate
in lepton (antilepton) :

_ PO t
T(N, — £¢p) = T(N; — b )—E(YNYN) my, (3.19)

11

which is nothing but the sum over « of the flavored decay rates. The total tree-level decay rate is
then given by the sum of the two partial decay rates :

_ 0. h¥Y 1 T
Ty, = (N, — 0) +T(N; — fp*) = a(YNYN)H my, . (3.20)

To know how fast are these decays, this rate has to be compared to the Hubble rate H. It is
convenient to express the ratio I'y, /H at T = my;, as

I'n my
K = —1 = , 3.21
MTHEz=1) m* 8:21)
where 1; is the effective neutrino mass
B V2 v o1 +
My =4n—5-Ty, = — (YN YN) , (3.22)
le le 11

which depends on the high energy parameters Yy, and where m* is the “equilibrium neutrino
mass”,

" 207 v
m E4n—2H(z:1): VEx+

. ~1.08-10"3 eV, (3.23)
le 3 Mplanck
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Figure 3.6 — Feynman diagrams needed in order to compute the CP-asymmetry ei]"l.

which is a fixed quantity remarkably quite close to the expected neutrino mass value. It is worth to
note that the quantity 72; looks very similar to the neutrino mass expression in Eq. (1.26). From
the Cauchy-Schwartz inequality | YI\Y; Yyl < |Ynl?, one can actually have an idea on the lower bound
on my :

My = m™n, (3.24)

with mrvnin the smallest neutrino mass, whose value has still to be determined experimentally.
This gives the lower bound Ky, > m™®/(1073 eV). Since the second Sakharov condition is clearly

not fulfilled by the tree-level expression in Eq. (3.19), we now compute the CP-asymmetry in N;
decays.

3.4.4 Evaluation of the CP-asymmetry

In the unflavored regime, the CP-asymmetry of the decay N; — ¢¢ is simply given by the sum of
the flavored CP-asymmetries :

_ (N1 = £9) T (N1 — (¢”)

€N, = FN
1

_ F(Nl_’éa(p)_r(Nl_’lZa(P*)
_; I'n

1

=Y ew. (325
a

Obviously, using the tree-level decay rate in Eq. (3.19) gives e, = 0, and one needs to go at the
loop level. In the type-1 Seesaw, the Feynman diagrams that are involved in the CP-asymmetry
are given in Fig. 3.6. There are two kinds of loop diagrams : a “vertex” (second diagram) and
a “self-energy” (third and fourth diagram). The self-energy part receives two contributions :
a lepton number violating part (third diagram) and a lepton number conserving part (fourth
diagram). Assuming |mp, — mpy;| > [I'n, —I'n;l, @ straightforward computation leads to the
expression [217, 218]

loy _ 1 1 * T
€N = g T L 9m YNlaYNja(YNYN)Ij gx))
YNYN " J#1
1 1 1
- X * il
YNYN 1 J#1 ]
where x; = mjzvj/ m3, and where the function g(x) is given by
1 1+x 3
gx) =vx E+1—(1+x)1n( p, ) = 2/ (3.27)
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and contains the contributions from the second and third diagrams of Fig. 3.6. The contribution
from the lepton number conserving one is contained in the second line of Eq. (3.26). This latter
vanishes when summing over the flavor indices, so that the unflavored CP-asymmetry is given by

1 1 2
s Bl

€N, g(xj) . (3.28)

In the limit where m N; > my, and using the type-1 neutrino mass expression in Eq. (1.26), ey,

} . (3.29)

where my " is the contribution of the right-handed neutrino N; to the light neutrino mass matrix

can also be recast in the form

3
3 my
EN, = ——— SmA< Tr
N 327IV4FN]~;J{

() (")

j#

° Upper bound on the CP-asymmetry and lower bound on the heavy neutrino mass

From the expression in Eq. (3.29), one can evaluate an upper bound on the CP-asymmetry, as
Davidson and Ibarra shown [219] :

3 my Am?
len | S 8——2{1 —a, (3.30)
TV my,

2
atm

bound is very interesting because it allows us to determine a lower bound on the mass scale my;, .

where m,, is the largest neutrino mass, and mz,, = IAmgll is the atmospheric mass splitting. This
Indeed, using Eq. (3.18), we will show below that the present baryon asymmetry can be expressed
as

12
AYEM] = = ey, Yyl (T3 miy) (3.31)

today
AY, =C,
B sphal 37

where YIE?(T) is the equilibrium abundance of Nj, and 1y, is the so-called efficiency that reflects
the out-of-equilibrium character of the N; decays. Basically, if all the right-handed neutrino
decays N; — ¢¢ occur out-of-equilibrium, one has n, = 1. Otherwise, and that is generally
the case, 0 < nn, < 1. The efficiency is the quantity that must be determined by solving to the

today
YB

Boltzmann equations, see below. Since the quantities A and YIE?(T > myp;,) are fixed, one

can express the CP-asymmetry in term of the efficiency :

Ytoday
€N, = B (3.32)
1 Eq
12/37-np, Yy, (T > mp,)

In the best situation, the efficiency is maximal 7, = 1, so that in order to get the observed value of
the BAU in Eq. (3.1), the CP-asymmetry must be bigger than

Ytoday
en, = z ~57-1078. (3.33)
12/37- Y\ (T > my,)
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This translates, using Eq. (3.30) and the atmospheric mass splitting value given in Table 1.1 of
section 1.1, into a lower bound for the mass my;, given by : 3

mpy, = 5.9-10° GeV . (3.34)

This means that, in the unflavored limit, the right-handed neutrino scale should lie far beyond
the EW scale if we want it to explain both leptogenesis and neutrino masses. Unfortunately, this
scale is hardly testable by future experiments. However, this bounds can be lowered, for example
by including the different lepton flavors or changing the right-handed neutrino mass spectrum,
as in the resonant leptogenesis scenario. In this latter case, as can be seen from the self-energy
diagram contribution in Eq. (3.26), the CP-asymmetry can be largely enhanced and the bound in
Eq. (3.30) doesn’'t hold anymore [217, 220, 221, 222, 139].

° Comment on the upper bound on the heavy neutrino mass

Let’s note that one generally assumes that, in order to be produced by the thermal bath, the right-
< Treheat- Indeed, in order

~

handed neutrinos must be lighter than the reheating temperature my,
to explain the Universe homogeneity, it is generally assumed that there were a period of inflation at
the early stage of our Universe, such that the Universe expanded by a factor bigger than ~ €°°. This
inflation can be explained by the “slow-roll” slope of a scalar field in some particularly flat potential.
At the end of inflation, when the field reaches the minimum of the potential, we expect that this
field begins to oscillate and to decay in SM particles, which populate and reheat the Universe —
this is what is called the reheating period. The reheating temperature is actually unknown, but
following most inflationary models it may lie in the range 10 TeV < Tiepear < 1016 GeV [223, 224].
<1016 GeV in order that the thermal bath (or the dilation

~

As a consequence, one should have my;,
field) could populate and maybe thermalize the right-handed neutrinos.

3.4.5 Boltzmann equations

Now that we have the analytical expression of the CP-asymmetry in Eq. (3.28) which differs in
general from zero, we can write down the Boltzmann equations that will allow us to determine the
value of the efficiency 7y, . These equations describe the time evolution of the various densities
by counting the number of particles which are destroyed/created. In fact, it is the solution of the
Boltzmann equations that gives the final form of the B — L asymmetry as introduced in Eq. (3.31).

The formalism of the Boltzmann equations is explained in Appendix C.4. We will closely
follow the notation of Ref. [225]. Here, we will just write the final expressions. For the sake of
illustration, we will only consider the contributions of the dominant interactions, as the decays
Nj — ¢¢, inverse decays ¢¢ — Nj, and the on-shell contribution of the AL = 2 scatterings £¢p — ¢¢p
which must be included in order to have a correct thermodynamical behavior. A more complete
approach consists in including also other processes as the off-shell contribution of the AL = 2
scatterings or the AL = 1 scatterings ¢ N; < tb. These can be important in some cases as discussed
in section 3.7 below, but this is not necessary in this introductory section.

3This lower bound stands in the case where the initial right-handed abundance is the equilibrium one. In case of a
vanishing initial abundance, the lower bound becomes mp, 2 109 GeV, see below.

~
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Neglecting the spectator processes, 4 the Boltzmann equations that describe the evolution of
the N7 comoving number density Yy, = ny, /s (also just called “density” or “abundance” in this
thesis) and the evolution of the B — L asymmetry AYp_; as defined in Eq. (3.16), 5 read

: Yy
Yy =—|—g 1|7 (3.35)
YN1
. N, 1AYp-p
AYp_p=- E; -1 €N]YD_E—EqYDy (3.36)
N Y,

where Y = sHzdY /dz can be interpreted as a time derivative, s(z) is the entropy density, and
z=my,/T. The decay/inverse decay reaction rate yp, which is nothing but the number of decays
which occurs per unit time and unit volume, is given by

Eq K1(2) [n = K (2)

= — = Ky H(z=1). 3.37
YD anKz(z) N anKg(z) N H(z=1) (3.37)

The functions K (z) and K»(z) are Bessel functions of the first and second kind — these must not
be mixed up with the decay parameter Ky, as defined in Eq. (3.21). In what follows, we take the
Hubble rate and the entropy density to be

2 [n3g. T?
H(z)=— S
3 5  Mplanck

4 3
» S(Z) = Pg* T » (3.38)

where g. = 106.75 is the total number of relativistic degrees of freedom contributing to the energy
density of the Universe, and mpjanck = 1.22 - 10'9 GeV is the Planck mass. We also make the

approximation of taking Maxwell-Boltzmann equilibrium distributions : ¢
B N Ka(2) B My 2
(B =8n 5 s o My D=8 5 = (3.39)

where we used K>(z < 1) = 2/z? for the relativistic lepton species ¢. In this thesis, the number
of degrees of freedom of the species X is taken to be gx = 1,2, 3 for Dirac singlets, doublets (so
8¢ = 2) and triplets respectively, while g = 2 for the Majorana fermions singlets IV;, and g, = 2 for
the two polarization states.

4As shown in Appendix C.5.2 the inclusion of spectator processes, even in the case of unflavored leptogenesis, can
lead to a different numerical factor in front of the term proportional to AYg_; in the r.h.s. of Eq. 3.36. For example, for
Tz 1015 GeV; the factor 1/2 should be replaced by 1, and for T € [10'2,10'%] GeV, it should be replaced by 5/3. The
inclusion of spectator processes thus in general increases the washout of the asymmetry. The effect of the spectator
processes will be discussed in section 3.6.

5Since the sphalerons violate the lepton number L, it is rigorously not correct to write a Boltzmann equation for L
without taking into account the effects of complex sphalerons reactions. Dealing with B — L instead, which is conserved
by sphalerons, allows us to not include these complex reactions in the Boltzmann equations. Let’s note that we already
took into account the effect of the chemical potential equilibrium conditions in Eq. (3.36), that relate the L and B— L
asymmetry — see the so-called Cy matrix elements in Appendix C.5.

6Rigorously, one should take the Fermi-Dirac distribution for the fermions, and the Bose-Einstein distribution for
the bosons. However, in this case, the Boltzmann equations would be more complexes and one would only gain few
percent in precision. In contrast, the fact of using classical Boltzmann equations instead of quantum ones gives the
same answer up to ~ 10 percent deviations.
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Let’s now analyze the physics behind the above Boltzmann equations. The r.h.s. of the
equation for Yy, contains two parts, proportional to the reaction rate yp. The first term in the
bracket represents the total decays of N, given by the sum of Nj — ¢¢ and N; — £¢*, and is
therefore negative while the second term represents the total inverse decays to Ny, i.e. ¢p — N;
and ¢¢* — Nj, and is then positive. As the N1’s decay/inverse decay, some lepton asymmetry
(and then an opposite B — L asymmetry) is produced/erased. This is represented by the first term
of the r.h.s. of the equation for AYp_;, which has therefore exactly the same form of as the r.h.s. of
Eq. (3.35), but weighted by the CP-asymmetry €, . Finally, the equation for AYp_; also contains a
term proportional to AYp_j, which reflects the fact that if there is more ¢ than ? for example, there
will be more inverse decay £¢p — Nj than £¢p* — Ny, having consequently the effect of diminishing
the asymmetry. * This is the “washout term”.

The Boltzmann equation for the B — L asymmetry contains therefore two distinct kind of
terms : the “source term” that is responsible of an increase of the absolute B — L asymmetry
(the term proportional to eyy,), and the “washout term” that tends to prevent the enhancement
of the lepton asymmetry. Starting with an equilibrium number density for NVj, the final B—-L
asymmetry produced will be maximal if the washout terms are minimal. 8 Note that if the initial Ny
abundance is zero, the washout term is crucial for a B — L asymmetry to develop. These washouts
play therefore a crucial role in the leptogenesis scenario. But how fast are they ?

To answer this question, one needs to compare the reaction rates with the Hubble rate.
Looking at the Boltzmann equations, the relative rapidity of the total decay of N; — ¢¢ can be
evaluated by the quantity yp/(H ”?v?)’ with y D/nf(,? being the number of decays a single Nj has per
unit time, while the relative rapidity of the inverse decay ¢¢p — N; can be evaluated by yp/(H nEq),
with yp/ n?q being the number of inverse decays a single ¢ (or a single ¢) has per unit time. These
reactions densities play a crucial role in the understanding of the evolution of the B— L asymmetry,
because they allow us to know if a reaction effectively occurs or not.

For example, we show in Fig. 3.7 the reaction densities as a function of z = my, /T for the
decays (left) and inverse decays (right), fixing the decay parameter to Ky, = 50 (solid), Ky, =1
(dashed), and Ky, = 1/50 (dashed). From the left panel, we see that N; starts to decay typically
around T ~ mp,. From the right panel, more interestingly we see that the /¢ — N; inverse decay
rate is always slower than the Hubble rate for Ky, < 1 (in which case we say that the reaction never
reaches thermal equilibrium). This means that for Ky, = 1/50 for example, the inverse decays
¢¢ — N basically not occur, and one can safely neglect the corresponding washout term in the

Boltzmann equation for B — L (at least if one starts with a thermal N; density).

We show in Fig. 3.8 the evolution of the Yy, (left) and AYp_; abundances (right), for the same
choice of Ky, . These curves have been obtained by solving numerically the Boltzmann equations,
fixing e, = 1 and taking at zo < 1 the initial conditions Yy, (z9) = Y];E,?(z()) and AYg_1(zp) =0. Let’s
have a quick look at the evolution of the B — L asymmetry.

7Let’s note that the factor 1/2 in front of the third term of Eq. (3.36) comes from the fact that the decay rate I' (N — £¢)
is half of the total rate 'y .

8Note that by washout we here mean the term proportional to AYz_; in Eq. (3.36). and not the total inverse decays
to Ny.
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Figure 3.7 — Thermalization rates yp/(H n?vcll) (left) and yp/(H n?q) (right) for different values of
Kp,. These represent how fast are the decay and inverse decay rate with respect to the Hubble
rate.

First, for z < 1, we see that the B — L asymmetry increases progressively as the N;’s decay.

For K, =50, it reaches a maximum around z ~ 1 before decreasing until z ~ 10. Looking at the
right panel of Fig. 3.7, this value corresponds to the moment at which the inverse decay /¢ — N;
washout leaves thermal equilibrium. For z 2 10, the fraction yp/(H n?q) is always smaller than 1
and the B — L asymmetry remains constant. For Ky, = 1/50, we see on the contrary that the B— L

asymmetry never decreases. This is because the inverse decays never reaches thermal equilibrium

as can be seen on the right panel of Fig. 3.7. The case where Ky, =1 lies at the boundary between
the two above situations.

From the left panel of Fig. 3.8, we also see that the more the N;’s decay out-of-equilibrium
(the more Yy, deviates from Ylslq), the more B— L asymmetry will be produced. This clearly reflects
the third Sakharov condition : the process that generates the lepton asymmetry must leave thermal
equilibrium in order to have a non-zero lepton asymmetry at the end of leptogenesis.

1073 M X Y 1073+
107 L =107
S Vo S
107°F =

i 107¢
R Ky, =1/50 i‘;
10” I L L * 10—7 1
107 107" 1 10 10 107 107"
szNI/T

10?

Figure 3.8 — Evolution of the NV; density (left) and the B— L asymmetry (right), for different values of

the Ky, parameter. The right panel also shows the equilibrium density Y]f}lq in white dotted-dashed,
which is in fact quasi superposed to the Ky, = 50 curve.
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3.4.6 Analytical solutions to the Boltzmann equations

It is in general difficult to get a simple expression for the final B — L asymmetry by solving the
system of Boltzmann equations analytically. Indeed, integrating Eq. (3.35) and (3.36) from zj to z
using the integrating factor technique, the exact solution reads

dY " "
AYp-1(2) = AYp_1(z9) e M E) f dZen, djfl e JadZ MG (3.40)

where AYp_1(zp) is the initial asymmetry, and where we defined

Yp(2)
ZYZEq s(z)H(z2)z

Wi(z) = (3.41)

Starting with zero initial asymmetry AYp_1(z9) = 0 at zp < 1, the final asymmetry at the end of
leptogenesis is given by

|avgnd

= ‘AYB—L(Z - OO)| =€eN, NN, Y]\E,?(Zo) , (3.42)

where we recover the efficiency ny, which is now defined as

1 o0
N =g | 47

avn,(20) = azrw 2
Eq T ¢ '
YN] (20) 720

(3.43)

This justifies the form introduced in Eq. (3.31). Note that in the case of thermal initial abundance
YN, (z0) = YII\E]?(Z()), in the best case there is no washout, W) (z) — 0, and the efficiency is maximal
nn, = 1, since Yy, (co) — 0. The larger the washout, the closer to zero is the efficiency.

In some peculiar situations, the integral in Eq. (3.43) can be solved analytically at the cost
of some approximations. For example, if one can neglect some terms compared to others in
the Boltzmann equations, one can eventually derive a simple analytical expression for the final
B — L asymmetry that is physically understandable. As an illustration, we consider the analytical
solutions in the weak and the strong washout regimes, corresponding to Ky, < 1 and Ky, > 1
respectively.

Weak washout regime (Ky, < 1). Depending on the initial condition for Yy,, we can have
different analytical results. Firstly, let’s take the initial density to be the thermal one Yy, (z < 1) =
Yf,?(z <« 1). In this case, as we illustrated in the example above for Ky, = 1/50, the washouts from
¢¢ — N, basically never occur since the inverse decay are much slower than the Hubble rate. The
term proportional to AYp_; in Eq. (3.36) can thus be neglected with respects to the source term.
Injecting Eq. (3.35) in Eq. (3.36), one has simply

AYB_L =E€N, YNl ) (3.44)
and integrating from z = z to z, the B — L asymmetry at z is given by
AYp-1(2) = AYg_1(20) + €N, [ YN, (2) — Y, (20)] - (3.45)
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For z — oo, Yy, (2) is Boltzmann suppressed Yy, (z — 00) <« 1, so that taking AYg_1(zp) = 0 and
Y, (z0) = Yll\g,?(zo) as initial conditions, we have finally

d
|avgns

= [AYp 10z~ 00)| =en, Vi (20 - (3.46)

We see that this expression is nothing but Eq. (3.31) or (3.42) with a maximal efficiency ny, =1, as
it should be since there are no washout effects in this case. For Ky, = 1/50, this analytical result is
in very good agreement (at the ~0.2% level) with the numerical solution, see Fig. 3.8.

Secondly, by taking Yy, (z9) = 0 as an initial condition in Eq. (3.45), one would have obtained
AYp_1(z> 1) =0, which is in fact not in agreement with the numerical solution. Starting with
Yn, (z9) = 0, one cannot neglect the washout effects because it is actually thanks to them that a
non-zero B — L asymmetry can develop. In this case, we can show that it is also possible to get an
approximate analytical result given by [226]

|avgng

27
= ToEn KR, Yal(zo) - (3.47)

This is again nothing but the form given in Eq. (3.31) or (3.42) with an efficiency ny, =27/ 16K]2Vl.

Strong washout regime (K, > 1). Here, in good approximation the initial N; doesn’t matter
since even if one starts with Yy, (zg) = 0 the inverse decays are so fast that the abundance Yy,
has the time to reach the equilibrium density before the right-handed neutrinos start to decay at
z ~ 1. In this case, as in the K}, = 50 example above, the washouts are very fast until some z = zgec
value at which the inverse decays become slower than the Hubble rate. For z < z4e, the y D/nl;q
inverse decay rate is in thermal equilibrium and occur so fast that one has a balance between the
production and the destruction rate of B — L asymmetry. This means that, for z < zge. and in the
limit where I'p > H, the washout term maintains the r.h.s. of Eq. (3.36) to zero and one has

Y,
AYp_1(2) =2-ey, YFI 2

14 (3.48)

YD
The above relation holds until the inverse decays decouple at z = zge. > 1, time at which the B— L
asymmetry freezes. Using Yy, (2) = Yf,?(z) and d YII\E,?/ dz=— Yﬁ?(z) for z> 1, the asymmetry at
Z = Zdec Can be expressed as

Eq Hznf‘\;l1
AYp_1 (Zdec) =—2-€n Y, —

1 kg
¢ '}/D ~-2- €N1 —K Y[ (Zdec) ) (3~49)

Zdec>1

and the final B — L asymmetry is therefore given by

end ~
|AYB—L =EN,

= [AY51 (Zgeo) (20 (3.50)

ZdecKN1

where we used the fact that Y; 9 is a constant whose values is equal to Y]f]?(z <« 1). This expression
corresponds to the form given in Eq. (3.31) or (3.42) with an efficiency nn, = 2/(zgecKn,). For
Kn, =50, one has zg4ec = 11 and this analytical result gives the correct answer at the level of ~ 20%.
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3.4.7 Some results of successful leptogenesis

Efficiency. From Egs. (3.22), (3.37), (3.41) and (3.43), we see that the efficiency depends in a
first approximation on only one unknown parameter, that we choose to be 7;, and on the
initial condition YIE?(Z()). We show in the left panel of Fig. 3.9 the efficiency nj, as a function of
m for initial conditions between Yy, (z9) = 0 (dashed) and Yy, (z9) = Y,]\a;?(zo) (solid). This plot
is taken from Ref. [227] and also includes thermal corrections (RGE corrections), AL = 1 and
AL =2 scatterings (see section 3.7) and finite temperature effects (possibility of absorption and
re-emission of the loop particles by the plasma). ¥

We see that in the strong washout regime, i.e. for /i; > m* with m* = 1.08-1072 eV (or
equivalently Ky, 2 1), the efficiency doesn’t depend on the initial condition, and decreases
linearly with m; o< Kp,, as expected from Eq. (3.50). On the contrary, in the weak washout regime,
i.e. for m; < m* (or equivalently Ky, < 1), the efficiency depends on the initial condition. For
zero initial abundance Yy, (z9) = 0, the efficiency increases linearly with 7,, while for thermal
initial abundance, the efficiency is quasi maximal n, = 1, as expected from Egs. (3.45) and (3.47)
respectively. Any initial condition between the two last possibilities will give an efficiency lying
in the gray region. Note that for Yy, (zo) = Y]]\E,?(zo) the efficiency decreases for 7, < m* because
in that case the N; decays out-of-equilibrium at a temperature so low that it actually reheats the
thermal bath, which has the effect of decreasing the efficiency, see Ref. [227] for further details.

In section 3.4.3 we have shown that the parameter 72, has nearly the same form as the
expression of the neutrino mass matrix. In Eq. (3.24) we have shown that there is actually a lower
bound on it : 7iz; = m™™, Accordingly, one could expects 72; to be of the order of the atmospheric
(AmZ,,)!'? = 0.05 eV or solar mass splitting (Am? )!/? ~ 0.01 eV. Quite remarkably, in this both
cases the efficiency doesn’t depend on the initial conditions and the suppression is not too large,

as can be seen from the left panel of Fig. 3.9.

Bounds on the right-handed neutrino mass my, and on 177;. From Eq. (3.32), in order to generate
the right amount of BAU, we see that the CP-asymmetry is now directly related to the parameter
m; and the initial condition Yy, (z9) through the efficiency. Using Eq. (3.30), this can be translated
on bounds on the /721 and my, parameters. This is what we show in the right panel of Fig. 3.9. This
plotis also taken from Ref. [227] and includes thermal corrections, AL =1 and AL = 2 scatterings,
and finite temperature effects. As a result, one has a lower bound on my;, that now depends on
m, as expected, and the absolute lower bound on the mass of the lightest right-handed neutrino
Nj is given by :

2.9-10° GeV, in case Yy, (20) =0,
my, > (3.51)
59-108  GeV, in case Yy, (z9) = Y]'f,?(zo) .

Note that we recover the result of Eq. (3.34) in the case of thermal initial abundance. 10

9A consequence of this is that the efficiency in fact also depends on the mass mp;,, which has been fixed to
mpy, = 1010 GeV in the plot, but one can actually show that for m NS 10 GeV the efficiency depends almost only on
my [227], see the discussion on the AL = 2 scatterings below.
10The values in Eq. (3.68) however differ by a factor ~ 1.3 with respect to the ones given in Ref. [227]. This is because,
in the whole thesis, we use the Maxwell-Boltzmann distribution for the equilibrium number density of N1, which
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Figure 3.9 - In the case of thermal (solid) and zero initial abundance for Yy, (z9) (dashed), the left
panel shows the efficiency 1y, as a function of 7i2; for my, = 101° GeV, and in the right panel the
lower and upper bound on my;, as a function of 772;. The two plots have been taken from Ref. [227].
The upper bound is obtained including the AL = 2 scatterings — see section 3.7. In both plots, the
lightest neutrino mass has been fixed to be m™" = 0 eV.

Comment on AL = 2 scatterings. Let’s just mention why the AL = 2 scatterings can be particularly
dangerous in some cases for successful leptogenesis. One can show that these scatterings enter in

thermal equilibrium for typically mpy, 2 10 GeV and since their rate goes like ya—p ox mpy, (X; m;),
they strongly suppress the efficiency 1, . This explains the upper bound on my;, in the right panel
of Fig. 3.9. Furthermore, since the rate of the AL = 2 scatterings is also proportional to the sum of
the light neutrino masses m;, the requirement of successful leptogenesis also leads to an upper
bound on the maximum light neutrino mass [228]. As can be seen from the right panel of Fig. 3.9,
itis given by :

my®* <0.12eV. (3.52)

Above this value, washouts are too strong and one cannot generate enough baryon asymmetry.
However, this bound is of relatively little interest. Indeed, remember that all these results apply
when my, < my,,, and if for example m*®* ~ 0.12 eV, this assumption is not much likely because
it is difficult to explain the degenerate spectrum of the light neutrino from a hierarchical spectrum
of heavy neutrinos, see Eq. (1.26). In the case where the heavy neutrinos are quasi-degenerate, all
the bounds are not valid anymore due to a (resonant) enhancement of the CP-asymmetry — see
self-energy diagram contribution in Eq. (3.26) — and they get considerably relaxed [217, 220, 221,
222, 139].

So far we have considered just one Boltzmann equation for the total number of lepton
produced, and what has been done for now is valid within this approximation. However, as we will
now see this is not always justified since lepton flavors should in some case be taken into account.
But when do flavors matter in type-1 leptogenesis ?

differs by a factor ~ 3/4 with respect to the Fermi-Dirac distribution for T' > myy;, —see Appendix C.1.
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3.5 Flavor issue in type-1 leptogenesis

An important issue concerns the flavors. Indeed, until now we have considered the general case
where the right-handed neutrino N; decays into only one lepton ¢, which by definition contains
all the lepton flavors. However, following the temperature at which leptogenesis takes place, two
or three flavors must actually be considered. Indeed, the SM Lagrangian extended by the type-1
Seesaw Lagrangian contains the interaction of N; with the leptons ¢, in Eq. (3.17), but also the
charged lepton Yukawa interactions :

L3-Y N Yy, la—) eap' Yo, 0o +Hec.
a a
= —EQBT (Z Yn,, ga) - ZQ(J)T Yo, la+H.c.. (3.53)
a a

Without loss of generality, we choose as usual a charged lepton basis such that the charged lepton
Yukawa matrix is diagonal and real, see the parameter counting in Eq. (1.29).

If one considers only the first interaction term above, i.e. we forget about the charged Yukawa
interaction, we see that the right-handed neutrino N; actually decays into a scalar ¢ and into a
state ¢, carrying L(¢1) = 1, which is a superposition of the three lepton flavors :

1) = \%V (Yoo 1£) + Yo, 1) + Yo, 105)) (3.54)
withN=3Y Yy, |2 a normalization factor such that (¢;|¢;) = 1. This is equivalent of performing a
rotation in the flavor basis. Indeed, one has the freedom to define anew basis ¢’ = R ¢ = (¢1, 05, (3),
with R a unitary matrix, such that the heavy right-handed neutrino does effectively decay in
[€1) = Yo R1alf4) through an effective Yukawa coupling given by %y, = (YNRT)H =v/N, and
such that it doesn’t decay in either |¢,) or |¢3). From the above equation, we already know the first
line of R whichis R4 = YNla/\/N.

Therefore, by decaying, N; actually produces effectively a AY,, asymmetry. This massless
lepton state |#1) is coherent, !! in the sense that it is a superposition of undistinguishable massless
flavor states. This is quite analogous to the coherent neutrino propagations, see section 1.1.
Let’s now consider the effect of the Yukawa interactions, i.e. the second term in Eq. (3.57). As
propagating, one has two possibilities for the evolution of |¢;).

On the one hand, if the state |#;) undergoes only interactions that doesn’t make the distinc-
tion between the flavors |¢,), this state propagates coherently until it eventually undergoes an
inverse decay ¢1¢ — N;. In this case, all the three flavors should obviously not play any role in
the leptogenesis scenario, since all the interactions in the game are sensitive to only one flavor ¢,
which constitutes therefore the only relevant flavor. One needs in this case only one Boltzmann
equation which simply counts the number of ¢, created and annihilated. We recover therefore the
unflavored leptogenesis situation studied in the previous section, with ¢ = ¢;.

U Above Trw =165 GeV, the scalar field has no veyv, so that all the fermions are massless, except the right-handed
neutrinos that are massive due to there Majorana mass term, see Fig. 3.5.
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On the other hand, the state |¢;) may loose its coherence if it undergoes an interaction that is
not flavor-blind, i.e. an interaction that makes the distinction between the flavors, as the charged
Yukawa interactions (the second term in Eq. (3.57)) or the N> 3 Yukawa interactions. These latter
are in general much slower than the Hubble rate because Boltzmann suppressed since the N, 3 are
taken much heavier than Nj, so that they should not a priori be responsible of the decoherence of
the state |¢;). This is not the case of the charged Yukawa interactions, which are not Boltzmann
suppressed and are even much faster than the Hubble rate below some specific temperatures that
can be easily determined. Quantitatively, the charged Yukawa interaction rate is given by

T, (T)=5-107° Y/ T. (3.55)

To see if this interaction has the time to happen, this rate must be compared to the Hubble rate
H, but also to the appropriate inverse decay (ID) rate FéD =I'(la¢p — Ny), which for ¢1¢p — N is
simply given by Eq. (3.19). One has the following distinct possibilities :

1. For T > 10'2 GeV, one has always I’y
teractions occur. In this case, the lepton state |¢) propagates without loosing its coherence,

onr < H, and basically no charged lepton Yukawa in-
and could possibly undergo an inverse decay ¢1¢ — N;. In other terms, one can define a new
orthonormal interaction basis (|¢1),[€2),1¢3)), with (€2 31¢1) = (¢31¢2) =0 and (¢;|¢;) =1,
such that a right-handed neutrino N; only decays and inverse decays in ¢; and never in 5 3.
In this regime, called “unflavored regime”, only one lepton “flavor” ¢; participates to the
leptogenesis mechanism and one needs one Boltzmann equation for ¢;. This is the regime
we considered in details in the last section 3.4, with ¢ = ¢;.

2. For10° ST <10'* GeV,onehas Ty, > Hbut still T, , < H. Here, one has two cases :

(@ IfTy, < I‘I? , the lepton state |¢;) will more likely inverse decay ¢,¢ — N; before
interacting through the tau charged Yukawa interaction. This case reduces to the
unflavored regime in item 1, i.e. there is a unique flavor ¢; participating to the lepto-
genesis.

(b) IfTy, > I‘I? , the lepton state |¢1) has the time to decohere thanks to the /;¢ < e;
processes. In this case, the new interaction basis is (1€,),€p),¢+)), with (€, ,|¢7) =
(plly) =0and (¢;|¢;) = 1. The states |¢,) and |¢},) are coherent superpositions of e
and p flavors. One can choose a basis such that N; decays in either ¢, or ¢, but not
in ¢}, i.e. the orthogonal combination ¢; doesn’t enter into the game. In this case the
state |¢,) is given by

1
1€q) = i (YN, 1€e) + Y, 1€,)) (3.56)

with N’ = Ya=e, wl YNy, |2 a normalization factor such that (¢,4|¢,) = 1. In this “2-flavor
regime”, only the 2 flavors ¢, and ¢; do actually participate to the leptogenesis sce-
nario, and one needs two Boltzmann equations for £, and ¢;.

3. For10° < T <10° GeV,onehasT,, > I'¢, > HbutstillT'y, < H. Here too, there are several
possible cases :

102



3.5. Flavor issue in type-1 leptogenesis

(a) IfT¢, <T'yP, we recover the unflavored regime.

(b) IfTy_ > 1“2) and [y, < I'}P, we recover the 2-flavor regime in item 2.(b), since the
coherent lepton state |¢,;) undergoes inverse decays ¢, — N; before loosing its
coherence.

(c) IfTy, > I‘Z’ and Ty, > I‘If , the lepton states |¢;) and also |#,) loose their coherence
through the ¢;¢ < e; and ¢,,¢ < e, interactions respectively. The interaction basis
is now given by (|4,),¢,,),1¢+)) and it is such that the right-handed neutrino N; can
decay to one of the three flavor states (through the usual Yukawa couplings Yy, ).
This regime is therefore called the “3-flavor regime” and one needs three Boltzmann
equations for £, £, and /.

4. For T <10° GeV, onehas T’ ¢, >T¢,>T¢, > H, we recover exactly the same flavor regimes
as the in the previous temperature range, plus a fourth case “4.(d)” where £.¢ — e, is faster
than the inverse decays and the Hubble rate. This case corresponds also to a 3-flavor regime
as in item 3.(c) but with different chemical equilibrium conditions, see Appendix C.5.

In practice, the analysis of a leptogenesis scenario must be done in one of the above flavor regimes
if, during the creation of the major part of the B — L asymmetry, the associated conditions are
fulfilled. Since one has in good approximation that the major part of the asymmetry is created
around T ~ my;,, we generally consider that the temperature T epto at which the leptogenesis takes
place is given by the mass of the heavy particle that generates the asymmetry, that is Tiepto = M, .
In this approximation, the above temperature regimes in items 1-4 can be associated to mass
regimes, replacing T by Tiepto = mn; .

It is worth to remark that it is not sufficient to have a charged Yukawa interaction faster
than the Hubble rate to guarantee a specific flavor regime : it must also be faster than the inverse
decays ¢,¢ — N;. These considerations are very important since, following the flavor regime, the
final lepton asymmetry can change by orders of magnitudes. In the previous section, we have
analyzed the type-1 leptogenesis in the unflavored regime. Since the production of the B—L
essentially occurs at T ~ my;,, this approach is typically valid for a right-handed neutrino mass
larger than my, > 10%-12 GeV. However, the unflavored regime may still be used in the whole
temperature range T 2 Tsphal in order to have a general idea on how things works and on the final
B — L asymmetry that can be reached.

Before going on, let’s note too that, in this thesis, we will perform the analysis using classical
Boltzmann equations to describe the evolution of the various quantities as the temperature cools
down from T > my, to T <« my,. However, if the B — L production covers different flavor regimes,
one can wonder which is the flavor regime one needs to choose, and how one could account for
the transition from one regime to another. In order to take care of this, a more rigorous but more
complicated approach consists in using the density matrix formalism to describe the evolution of
the B/3 — L, asymmetries, see for example Refs. [230, 231]. However, it has been shown that away
from the transitions between the regimes, the two approaches (density matrix formalism and
classical Boltzmann equations) essentially lead to the same results, in particular in the case where
only the lightest right-handed neutrino species is assumed to be responsible for the generation of
the asymmetry [232], as it is the case here.
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Chapter 3. The Baryon Asymmetry of the Universe and standard leptogenesis

3.6 Flavored type-1 leptogenesis

We now discuss what happens in the flavored leptogenesis scenario. We will proceed basically as
in the unflavored case. The main difference, in the structure, is that now we also need to introduce
the chemical equilibrium conditions, which relate in particular the flavor abundances Y, with
the B/3 — Ly one, taking into account the effect of the spectator processes. We will in this end
closely follow the approach of Ref. [233].

By definition of the flavored regime, the right-handed neutrino NV; can now effectively decay
in two or more flavors. We denote by n f the number of “active” flavors, i.e. the number of flavors
participating in leptogenesis. The effective right-handed interaction Lagrangian reads now

ng ny 3 1 ny
-1 _— _— _—
Zpre 3 —;Nl O Wnalo - ;;Ni AR 5 ZNi my, NS +H.c., (3.57)
1 1

where we have defined the effective Yukawa coupling %y = YyR' with R the unitary matrix of
the corresponding flavor regime. In the case where only one flavor is active (the ¢; flavor of the
unflavored case), the effective Yukawa couplings is #n,1 = (X4 | YN« 1512 see Eq. (3.54). When
two flavors are active (the ¢; and the “¢,” flavors), the effective Yukawa couplings are %, ; = Y, ¢
and Pn,a = (Lgzepl Ynal?)''?, see Eq. (3.56). Finally, in the 3-flavor case, these are the usual
Yukawa couplings %, = Yn,o With @ = e, ,7. In what follows, we don't specify the number
of flavors labelled by the index @. We now give the analytical expression of the decay rates,
CP-asymmetries and Boltzmann equations.

3.6.1 Tree-level decay rates

In analogy with section 3.4.3, we can compute the tree-level decay rate I'(N; — £,¢) of N; into
one flavor ¢4, which is given by

~ 1
I(Ny = o) =T(Ny —~ Lap") = = —|Fnal” - (3.58)
The total tree-level decay rate into the flavor ¢, reads
o 1
F?Vl =I'(N; — fagb) +I'(N; — fag[) )= a |@N1a\2 my, = Béaer , (3.59)
where for practical reasons we introduced the branching fractions

B[a = ix{l = —|@Nla|2

, thatsatisfy ) By =1. (3.60)
'y (YNYITI) o

11

The total decay rate I'y, is obtained by summing over the flavor in Eq. (3.59). Let’s note that
it doesn’t depend on the flavor regime since Yy YK, =y as it should, so it is still given by
Eq. (3.20).
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3.6. Flavored type-1 leptogenesis

3.6.2 Evaluation of the CP-asymmetry

The analytical expression of the CP-asymmetries in the decay N; — £, ¢, as defined in Eq. (3.25),
are already given in Eq. (3.26). Let’s note that now the lepton number conserving diagram in
Fig. 3.6 may contribute to each individual flavor CP-asymmetry ei}’l. As a consequence, the
Davidson-Ibarra bound in Eq. (3.30) on the separated flavored CP-asymmetries doesn't hold
anymore. It however still applies on the sum of the flavored CP-asymmetries, obviously. As
a consequence, flavored CP-asymmetries can be larger (but still smaller than 1), and smaller
right-handed neutrino masses are allowed. In practice, it is nevertheless difficult to go sizably
below ~ 10° GeV; see Eq. (3.68) below. Note that there exists still an upper bound on the individual
CP-asymmetries, proportional to the absolute neutrino mass scale, given by [231]

3 m N

< Py— (my), (3.61)

lq
e

where we assumed for simplicity a quasi-degenerate light neutrino spectrum (m,) = m; = my =
mg (even if not likely for my, < my,,). This allows to decrease a little bit the lower bound on my;,
as we will see below.

3.6.3 Boltzmann equations

The evolution of the total B — L must now be determined through the evolution of the N; density
Yy, and through the evolution of the separate B/3 — L, asymmetries AYp/3_1,, which are the
quantities that sphalerons preserve. Using the formalism given in Appendix C.4 and keeping only
the dominant contributions for the sake of illustration, one can easily derive the set of flavored
Boltzmann equations :

. Y
Yy =—| =g~ 1|rp (3.62)
e
. N . 1AY, +AY,
AVpj3p, == | —pe—1 €N1YD+E—Eq¢ Bo, Yp (3.63)
N Y[

where we use the equilibrium density Yf 4= Y; 4, since ¢ and ¢ have the same number of degrees
of freedom and are relativistic. 12 This is not the final expression of the Boltzmann equations.
Indeed, we see that to integrate Eq. (3.63) one needs to know what are the expressions of AYy_
and AY. These asymmetries are in fact directly related to the B/3 — L, ones through the chemical
equilibrium conditions. As explained in Appendix C.5, following the temperature regime (and
in particular in the temperature range where the lepton flavors have to be taken into account
T <10'2 GeV), some SM interactions are in thermal equilibrium, i.e. they are much faster than
the Hubble rate, and then enforce relations between the chemical potentials of the various species
and thus between the asymmetries of the involved particles. These thermal processes are called
“spectator processes”. As a consequence, all the particle asymmetries can be expressed in terms
of a single set of variables. Above Tgy, we choose this set to be {AYp3_1_}, since these are the
quantities entering in the Boltzmann equations and are conserved by sphalerons. Therefore, the

12 A5 in the unflavored case, we make the approximation of taking Maxwell-Boltzmann equilibrium distributions.
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Chapter 3. The Baryon Asymmetry of the Universe and standard leptogenesis

asymmetries AY, and AYj are in fact related to the AYp/3_p, through
AYp, ==Y ClyAYps, and AYy=-) Co A5, . (3.64)
ﬁ a
The matrices C’ and C? have different expressions following the temperature regime at which

leptogenesis takes place. The exact expressions can be found in for example in Ref. [233], and are
given in Appendix C.5.2. !3 Inserting Eqgs. (3.64) in the Boltzmann equations one gets

. Y
Y =—| == -1|vp, (3.65)
Yyl
) Y, ¢ 1 AYp3-1
Mis1, = | —ge—L|enrn— 53 (Cop+ Cf) —m— Be. v (3.66)
Yn, p Y,

These equations can be compared to the unflavored Boltzmann equations in Egs. (3.35)-(3.36).
We see that there are now n¢ equations for the B/3 — Lo, which are inter-related. 14

On top of the source terms, a major difference lies now in two flavor effects in the washout
terms : (i) the branching fraction By, and (ii) the chemical equilibrium matrices Ci s and Cf .
These have important consequences and can affect considerably the final B — L asymmetry that
could be reached.

3.6.4 Analytical solutions to the Boltzmann equations

Proceeding as in the unflavored case in section 3.4.6, it is straightforward to show that the final
B — L asymmetry produced at the end of leptogenesis has the form :

d
|avgnd

Z l 4 E
=; ex My Yo (T>my,) (3.67)

d
= ‘Z AYBG?s—La
a

with nfv‘”l the efficiencies for each flavor in the game. As in the unflavored case, it is possible to
derive analytical expressions for these ones. However, we won't make an analytical study of the
efficiency and the improvements with respect to the unflavored case, since this goes beyond our
scope. This can be found in for example Ref. [234]. We will here just show some results, for specific
parameter values.

131n a first approximation, the matrix clis quite close to the identity matrix 1, ,xn;, where ny is the number of

lepton flavors participating in leptogenesis. However, the vector C? is not close to zero even for T > 1012 GeV, where
lepton flavors are undistinguishable. This means that spectator processes induce modifications to the unflavored
regime considered in the previous section, as already mentioned in footnote 4 in page 94.

141 et’s note that in the 2-flavor regime {¢;, ¢4}, one has actually a third Boltzmann equation which concerns the
inactive flavor £, which reads trivially AYg/3_p , = 0. Any asymmetry in the b flavor that has been previously generated,
by for example the N> and/or N3 right-handed neutrino, will therefore remain unchanged. In this case its contribution
must be added to the final B — L asymmetry produced in the N7 driven leptogenesis.
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Figure 3.10 - In the case of thermal and zero initial abundance Yy, (zo), the left panel shows the
efficiency ny, as a function of K; = m;/m”*, and in the right panel the lower bound on my;, as a
function of K7 = m;/m*. In both plots, the one-flavor approximation is shown in solid black, while
the dashed curve shows the flavor solution when taking equal CP-asymmetries and branching
ratios. The two plots have been taken from Ref. [235].

3.6.5 Some results of successful leptogenesis

Efficiency. Since the parameter space is large, there are lots of specific cases leading to various
values of the flavored efficiencies nfv”]. Let’s restrict ourselves here to a simple and limiting
case where all the flavored CP-asymmetries and branching ratios are equal. In this case, from
Eq. (3.67), one can define a total efficiency nn, =Y 4 nf\,“l. Since now the B — L asymmetry receive
contributions from n¢ flavors, one would expect roughly an enhancement of a factor ~ ny of
the efficiency with respect to the unflavored case. But it doesn't work like that since the CP-
asymmetries are also divided by ny compared to the unflavored case. However, because of the
presence of the branching ratios in Eq. (3.60), the washout is now reduced by a factor ny. As a
result, in this case the overall effect of the washout — controlled by the 77 parameter - is shifted by
afactor ~ ny.

We show in the left panel of Fig. 3.10 the value of the efficiency as a function of the decay
parameter K; = fi7;/m”*, in the case where three lepton flavors participate in leptogenesis. The
plot has been taken from Ref. [235]. We see that the efficiency is shifted by a factor ~3 to the right
with respect to the unflavored case, as expect in this particular case.

Bounds on the mass my, and on /7;. We show in the right panel of Fig. 3.10 the lower bound
on the right-handed neutrino mass my;, as a function of K} = m;/m* in the case where all the
flavored CP-asymmetries and branching ratios are equal. Here too, in this particular case the
bounds are shifted by a factor ~ 3 to the right with respect to the unflavored case. Furthermore, as
in the unflavored scenario, one can derive in this case lower bounds on the right-handed neutrino
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GeV
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Figure 3.11 - The upper (lower) plots show the bounds on my;, in the case of zero (thermal) initial
N, abundance. Left panels shows the unflavored approximation, while the right panels show the
results when flavors are taken into account. These plots have been taken from Ref. [234].

masses, given by [235, 234] :

2.5-109 GeV |, in case Yn, (20) =0,
mn, 2, (3.68)
4.1-108 GeV , in case Yy, (29) = YI]\E,?(ZO) )

which are very close to the unflavored values in Eq. (3.68).

For more general flavor configurations, we show in Fig. 3.11 — taken from Ref. [234] — the
parameter space values allowed by the requirement of successful leptogenesis, with (right-handed
panels with black dots) or without (left-handed panels with gray dots) the inclusion of the flavor
effects, and for thermal (upper plots) and zero (lower plots) initial V; abundance. We see that 17,
can take much larger values than in the unflavored case. This is because, in the flavored regime, the
bound in Eq. (3.52) no longer holds because the upper-bounds on the separate CP-asymmetries
are different. The bound has been estimated to be m'** < 2 eV [236] (as confirmed by Fig. 3.11), to
be compared with the unflavored result in Eq. (3.52), which is above the cosmological constraint
given in Eq. (1.16). Note that all the points lie below my, < 10'2 GeV in Fig. 3.11 because of the

~

requirement to lie in a flavor regime.
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3.7 Additional scattering processes

We previously considered only the dominant rates in the Boltzmann equations, i.e. only the
decays and inverse decays on top of the CP-asymmetries. Since the latter are induced at the
one-loop level, they involve 4 insertions of Yukawa couplings : €y, YI‘\II. However, as already
mentioned in section 3.4.7, other processes can have in some cases an important impact on
the asymmetry production/washout in which case they must also be taken into account in the
Boltzmann equations. For example, there are processes that are at the same order than the CP-
asymmetries, as well as processes that are of the order YI%, Y7, where Y; is the top Yukawa coupling.
In particular, one has :

1. AL =0 scatterings mediated by a right-handed neutrino Nj, as the s, £, u-channel scatterings
lop— lgpand pPp* < Ly lp;

2. AL =1 scatterings mediated by a SM scalar ¢, as the s-channel scattering £, N; — Qs1, the
t-channel and u-channel scatterings £,Qs — N;fand £t < N;Qs3;

3. AL =2 scatterings mediated by a right-handed neutrino V;, as the s, t, u-channel scatterings
lop— Cpd* and ¢p*¢p* — Lo lp. 1P

We show in Fig. 3.12 below the associated Feynman diagrams. These processes can bring signifi-
cant corrections in the final B— L asymmetry produced. Indeed, for example the AL = 0 scatterings
may have an impact on the relative washout of the B/3 — L, asymmetries, the AL = 1 scatterings
can act as source term for heavy right-handed neutrino production and may have an impact on
the washout, and finally the AL = 2 scatterings may also contribute dramatically to the washout
of the total B — L asymmetry as we have discussed previously in section 3.4.7, page 100. Finally,
let’s note that there are also additional processes, as the AL = 1 ones involving gauge bosons,
or the 1 — 3 and 2 < 3 scatterings as N; < Qt¢; and ¢j¢ — Qt¢;. These are in general even
smaller contributions, either because of the couplings involved or because of a phase space factor
suppression, and can safely be neglected.

It is not the goal of this thesis to go furthermore in the details of these scatterings in the
type-1 Seesaw leptogenesis scenario. A proper derivation of the Boltzmann equations, as well as a
consistent computation of the CP-asymmetry, has been carefully done in Ref. [225].

150nly the off-shell part of the s-channel scatterings £ — ¢ ﬁ(p* has to be considered since the on-shell one is
already taken into account by the chain of processes £4¢ — Nj followed by N — ¢ ﬁ(p*.
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Figure 3.12 — Feynman diagrams of the additional processes that need to be taken into account
in the type-1 Seesaw leptogenesis. We don’t show the u-channel diagrams associated to the
t-channel ones.

110



Type-2 Seesaw leptogenesis

As already discussed in chapter 1, the type-2 Seesaw is a simple scenario in which Majorana neu-
trino masses are generated by the exchange of a heavy scalar electroweak triplet, see section 1.3.4.
A single scalar triplet is enough in order to generate neutrino masses and mixings. At first sight,
it also contains all the needed ingredients for leptogenesis, i.e. lepton number violation, CP-
violating complex couplings and a heavy scalar triplet A that should have left thermal equilibrium
at T ~ mp.

However, leptogenesis is not feasible in the standard type-2 Seesaw mechanism with only
one scalar triplet added to the SM, because in this case the CP-asymmetry is expected to be
generated only at higher loops than one-loop and is thus highly suppressed [237]. Indeed, the
CP-asymmetries must be computed from the interference between the tree-level and the loop-
level decay. In order to get non-zero CP-asymmetries at one-loop, we can show that this means
that the one-loop diagrams must involve at least two heavy states with unequal couplings to
leptons and/or scalar bosons, and both heavy states must have different masses, see for example
Ref. [229]. If there is only one heavy state, or if for example there are several ones with exactly the
same couplings to leptons and scalar bosons, the CP-asymmetry vanishes, since each coupling to
leptons is automatically accompanied by its complex conjugate in the C P-asymmetry.

To activate leptogenesis in type-2 Seesaw framework, one needs to endow it with addi-
tional heavy fields, such as extra scalar triplets or right-handed neutrinos. In this case, the
CP-asymmetries are no more vanishing and the type-2 leptogenesis can provide a compelling
framework for baryogenesis via leptogenesis [229, 238, 239, 240, 241]. From now on, by type-2
leptogenesis we mean production of the BAU through the decays of the lightest scalar triplet,
which are CP-violating thanks to heavier BSM fields. All along this chapter, we will mainly consider
two representative possibilities :

(A) models featuring several scalar triplets, or in other words extended pure type-2 Seesaw
models [238]. As we will see, the associated flavored CP-asymmetries contain in this case a
lepton conserving part which will allow a Purely Flavored Leptogenesis (PFL) scenario, see
section 4.5 below ;
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(B)

models involving a scalar triplet (minimal type-2 Seesaw) and heavier other Seesaw states,
as for example right-handed neutrinos. In this general case, the CP-asymmetries generically
break lepton number. This is particularly relevant for models where the generation of a
B — L asymmetry becomes possible due to the interplay between type-1 and type-2 Seesaws,
scenarios arising in many well-motivated gauge extensions of the SM, see section 1.6.

For several reasons, the type-2 leptogenesis scenario is more intricate than the standard scenario
based in the type-1 Seesaw introduced in sections 3.4-3.6. Let’s already now specify the main
differences with respect to the type-1 Seesaw leptogenesis scenario.

(1

(2)

3)

Gauge reactions. First of all, while leptogenesis in type-1 Seesaw is driven by right-handed
neutrinos which do not couple to gauge bosons, in type-2 Seesaw (as well as in type-3
Seesaw) the state which dynamically generates the B — L asymmetry does have electroweak
interactions. Because for temperatures below T ~ 10'* GeV gauge reactions are much
more faster than the Universe Hubble expansion, one may be tempted to believe that the
third Sakharov condition is not fulfilled in scalar triplet leptogenesis so that leptogenesis
is not viable, since gauge coupling seems to maintain the scalar triplet density in thermal
equilibrium. As we will see in section 4.1, this is actually not the case [239, 237, 254, 241,
242,243, 229]. Once the temperature of the heat bath decreases and reaches the mass of the
decaying triplet, gauge reactions — being doubly Boltzmann suppressed - rapidly decouple
and the dynamics becomes dominated by Yukawa reactions which then operate to a large
extent as in the type-1 Seesaw case.

Triplet asymmetry. Secondly, since the scalar triplet is not a self-conjugated particle as a
right-handed neutrino is, a scalar triplet-antitriplet asymmetry develops [241, 229], thus
calling for an additional Boltzmann equation accounting for the new asymmetry populating
the heat bath. As a consequence, while the scalar doublet asymmetry in the type-1 case is
fully determined by the evolution of the B — L asymmetry, here it is determined in addition
by the evolution of the triplet scalar asymmetry.

Decay channels. Thirdly, while a right-handed neutrino decays via only one kind of channel
N — ¢¢, ascalar triplet can decay via two channels : a “di-lepton” A — ¢¢ and a “di-scalar’
one A — ¢¢, and this has important implications in particular concerning the flavor issue.

)

These three differences render leptogenesis much more difficult to understand. The chapter is

organized as follow. In order to understand how the scalar triplet leptogenesis works, we first

study in section 4.1 the scalar triplet leptogenesis within the “one-flavor approximation”, which

is a regime equivalent to the unflavored regime in the type-1 leptogenesis. The reason why we

call it one-flavor approximation and not unflavored will appear in the next section 4.2, where we
discuss the important flavor issue. Finally, in section 4.3 and after, we study the flavored type-2
leptogenesis scenario, which constitutes the original contribution of this chapter [2]. There were
indeed no study of the effects of flavors in the type-2 leptogenesis when we started this project.
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4.1 One-flavor approximation of the type-2 leptogenesis

We first remind the general expression of the type-1 and type-2 Lagrangian and the various
interactions terms. Then, in order to understand the main features of the scalar triplet leptogenesis,
we study in detail the one-flavor approximation, already well studied in the literature (see e.g.
Ref. [241]). The reader familiar with this regime can directly go to the next section.

4.1.1 Lagrangians and interactions

The type-1 Seesaw Lagrangian with ny right-handed neutrinos and the type-2 Seesaw Lagrangian
with n scalar triplets are given by Eqgs. (1.22) and (1.32) in sections 1.3.2 and 1.3.3. We remind
here their expressions :

— — - 1— _
LY —iN;@N; = N; Yo lo — 5 NiMy, CN! +H.c. (4.1)

- N
lg+ +H.c.,

\/i ) B /JA/C(P ( \/§ ) (p C
(4.2)

gtype-Z = (Dluﬁk)wL (D“Ek) _E‘Ircmikﬁk +£§Ci‘[2 YAakﬁ

where ¢7 = (vp,er) and ¢7 = (¢, ¢%) with ¢° = (v+ h® + i) /v/2 are the lepton and scalar SU(2)
doublets. One has also ¢ = iTo¢p*, T T = (11,72,73) (With 7; the 2 x 2 Pauli matrices) and the scalar
A triplets given in the SU(2) fundamental representation Ay = (A},A7,A%). The ny matrices
Y, are 3 x 3 symmetric matrices, while pa, are na complex numbers. Since scalar triplets carry
hypercharge Y (A) = -2, the covariant derivative in Eq. (4.2) reads

D,=0,-igT-W,-ig'B,, 4.3)

where T are the dimension three representations of the SU(2) generators. The scalar triplet
interactions with the leptons and scalars can be recast as

LON
pype2 5 ; Zﬁ VPOl CityArls—pa, @7 iTaALp +Hee. (4.4)
a,

where Ay is expressed in terms of electric charge eigenstates components

> AT
A | £ A
Ap=—X=|v2 "k | (4.5)
\/Z A% —7%

with the different components reading as

1 1
0 _ 1 s A2 + _ A3 ++ 1 s 2
Ak—ﬁ(Ak+1Ak), Ap=A%, AL ZE(A’“_IA’C)' (4.6)
As said already in section 1.3.3, lepton number is broken in Eq. (4.2) because of the existence
of both lepton and scalar interactions with the scalar triplet. The scalar interactions in Eq. (4.2)
induce non-vanishing triplet vacuum expectation values which can be calculated from the mini-
mization of the scalar potential : (A%) = VA, = A, v2/ 2mik.
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Both Lagrangians in Egs. (4.1) and (4.2), involving lepton number violating sources (from
the coexistence of Yy and My and of YA and pa), induce tree-level light neutrino Majorana
masses through the standard type-1 (assuming v YNMK]1 « 1) and type-2 Seesaw mechanisms.
The structure of the full neutrino mass matrix will of course depend on whether a single or both
mechanisms is at work. Since here we will be dealing with scenarios determined by either the
setup of Eq. (4.2) or an interplay between (4.1) and (4.2), in what follows we write the effective
neutrino mass matrix in each case, namely

2
-2 A A%
myPe =Y my* =) ppn,—Ya,, (4.7)
k k My,
type-1+2 Ak N vl L
m, :va +m, :Z:uAk_ZYAk_?YNMN Yy . (4.8)
k k Ag

The light neutrino mass spectrum is thus derived from these matrices by diagonalization through
the leptonic mixing matrix % = U(623)U (613,0)U (012) P, with 6; j being the neutrino mixing angles,
b the Dirac CP phase and P = diag(e’®, /%2, 1) containing the Majorana CP phases, see Eq. (1.4).

4.1.2 One-flavor approximation statement

In order to understand the main ideas behind the scalar triplet leptogenesis, we will in this section
consider the simple but representative scenario of the “one-flavor approximation” of the scalar
triplet leptogenesis. Similarly to the type-1 Seesaw leptogenesis, in this case :

e each component of the lightest scalar triplet A = A} is assumed to decay in only one coherent
lepton state ¢, which encompasses all the lepton flavors,

¢ the effect of the spectator processes are neglected.

That s to say, this case doesn’t distinguish the 3 flavors, and the associated Boltzmann equation for
¢ just counts the number of £ and / created or destroyed. An example of a general scenario of the
production of a B — L asymmetry will be given in section 4.1.5. The full one-flavor approximation
analysis of the scalar triplet leptogenesis was first performed in detail in Ref. [241]. We will
here follow closely the approach adopted in Ref. [229]. As in the type-1 Seesaw leptogenesis,
decays/inverse decays play a crucial role during the leptogenesis era, so we first give the analytical
expressions of the tree-level decay rate and of the C P-asymmetries.

4.1.3 Tree-level decay rates

Tree-level triplet decays involve leptonic and scalar final states. The Feynman diagrams are shown
in Fig. 4.1 for the A* component, and the associated decay widths are computed in Appendix D.1.
In the one-flavor approximation, the scalar triplet is assumed to decay into only one lepton state
¢, which is constituted by the sum over the other flavors. The tree-level decay rates of each scalar
triplet component to leptons and scalar are in this case given by, see Egs. (D.9) and (D.11) in
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Figure 4.1 — Diagrams of the tree-level decay of the scalar triplet into leptons and into scalars.

Appendix D.1,
T(A—00)=T(AQ — 77) = BTy = %Tr[YAYg] , (4.9)

|’
8nmp

T(A—¢p) =T (A9 — ¢¢) = ByT'a = (4.10)
where Q stands for the electric charges of the different SU(2) triplet components, i.e. A(Ig =
(A9, AZ, AZJF). The parameters B, and By are the branching fractions to two lepton doublets and
two scalar doublets respectively (By + By =1), and Iy =T' (A — ££) + T (A — ¢¢p) is the total decay
width of one scalar triplet component A?. The total decay width can also be parametrized as :

Iy=——2msh, 4.11)

1
~eff _ ~
=m , (4.12)
A =8 /BB,
in which the “neutrino mass-like” parameter 1, is given by
2 A At , V! t
M = Telm>m>) = sl WTr[YAYA] . (4.13)
A

As compared to the type-1 Seesaw leptogenesis, the decay rates depends on ma and 7, but
also on an extra parameter which is the branching ratio By (or B, = 1 — By). The total decay rate
exhibits a minimum for By = By = 1/2 and the farther we are from this situation, the faster the
scalar triplet decays, so that the decay rate obeys :

IT'h=z——mn. (4.14)

If the neutrino masses in Eqs. (4.7) or (4.8) are dominated by the light scalar triplet A, one has
my = 1A Ya v?/m4 and the neutrino mass like parameter is simply given by

m3 = Trim,m)] = > mi 2 1AmGy| = (0.05eV)® (4.15)
l

2

where m; are the light neutrino masses and where Amg,

is the atmospheric mass difference
whose value is given in Table 1.1.
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Figure 4.2 — One-loop diagrams contributing to the CP-asymmetry in scalar triplet decays (left).
For heavy field value, they contain their contribution to the neutrino mass matrix.

4.1.4 Evaluation of the CP-asymmetry

Within this one-flavor approximation, the CP-asymmetry is simply given by the sum of the
flavored C P-asymmetries, see Eq. (D.15)-(D.17) in Appendix D.2,

I'(A—¢0)-T(A—2¢7)

EA=2
A FA+FA*

=Y ele, (4.16)
a

where the factor 2 comes from the fact that there are two leptons in the final state. This expression
isnothing but the average lepton asymmetry AL produced per triplet decay. As already discussed at
the beginning of this chapter, one needs one or more new heavy fields X in order to generate a non-
vanishing CP-asymmetry. The Feynman diagrams where X = A, N; are shown in Fig. 4.2. In the
limit of hierarchical spectrum of heavy state ma << my, we can show — see also Eqgs. (4.74), (4.75)
and (4.78) below — that the CP-asymmetry is given by [241]

%m{Tr[mﬁme]}

ens_ LA (4.17)
AT Tog v VIO 1A ’ '

where the contribution of the heavy state comes only through its contribution to the neutrino
mass matrix my, as can be understood from Fig. 4.2. Therefore, for my < my, leptogenesis in the
one-flavor approximation can be studied in a fully general way independent of the exact heavy
state which induces mz\, i.e. whether it is a right-handed neutrino, a scalar triplet or a fermionic

triplet. With this CP-asymmetry and from CPT invariance, the decay rates at one-loop read

[(A—¢00)=Tx(By+€al2), (4.18)
[(A—00)=Ta(B;—€al2), (4.19)
I'(A—¢p)=Ta(Bp—eal2), (4.20)
I'(A—¢pp)=Ta(Bp+enl2) . (4.21)

As can be seen from the type-2 Seesaw Lagrangian in Eq. (4.2), in the situation where either By =0
or By = 0, the lepton number is conserved and one cannot generate any lepton asymmetry.
This is indeed confirmed by the above expression of the CP-asymmetry in Eq. (4.17), since
€A X (B(pBg)l/Z.
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4.1. One-flavor approximation of the type-2 leptogenesis

In a way similar to what has been done for type-1 Seesaw leptogenesis in section 3.4.4, it is
possible to derive from Eq. (4.17) a Davidson-Ibarra-like bound given by [241] : !

1 ma
erl<——= |ByByY m?, 4.22
| A| on V2 ¢ ¢Xi: ; ( )

where as usual m; stands for the light neutrino masses. Also, from perturbativity constraints,
i.e. by requiring that the one-loop contribution to the various decay widths doesn’t exceed the
tree-level one, from Eqgs. (4.18)-(4.21) one can derive another “model-independent” upper bound
on the CP-asymmetry given by

lea| <2-min (B, By) . (4.23)

This bound is an absolute bound from unitarity, while the one in Eq. (4.22) has been obtained
assuming that the CP-asymmetry arises from heavier sources of neutrino masses. Now that
we have computed the various CP-asymmetries, we are ready to write down the Boltzmann
equations.

4.1.5 Boltzmann equations

In what follows we first present the main reactions involved in scalar triplet leptogenesis. Next, we
derive the appropriate set of Boltzmann equations and we explain the origin of each term in these
equations. Subsequently, in order to understand how scalar triplet leptogenesis works, a general
leptogenesis scenario is analyzed, and the differences with respect to type-1 Seesaw leptogenesis
are highlighted.

Reactions. In the hot plasma, triplets are subject to reactions that either tend to washout the
B — L asymmetry or to generate it. Depending on the interaction inducing the process, one can
distinguish - at tree-level — four kind of reactions : pure Yukawa, pure scalar, pure gauge and
Yukawa-scalar reactions. Explicitly, we have in general : 2

* Yukawa and scalar-induced decay and inverse decays, A — £¢ and A < ¢¢, described by
the reaction densities : yé =Yap 7/? 0 and yg = y@ ¢ The total decay reaction density is
given by

K1(2) _Eq
Y. Ta, 4.24
Kz (2) > A ( )

YD=Y5)+Y(1§:3

where we summed over the scalar triplet components (question of convention).

IThis bound can be obtained by parametrizing the diagonal matrix of the light neutrino mass eigenstates as
I’?le = a1y and ﬁze = a -y, where «a is a real and diagonal matrix. From Eq. (4.17), looking just at the fraction,
one get therefore that [ep| <...Y ; (1 — a;.‘)a,- m%,i 1 la; |2m%i)”2. From Cauchy-Swartz inequality, one then obtains

thatlepl <... ;11— ailzm%i)”z, and the upper bound reads therefore |ep| < ... M x where rhi, = Tr[mf,(m,),ﬁ]. If one

doesn’t have any information about the structure of the light neutrino mass matrix (i.e. we don’t know the «;), this
expression is bounded from above by |ep] < ... (Y ; m%i)l/z.
2Expressions for all the intervening reaction densities can be found in Appendix D.3.

117



Chapter 4. Type-2 Seesaw leptogenesis

¢ Gauge-induced 2 — 2 scatterings as follows : s-channel gauge-boson-mediated: AA — FF
(F standing for SM fermions), AA — ¢¢ and AA — V'V (V standing for SM gauge bosons) ; ¢
and u channel triplet-mediated : AA — V'V and four-point vertex AA — V'V reactions. All
together they are characterized by the reaction density y 4.

e Lepton flavor and lepton number (AL = 2) violating Yukawa-scalar-induced and triplet-
mediated s and ¢ channel 2 < 2 scatterings ¢¢ — (o ¢ and $p£g — ¢, , which are ac-
counted for by the reaction densities y‘f‘l}ﬁ and y%ﬁ . In the one-flavor approximation, these

become y%’

- bp Pl _ Plp

= Za,ﬁ Y[dgﬁ and Y(M = Za,ﬁ Y¢ga~

* Lepton-flavor-violating Yukawa-induced and triplet-mediated s and ¢ channel 2 < 2 scat-

. . . .- . 0,0 gl

terings : €y 05 — {qlg and lpl, — {45, with reaction densities given by y é; g‘; and y [i é.
In the one-flavor approximation, when summing over lepton flavors, theses interactions
clearly don't affect the ¢ asymmetry and do not play any role. These reactions are therefore
inherent to scalar flavored leptogenesis, see section 4.3.

Boltzmann equations. As said above in page 112, an important difference with the type-1
Seesaw leptogenesis is that the scalar triplet is not its own antiparticle. As a consequence, a triplet
asymmetry AY, can generate, leading to an additional Boltzmann equation. The network of
Boltzmann equations for scalar triplet leptogenesis corresponds therefore to a system of coupled
differential equations accounting for the temperature evolution of the triplet density Ys = Y + Y3,
the triplet asymmetry AY, = Y — Y3 and the AYp_; charge asymmetry, where L = ¢ within this
section. The resulting network will of course — and unavoidably — involve the scalar doublet
asymmetry AYy. All together, the above reactions lead to the following network of classical
Boltzmann equations [241] :

. Ys Ys
Ye=—|—5q o2 || 5| ~1|7a: (4.25)
Yy ve
- AYa . AYgp _ AYy
AYa =~ | (Be+By) Vi By e (4.26)
y Yy AYn AYp_ | AY(/) AYp_ 1 /
AVp-r=- _Eq‘l)eAYD+2 B e | B¢ D+2(_Eq‘ ro | (i + )
YZ YZ l YZ Yé

(4.27)

where we have adopted the following conventions (details can be found in Appendix C.1). We
use the particle number density-to-entropy ratio defined as AYx = Anx/s = (nx — ng)/s, where
nx (nyg) is the number density of species X (X) and s is the entropy density. We have defined
Ya =3 Y0, with AQ denoting one of the three components of the scalar triplet, and Yp=2-Yyo,
with ¢? denoting one of the two components of the scalar doublet. ® The derivative is denoted
according to Y = sHzdY | dz, with H the expansion rate of the Universe, and as usual z = m/T.
In order to avoid double counting, primed s-channel scattering reaction densities refer to the
rates with resonant intermediate state subtracted : ' =y —y°™sh¢ll_ Finally, we use the Maxwell-

3The triplet densities Y5 and Y3 contain therefore all the three triplet components, i.e. ga = g5 = 3.
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4.1. One-flavor approximation of the type-2 leptogenesis

Boltzmann equilibrium distribution, and one has Y; = Y;q

degrees of freedom and are ultra-relativistic for the whole temperature range at which leptogenesis
takes place.

since both have the same number of

In the above set of Boltzmann equations, one has still to determine the expression of the
scalar doublet asymmetry AYy. One can derive a Boltzmann equation for it, but as we show
in Appendix D.5, it is in fact directly related to the triplet and B — L asymmetry through the
hypercharge neutrality condition

ZAYA+AY¢+AYB_LZO. (4.28)

That is, the ¢p asymmetry is therefore fully determined by the triplet and the B — L asymmetries
through chemical equilibrium conditions, as it is done in the standard leptogenesis case [244, 245]
(see Eq. (C.51) in the Appendix and the associated discussion). It is thus not necessary to consider
it, but it is however very useful for our understanding to show the corresponding Boltzmann
equation in the one-flavor approximation :

. Vs AYp AV AYp  AYp_p\( 1pp . ot
AYp=|—F=-1|eayp+2|—-——= | Boyp +2| —= — Yee Ve - (4.29)
¢ Yqu ) ( Y;q YZEq ¢ YéEq Y;q ( ol ¢l )

Let’s now try to understand the physical meaning of this set of Boltzmann equations (4.25)-(4.27)
and (4.29). To this end, let’s first describe the origin of each term.

1. The first equation, describing the evolution of Y5, involves two terms : the first one, pro-
portional to yp and also present in the type-1 leptogenesis, describes the decays/inverse
decays of A. The second term, proportional to y4 and not present in the type-1 leptoge-
nesis, describes the gauge scatterings of the triplets AA — SM SM (with SM denoting a
SM particle), and it involves therefore the square of the triplet density. Because of this, for
T <« my the gauge reaction rate is doubly Boltzmann suppressed y4 < e >"/T and the
thermalization rate goes like y 4/ nEqH o e”"™/T|\/maT. The rate is maximum for T = mj,
where one has

10" Gev
A . (4.30)
no H ma
p
This means that for my < 10 GeV, the gauge scatterings do enter in thermal equilibrium.
The smaller the m,, the larger the rate. As a consequence, for ma < 10'* GeV, the gauge
reactions thermalize the triplet density, even if the decay reaction yp is small.

2. When decaying at one-loop, the scalar triplet produces a B — L (and a ¢») asymmetry. The
amount of asymmetry produced is proportional to the CP-asymmetry €. This is repre-
sented by the usual source term in the first term in Eq. (4.27) (and Eq. (4.29)).

3. The scalar triplet can decay/inverse decay at tree-level in/from either leptons or scalars,
with a rate proportional to B, and By respectively. On the one hand, this means that once
a B—- L (and so a ¢) asymmetry is produced, the inverse decays ¢ — A (and ¢¢p — A) will
create a triplet asymmetry. This is represented by the second term o< By (third term o< By)
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Chapter 4. Type-2 Seesaw leptogenesis

in the r.h.s. of Eq. (4.26) describing the evolution of the triplet asymmetry, and by the first
term (second term) in the second bracket in the r.h.s. of Eq. (4.27) for the B — L asymmetry
(Eq. (4.29) for the ¢ asymmetry). On the other hand, it goes also the other way around, i.e. if
there is a triplet asymmetry, the tree-level decays of the triplet will also generate B— L and ¢
asymmetries. This is represented by the first term oc By + By in the r.h.s. of the Eq. (4.26)
describing the evolution of the triplet asymmetry, and by the first (second) term in the
second bracket in the r.h.s. of Eq. (4.27) describing the evolution of the B — L asymmetry
(Eq. (4.29) for the ¢ asymmetry).

4. Finally, the last terms in Eqs. (4.27) and (4.29) represent the AL = 2 scattering processes
¢ — 0 and p¢ — ¢L. As in the type-1 Seesaw leptogenesis (see discussion at the bottom
of page 99), the rates of theses scattering are proportional to the Seesaw mass scale mip
and to the light neutrino mass scale, since they involve the neutrino mass diagram. As a

consequence, here too their effects are small for my < 104

GeV, and we will neglect them in
what follows. A quite accurate calculation of the resulting B — L asymmetry can therefore
be done by considering only decays, inverse decays and gauge induced reactions. As a
justification example, fixing mp = 1010 GeV, 115 = 0.05 eV — parameter which drive the
decay/inverse decay rate, see Eq. (4.13) —and By = 1072, we see in the left panel of Fig. 4.3

that these scatterings never reach thermal equilibrium. 4

Gauge interactions. Before going on, an important remark concerns the gauge scatterings.
Indeed, if the gauge reactions are active, in the sense that they are faster than the decay/inverse
decay rate, the triplets will more likely gauge scatter than decay, and one doesn't expect an
important production of B — L asymmetry, as anticipated from page 112. However, because the
decaylinverse decay rate yp is only one time Boltzmann suppressed (because they involve one
triplet) contrarily toy 4 which is two times Boltzmann suppressed for T << ma (because they involve
two triplets), the gauge reactions become slower than the inverse decays at some temperature
za=mpal Ty. This is also illustrated in the left panel of Fig. 4.3. From this moment z,4, the scalar
triplet will more likely decay than gauge scatter, so that a more important B — L can generate. This
is why scalar triplet leptogenesis is feasible even in the presence of fast gauge reactions. We will
come back to this point after.

General scenario. As an example, fixing mp = 1010 GeV, mp = 0.05eV and By = 1072, we show
in Fig. 4.3 as a function of z = ma /T the reaction densities (left) and the evolution of the various
densities (right). The latter figure has been obtained solving numerically the Boltzmann equa-
tions, taking a CP-asymmetry €5 = 1 for illustration purpose, and Ys(zg) = YzE 9(z « 1) as initial
condition. The general scenario of the generation of the B — L asymmetry is thus the following.

* For z < 1, whatever the initial triplet abundance, since m, < 10'* GeV the gauge reactions
thermalize the triplet density, so that Ys(T > mp) = YZE YT > myp). There is therefore
generally no dependence on the initial condition for the triplet abundance, unlike in type-1

4More precisely, in the example of Fig. 4.3, the inclusion of these scattering processes leads to ~0.01% correction
on the final B — L asymmetry at the end of leptogenesis. That is to say, much less than the error we do by considering
classical Boltzmann equations and Maxwell-Boltzmann equilibrium densities.
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Figure 4.3 - Fixing the various parameters according to ma = 10'°GeV, 7ty = 0.05eV and By = 102
(which corresponds to fr’lgff ~5eV), we show in the left panel the thermalization rates y/(Hn,) for
the different processes involved in scalar triplet one-flavor leptogenesis, and in the right panel we
show the evolution of the various densities as a function of z = ma/T. For this r.h.s. plot, we also
fixed the CP-asymmetry to ep = 1 and the initial abundance to Yx(zg) = YZE 9(z0).

leptogenesis. This is why in what follows we will always assume a thermal initial abundance
for the = A + A abundance. Also, during all the leptogenesis scenario, the density follows
closely the equilibrium density and one has approximately Ys(z) = YzE 9(2).

For 1 < z < z4, the gauge reactions are faster than the decay/inverse decay rate (and faster
than the Hubble rate). However, some triplets decay and produce slowly a B — L asymmetry
AYp_p as well as a ¢ asymmetry AYj. At the same time, the creation of the B — L and ¢
asymmetries automatically induces that a triplet asymmetry AY, can develop.

At z = z,4, the gauge reaction y 4 becomes slower than the decay/inverse decay yp. From
this moment, all the triplets left decay and produce a B — L asymmetry AYp_;, as well as a ¢
asymmetry AYy.

For 1 « z < zge, the triplet density is Boltzmann suppressed and, at some moment z4e, the
lepton number violating inverse decay reactions become slower than the Hubble rate. From
this moment, all the triplets left decay without inverse decay and the triplet asymmetry
decreases progressively to reach zero.

At z>> z4e, all the triplets have decayed, and the produced B — L stays constant. The present
baryon asymmetry of the Universe is as usual related to the B — L asymmetry generated at
the end of leptogenesis through

today _ today _ 12 d
v = A =AY (4.31)

This is a basic example and one could have different situations as we will see. For example, with

the chosen parameter values one had z4 < z4ec, but one could also have z4 > z4ec, in which case

the final asymmetry is more suppressed since the decay/inverse decays are always overshadowed
by the gauge reactions.
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Chapter 4. Type-2 Seesaw leptogenesis

4.1.6 Analytical resolution of the Boltzmann equations and maximum B — L asym-
metry reachable

It is in general difficult to solve analytically the set of Boltzmann equations, because the point
is that now the various equations are intricate. However, as in the type-1 Seesaw leptogenesis
scenario, the final B — L asymmetry can here too be expressed as

|AY§I_’% —eann VYUT > my) (4.32)

where 1, is the efficiency, to be determined by solving the Boltzmann equation. In order to get an
analytical expression of the efficiency, we now proceed by switching on the various interaction
step by step, what will allow us to understand the main results.

Neglecting the washout terms. First, let’s consider only the source term in the B — L Boltzmann
equation (4.27), i.e. we neglect the washout of the B — L asymmetry from the inverse decay £¢ — A.
In this case, using Eq. (4.25), one gets

. Ys en Vs ea Vs
AYB_L:—(—Eq—l)EA}/D: ~ 1 4%4 , (4.33)
Yy 1+2(L§q+1)ﬁ 7
Yy YD

where we used Yy = YZE 4. Let’s consider two different situations :

1. Ifyal ngq < H or y4 <yp/4, the gauge scatterings are never active and the second term in
the denominator can be neglected. One gets in this case AYZ‘;E‘} = Y5 (z < 1). Like in the
type-1 leptogenesis, we recover the usual result that the efficiency is maximal n = 1 if one
starts with a thermal abundance Yz (zg) = YZE 9 (zo).

2. Ifya > vypl4, the triplet will more likely undergo gauge scatterings before decaying, and the
first term in the denominator can be neglected, so that one has

dAYB_L~€ dYs Y_D
dz  %dz dyy”

(4.34)

This equation remains valid until the gauge scatterings decouple at some z = z4. The value of
z4 is determined by the moment at which 4y 4 becomes smaller than yp or, in the case where
at the intersection 4y A/nqu =y D/nqu < 1, by the moment at which the gauge reactions
become slower than the Hubble rate. This means 4y 4(z4) = Yp(z4) or4y a(za)/ nqu lz=2, =
1, see below. For z > z4, the gauge reactions are no more active, and all the triplets left decay
and produce a net B — L asymmetry (negative following our convention). In this case, the
final B — L asymmetry is given by the sum of the two contributions :

Eq
za dY-. YD E
yend =eAf 2 12 dz—epaVil(zy) . (4.35)
B-L 2 dz 4YA >

If we take take the limit z > 1 in the integrand, which is justified by the fact that the integrand
differs significantly from zero only for z > 1, we find that the integrand scales as z3, and
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4.1. One-flavor approximation of the type-2 leptogenesis

Eq. (4.35) becomes :°

end
YB —-L

2.2 4
=ep (3ﬁF—AZ—A + 139 (zA)) : 4.37)
Csg« Mp 4
Unless I'p is quite small, for example if 7725 is small, one has always that 4y 4/ nqu lz=z, =
}/D/nquIZ:ZA > 1, so that z4 is in general given by the condition 4y 4(z4) = yp(z4). This
condition implies that the analytical value of z 4 is approximately given by the solution of
the equation :

i > o (4.38)
ZA= . E——— ‘
A 6.gA.(2ﬂZA)3/2 FA
which for z4 > 1 gives approximately
Cs mA 3 [ CS mA
za=In|——— | —-=-In|ln| ———| | . 4.39
A 6-ga-(2m)3/2 Ty 2 6-gn-(2m)3/2 Ty (4.39)

Using Eq. (4.38) in Eq. (4.37), one gets finally a simple expression for the final B — L asym-
metry,

end
YB -L

<
~ep (TA + 1) Yz (4.40)

to which corresponds an efficiency given by

ZA T _
me)ff e

The first term in this equation represents the B — L asymmetry fraction produced before z4,
when the gauge scatterings are active, and the second term of this equation represent the
B — L asymmetry produced after. The faster the gauge reactions, the larger the z4 and the
smaller the efficiency. Compared to na = 1, this gives the gauge scattering suppression. This
confirm the original intuition that the gauge scatterings slow down the production of the
B — L asymmetry, but we see that it is not so drastic (e.g. na = 0.2...0.003 for z4 =4...10).

We show in the left panel Fig. 4.4 the thermalization rates yp (solid) and y 4 (dotted) normalized to

nqu as a function of z = m / T for different values of ma and mgff, which is the effective neutrino
mass parameter defined in Eq. (4.12) : ﬁzgff = mal+/B¢By. In the right panel of Fig. 4.4, we show
the value of z,4 as function of rhgff for different mass values. The dot-dashed line shows the limit

between the value of z4 determined by 4y 4(z4) = yp(z4) (the region on the r.h.s. of the curve)

and by 4y 4/ nqu |z=z, = 1 (the region on the Lh.s. of the curve). The dashed line represent the

solution using Eq. (4.38), and we see that it is in very good agreement with the numerical solution

in the region where z4 is determined through 4y 4(z4) = yp(z4).

SIndeed, for z > 1 one has, with ¢s = 2- ga (15C] —3C»)/727 given in Appendix D.3 :

Eq 2,3/2 4

dy-. m m

b3 AV 315 A 312 -z A 3 2z

—_— -2z e “, —2- —_— I'arz e -, — csz e . (4.36)
dz 2g. YD 8A o A YA 9673
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Figure 4.4 — Left : Decay (solid) and gauge (dotted) thermalization rates y/ H ngq as a function of
z=mp/ T for different values of m and ﬁ’teAff. Right : z4 as a function of ﬁ’teAff for different mass
values. The dot-dashed line represent the limit between z4 being determined by 4y(z4) =y p(za)
and by 4y 4/ nEqH |z=z, = 1. The dashed lines represent the solution of Eq. (4.38).

Including the washout terms. The washouts will obviously have the effect of decreasing the
efficiency. This means that Eq. (4.41) is actually an upper bound on the reachable efficiency :

na Sy = (Z4—A + 1) \/g 2% e, (4.42)
In the example above, associated to Fig. 4.3, we chose ma = 10'° GeV, 5 = 0.05 eV and By = 102
which corresponds to ﬁzgff =~ 0.5 eV. From Fig. 4.3 or Fig. 4.4 we see that for these values one has
z4 = 3.5. This means from Eq. (4.42) that even when neglecting the washouts, the maximum
efficiency reachable is ™ = 0.23. Taking into account the washouts, the efficiency we got in this
example is in fact 75 = 0.005, which is much smaller than n'{*®* reachable.

Quantitatively, the washout of the B— L asymmetry occurs through the inverse decays ¢¢p — A
and /¢ — A, which are active when y‘g/ n$q > H and yg/ an;q = H. Indeed, it is the presence of
both interactions that violates lepton number, so if one of these two interactions is not in thermal
equilibrium, lepton number is effectively conserved by the inverse decays and there is no washout
of the B — L asymmetry. More precisely, the source terms in Eq. (4.27) and (4.29) generate a lepton
asymmetry A¢ and a scalar doublet asymmetry A¢ respectively. If for example one has By > By,
a negative triplet asymmetry can develop thanks to /¢ — A reactions. On the one hand, if the
¢¢ — A reaction is in thermal equilibrium, the lepton asymmetry will be depleted through the
chain ¢¢p — A — £/. On the other hand, if the ¢¢p — A is never in thermal equilibrium, which
is the case when B, > By, the scalar triplet A carries in this case an effective lepton number
L = -2 and the total lepton asymmetry doesn’t undergo any washout. In this case, at the end of
leptogenesis when all the triplets have decayed, the whole triplet asymmetry is transferred back
to a A¢ asymmetry — see also Eq. (4.28) — and the efficiency is large. A sketch of this scenario is
depicted in Fig. 4.5. The same reasoning can be applied in the case where By < By. However, here
when the reaction ¢ — A is never in thermal equilibrium, which is the case for By <« By, one
directly sees from Eq. (4.27) that the B — L doesn’t undergo any washout and the efficiency is large,
see also Fig. 4.5.
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Figure 4.5 — Sketch of the washout in the situation B, > By. The case where B, > By, for which
the B — L asymmetry doesn't undergo any washout, is depicted by the white box. A sketch of the
situation By < By can be obtained by the exchange AYp_f < AYj.

The inverse decays ¢¢ — A and ¢¢ — A play therefore a crucial role in the washout of the
B — L asymmetry. In parallel with Fig. 4.4, we show in the left panel of Fig. 4.6 the inverse decay
Yp! nEqH and the gauge y 4/ nqu thermalization rates as a function of z for various parameter
values. The thermalization rate for y% and yf; is obtained by multiplying yp/ n}E,qH by By and By
respectively. Contrarily to decays, the inverse decays are Boltzmann suppressed for z = 3. As we
will discuss now, the washout effect of the ¢p¢p — A and £¢ — A inverse decays can in some case
be overshadowed by gauge reactions. One distinguishes two distinct regimes, following that the
inverse decays are active or not when the gauge reactions decouple :

1. Gauge regime. If y%/ nf;q < Hor yg/ nfq < H when the gauge reactions decouple at z = z 4,
then for z > z 4 the inverse decays don't play any role in the evolution of the B — L asymmetry
and they can be neglected, so that the efficiency is still given in a good approximation by
Eq. (4.41). This regime is called the “gauge regime”, and from Eq. (4.42) if z4 > 4 one has in
good approximation that

2 2
L/ 50 5, 8AT" Ta 4
L i pza _8AT T 4.43
na g " 2cs mp 4 ( )

where in the second equality we expressed the efficiency in terms of the decay rate as in
Eq. (4.37).

2. Yukawa regime. If now 7/%/ n;:q > H and y’D/nEq > H at z = z4, the inverse decays will
substantially decrease the amount of B — L produced, as discussed above. This regime
is called the “Yukawa regime”, for which the washout from inverse decays is important.
In this regime, the efficiency can be determined in a way similar to the one used for the
strong washout regime in the type-1 Seesaw leptogenesis, see page 98. Indeed, since
)f%i / nf}q > H, one can reasonably assume that there is a balance between the production
and the destruction of the B — L asymmetry until the inverse decays decouple at z = zgec,
which is determined by the condition : min(By, By) -y D/nEqH | = Zgee
one has therefore that the washouts maintain the r.h.s. of Eq. (4.27) to zero :

=1. For z4 < z < Zgec,

AYA AYB,L . E
_Eq_—Eq B[YDz—EAY2=€ASHZYZq. (4-44)
YZ Y[

125



Chapter 4. Type-2 Seesaw leptogenesis

I | Wl 104 1 1 1 ™,
1072 107" 1 10 10? 10™* 10° 102 10" 1 10 102 10°

10™
1013,
1012,
10'"F
1010,
10%+
10°F
107+
10°F
10%+

Yukawa
regime

ma [GCV]

Gauge
regime

z=my/T S [eV]

Figure 4.6 — Left : Same as the left panel of Fig. 4.6 but concerning the thermalization rates

normalized to H n?q. Right : Gauge versus Yukawa regimes as a function of m

fo and mp, for

By =(0.5,1072,107%). The plot is symmetric in the exchange By, — B,.

126

Note that we used Eq. (4.25) with the gauge term neglected, and dYs/dz =~ d YZE Ydz=~- YzE d

for z > 1. Similarly, the washouts maintain the r.h.s. of Eq. (4.26) to zero too and one has

AYA AYB_L AY(p
—_— = - —_—. 4.4
) Yqu By (1-By) qu + BBy qu (4.45)
Putting these two equations together, one gets
AYyp AYp_[ E
TR R ByByyp =exsHzYs 1. (4.46)
4 l

This equation applies until the slower inverse decays decouple at z = z4ec. At this moment,
one has in good approximation that AYx (zgec) = 0 so that AY(zgec) = —AYp-1(Zdec) from
the hypercharge relation in Eq. (4.28), and one gets

Eq Eq
Y,” Hzn Zdec H(Zgec) E
AYp_p(Zgec) = —€a—t——2 —ep 22 0 Y M (2ge) (4.47)
4ByBy YD . 4ByBy Tp
and the final B — L asymmetry is therefore given by
1 E
Ayend(=|Ay, (Zdeo)| = €4 —————— ¥z, (4.48)
’ B-L B-L\<dec A IZB(B(pZ(ziecKA s 0

where we used the fact that Y;‘ 4 is a constant whose value is equal to YZE 9(z < 1)/3 (there are
3 triplet components). For convenience, we defined Ky =T'aA/H(z=1) = Zz°T' A/ H(z) so that
this expression can be compared with the one obtained in Eq. (3.50) for the strong washout
regime in type-1 leptogenesis. The factor 24 between the two expressions accounts for : (i)
the 3 triplet components, (ii) the presence of By and By (one tends to the type-1 case in the
limit where B, = By = 1/2), (iii) the two ¢ in the final state of the process A — ¢¢.
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The efficiency in this Yukawa regime can finally be expressed as

_ Zdec H(zgec)
na .

~ (4.49)
12B;By Ia

To each regime (gauge and Yukawa) corresponds a different efficiency behavior. Indeed, from
Egs. (4.43) and (4.49), we see that n o mgff in the gauge regime while np I/r?zeAff in the Yukawa
regime. From the above discussion, the delimitation between the gauge and the Yukawa regimes

is given by the condition :

YD

min(By, By) -

=1. (4.50)

Z=ZA

We show in the right panel of Fig. 4.6 the delimitation between the two regimes as a function of
ﬁisz and my, for By = (0.5, 1072,107%) (solid, dashed, dotted). The plot is symmetric with respect
to By < By. Note that below some values of ﬁzsz, corresponding to nﬁgff < (0.001,0.04,4) eV for
By = (0.5,1072,107%), one of the two inverse decays £/ — A or ¢¢p — A never reaches thermal
equilibrium, and so it is the gauge regime that applies there (for all the mass values below ma ~
10 GeV since above gauge reactions never reach thermal equilibrium).

4.1.7 Some results of successful leptogenesis

Efficiency as a function of ﬁleAff. Firstly, from Egs. (4.11) and (4.12), the total decay rate yp de-
pends on rheAff and ma. Secondly, the gauge scatterings y 4 depends on mx. Finally, the quantities
By and B, = 1 — By enter in the Boltzmann equations in Egs. (4.25)-(4.27). This means that, ne-
glecting the AL = 2 scatterings, one can obtain the efficiency as a function of mgff, my and By.
This is illustrated in Fig. 4.7, which gives the efficiency as a function of rhgff for different values of
the mass mp and the fraction By. The plot is symmetric under the exchange By < By. The curves

have been obtained by solving numerically the set of Boltzmann equations.

The maximum of each curve corresponds approximately to the transition value between the
gauge and the Yukawa regimes, as can be seen from the right panel of Fig. 4.6. On the one hand,
on the Lh.s. of these maxima, the efficiency goes approximately like mgff and it doesn’t depend on
By for a fixed nﬁsz, as expected from Eq. (4.43) in the gauge regime. On the other hand, on the r.h.s.
of the maxima, we see that the efficiency goes approximately like (ﬁl‘sz)_1 and doesn’t depend on
the mass ma as also expected from Eq. (4.49) in the Yukawa regime. This confirms our analytical

results as well as our physical interpretation of the scalar triplet leptogenesis mechanism.

Efficiency as a function of By. From the left panel of Fig. 4.7, there is clear tendency that the
efficiency increases as By or By departs from By = B, = 0.5 in the Yukawa regime. We show in
the right panel of Fig. 4.7 the efficiency as a function of By for ma = (10%,10'°,10'%) GeV, fixing
mSt = 1 eV. We see that the efficiency tends to a maximum when By < (1071,1073,107%) for
ma = (10°,10'°,10'*) GeV respectively. The plot is symmetric under the exchange By — By, with a
pivot point at By = By = 1/2. There are two questions one can address.
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Figure 4.7 — Left : Efficiency as a function of mS, for my = (105,101°,10'*) GeV and B, =
(0.5,1072,10™%) (solid, dashed, dotted). The maximum of each curve corresponds in good approx-
imation to the transition value between the gauge and the Yukawa regime, see Fig. 4.6. Right :
Efficiency as a function of By, for mp = (108,1019,10'%) GeV and fixing ﬁ’tsz =1 eV. The minimum
of each curve is obtained for By = By = 0.5.

First, why is the situation symmetric under By — B, ? Analytically, this is because the decay
rate in Eq. (4.11) and the set of Boltzmann equations in Eq. (4.25)-(4.27) are actually symmetric
under By < By, as can be seen from the sum rule in Eq. (4.28). However, at first sight one could
think from Eq. (4.27) that for large By, the washout would be more important than for small B,.
As already mentioned above in page 125, the point is that lepton number violating washouts
occur if both £¢ — A and ¢¢ — A are in thermal equilibrium. If one of these two processes
never reaches thermal equilibrium, i.e. if By > By, or By > By, the scalar triplet carries effectively
lepton number -2 or 0 respectively and the efficiency tends to a maximum. This happens when
By < (1071,1073,1073) for ma = (105,10'°,10') GeV respectively, see Fig. 4.6.

Second, in the limit where By — 0 or By — 0, lepton number is effectively conserved and
the efficiency is maximal. But if lepton number is conserved, shouldn’t we get a vanishing B — L
asymmetry ? The point here is that even if the efficiency is large, when By, — 0 or By — 0 the
CP-asymmetry is in this case suppressed since it goes like €5 < /B¢By, as can be seen from
Eq. (4.17), and so is the B — L asymmetry. There is thus no contradiction and one has a correct
behavior of the B — L asymmetry produced, going to zero for By — 0 or B, — 0, as we will see next.

Successful leptogenesis. The contours in Fig. 4.8 show the values of the CP-asymmetry param-
eter e5//4B¢Bg needed in order to generate the baryon asymmetry of the Universe, as a function
)12 and the triplet mass mp, fixing ma = 1073 eV (left)
and mpa = Mg = 0.05 eV (right). The plots have been taken from Ref. [241]. The light green region

of the Yukawa coupling parameter (Yx YAT

is obtained assuming that the CP-asymmetry is bounded from above by unitarity consideration,
see Eq. (4.23). The dark green region is obtained assuming that the CP-asymmetry arises from
heavier sources of neutrino masses, see Eq. (4.22). Pertubativity of the coupling pa/ma implies
that the dark grey region is excluded. The diagonal black line corresponds to By, = By. As expected,
one cannot generate enough baryon asymmetry far from this line, even if the efficiency is larger,
because in this case the CP-asymmetry is too suppressed. The further we are from this line, the
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Figure 4.8 — Iso-curves of ex/ /4B, By needed in order to have successful leptogenesis in the

Ya YAJr plane, for mx = 1073 eV (left) and /15 = 0.05 eV (right). The light green region is obtained
assuming that the CP-asymmetry is bounded only by unitarity, i.e. fulfilling Eq. (4.23). The dark
green region is the allowed region assuming that the CP-asymmetry arises from heavier sources
of neutrino masses, i.e. fulfilling Eq. (4.22). The grey region is not allowed by pertubativity of the
scalar coupling pa/ma < 1. The plots have been taken from Ref. [241].

bigger the efficiency but the smaller the CP-asymmetry. As a consequence, the maximum baryon
asymmetry producible lies in fact around the line By = By = 0.5, but not necessarily on it as shown
by the right panel of Fig. 4.8.

From these figures, one can see that there is a minimal value of the triplet mass below
which there is not enough baryon asymmetry generated. In the case where the CP-asymmetry is
bounded from above by Eq. (4.22), i.e. in the case where the CP-asymmetry arises from heavier
sources of neutrino masses, since ex & mp one has

mp >2.8-101°Gev for my=10"3eV, (4.51)
ma >1.3-1011 GeV for 7ip =0.05eV. (4.52)

In the case where the CP-asymmetry is bounded from above by unitarity in Eq. (4.23), i.e. not for
ma < my but for example for two degenerate triplets, the lower bound get relaxed. If we also
consider the Sommerfeld corrections, which account for the effect of a potential on the interaction
cross section in case where particles are non-relativistic, the lower bound reads [246]

mp 2> 1.6 TeV. (4.53)

This result can be visualized in Fig. 4.9, taken from Ref. [246], which shows the needed CP-
asymmetry as a function of the triplet mass for B, = By = 0.5 and for different values of the
parameter /7. The gray region is the region excluded by unitarity, i.e. |ea| = 2-min(By, Byp).

129



Chapter 4. Type-2 Seesaw leptogenesis

]023 T T~
N \ S
N \ S S
= 100k VO \ T~ Tus=a
= EoyN N S=a Seal
Q \\ \\ N T-—
z 100F R TSy - E
< E W ~ - == 0.009
<V201 ey
6 N N T
2 10! W =< X 0001
51 A\ S~ 7, =<
= (U \«4\\0_1 -
3 [ 7 —Ley
Z 1()'25 \7;\\‘,14\3016 \\\‘\\
E A =Tley Tl -~
1073 ettt
10° 10* 10°
ma [GeV]

Figure 4.9 — Needed CP-asymmetry as a function of the triplet mass, for different values of m and
for By = By = 0.5. The gray region is the region excluded by unitarity, i.e. one necessarily needs
leal =2-min(By, By). The plot has been taken from Ref. [246].

Now that we have analyzed how things work in the one-flavor approximation, we can tackle
the more general analysis of the flavored scalar triplet leptogenesis, including the effect of spectator
processes. But when do we need to consider the lepton flavors in scalar triplet leptogenesis ?

4.2 Flavor issue in type-2 leptogenesis

In the previous section, we have described the mechanisms and the properties of the type-2
leptogenesis in the one-flavor approximation. We can now go a step further and study the effect of
the lepton flavors and spectator processes. But when do flavors matter in type-2 leptogenesis ? As
in section 3.5 for the type-1 Seesaw leptogenesis scenario, this question needs to be addressed in
order to determine the various flavor and temperature regimes. As we will show next, the situation
differs drastically from the type-1 Seesaw leptogenesis scenario.

Indeed, let’s already mention that the three flavors actually always matter in the scalar triplet
leptogenesis, whatever the temperature at which leptogenesis takes place. This issue was first
pointed out in Ref. [247], where they show, by solving the Boltzmann equations using the density
matrix formalism, that there are flavor effects even above T ~ 10'2 GeV; i.e. even when no charged
Yukawa interaction is active. Strictly speaking, this issue could have only been clarified using this
density matrix formalism, that describes rigorously the (de)coherence of the lepton states. We will
here follow the semi-classical approach, equivalent to the one in section 3.5, which is based on
simple arguments and which leads to the same conclusion.

Let’s denote as usual by A = A; the lightest scalar triplet responsible for the leptogenesis.
The SM Lagrangian, extended with the type-2 Seesaw Lagrangian, contains the interaction of the
lightest triplet A with the leptons ¢, in Eq. (4.4), but also the charged lepton Yukawa interactions :

L3y 0ICit, AV 05—y et vy, 04+ He.. (4.54)

a,p a

As usual, we choose a charged lepton basis such that the charged lepton Yukawa matrix is diagonal
and real, see the parameter counting in Eq. (1.29). We remind that Y, is a general 3 x 3 symmetric
matrix.
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The main difference with the type-1 Seesaw case is that now the scalar triplet doesn’t decay
into one, but into two coherent lepton states. As a consequence, if leptons don’t undergo any other
flavor interaction, all what we can do is to perform a rotation in the flavor space such that the
matrix Yy becomes diagonal. Indeed, in that case one can define a new flavor basis |¢') = R |£),
with R a unitary matrix, such that the scalar triplet interaction becomes

L30TCity AW, ', (4.55)

where the new coupling matrix %, is diagonal and is given by %, = R* Y, R with R a unitary
matrix. In the new basis |¢') = (1¢1),1¢2),|¢3)), since in general all the diagonal elements of %,
are non-vanishing, the scalar triplet A effectively decays via the di-lepton channels : A — ¢/,
A — 0505 and A — (3¢5, where all the three states |¢1,2,3) are a superposition of the three lepton
flavors e, pand 7.

Accordingly, if leptons don’t undergo any other flavor interaction, the scalar triplet decays
effectively via only 3 di-lepton channels instead of the 6 from the original symmetric matrix Y.
Even if the states |¢1,2,3) stay coherent, one has therefore in general always three flavors in the
scalar triplet leptogenesis, whatever the temperature regime. It seems thus not possible to define an
unflavored regime as in the type-1 Seesaw leptogenesis.

4.2.1 Flavor regimes

Even if there are always three flavors in the game, one still has different flavor regimes as in
the type-1 leptogenesis. Indeed, the states |¢12,3) can loose their coherence if they undergo an
interaction that is not flavor-blinded. Among them, one has the charged Yukawa interactions
(the second term in Eq. (4.54)), the Ay 3,... di-lepton interactions (in the case of pure scalar triplet
scheme) or N, », . Yukawa interactions (in the case of mixed type-1+2 scheme). These two latter
interactions are in general much slower than the Hubble rate because Boltzmann suppressed,
since the extra heavy states are taken much heavier than A, so that they should not a priori be
responsible of the decoherence of the states [¢] 2 3).

On the contrary, the charged Yukawa interactions are not Boltzmann suppressed and are
even much faster than the Hubble rate below some specific temperatures, as already discussed
for type-1 leptogenesis in section 3.5. If they are fast, they could in principle decohere the states
|41 23) and another lepton flavor base must be used. As in the type-1 Seesaw case, to see if this
interaction has the time to happen, the charged Yukawa interaction rate Iy, (T) must be compared
to the Hubble rate H, but also to the appropriate inverse decay (ID) rate T éD =I'(/¢— A;). One
has the following possibilities :

1. For T > 10'2 GeV, one has always I'¢,,.<H, and basically no charged lepton Yukawa
interactions occur. In this case, the three lepton states |¢; 5 3) propagate without loosing
their coherence, and could possibly undergo an inverse decay ¢, ¢, — A. In this regime, by
performing a rotation R of the flavor basis, the scalar triplet interactions with the letpons
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are effectively flavor diagonal in the flavor basis given by (|¢1),1€2),1€3)) :

vibo o
W=R*YyR'=| 0 Yv? o |. (4.56)
o o0 Y

This regime will be denoted as “full-diagonal regime” in what follows.

2. For 10° < T <10'2 GeV, one has I'y, > H but still I'y,, < H. Here, one has two possible
cases :

(a)

(b)

If Ty, <T}P, with @ =1,2,3, the lepton states |¢4) will more likely inverse decay

0404 — A before interacting through the tau charged Yukawa interaction. This case

reduces to the full-diagonal regime in item 1.

IfTo, >T;” > H, where I';” stands for the smallest of the three inverse decay rates
D

2,3
to the ¢;¢ — e; processes. In this case, the new interaction basis is (1¢,),1¢p),1¢7)),

with (¢, p1€:) = (€pl€,) =0and (¢;|¢;) = 1. The states |¢,) and |¢}) are coherent su-
perpositions of e and p flavors. Even if the other states ¢» 3 didn’t loose their coherence

F;?z iy whatever the value of Fé the lepton state |¢1) has the time to decohere thanks

through the charged Yukawa interaction, i.e. evenif I'y < FZ’S, the thermal bath con-
tains now pure 7 leptons which can interact with ¢, 3 through ¢, ¢, 3 — A and these
interactions break the coherence of the states ¢ 3. In this case, one can define the
new interaction basis such that the scalar triplet doesn’t decay via A — ¢,¢}, i.e. one
can still define a flavor basis such that the scalar triplet interactions has the following
structure

yee oo y®
_ D* t_ bb bt
Yy=R"YaR'=| 0 v vP|. (4.57)

art bt T
YA YA YA

This regime will be denoted as “semi-diagonal regime” in what follows. In this regime,
the scalar triplet has 5 di-lepton channels.

3. For10° <T < 10° GeV, one has I, >T¢,>H butstillT'y, < H. Here too, there are several
possible cases :

(a)
(b)

(©
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Ifr, < P with @ = 1,2, 3, we recover the full-diagonal regime.

IfT,, > FZ) and Ty, < I‘éDb, we recover the semi-diagonal regime in item 2.(b), since
the coherent lepton states |, ) undergo inverse decays ¢,¢, — A or £,¢}, — A before
loosing their coherence.

Ifr, > FZ) and Ly, > l"éD > H, where FéD stands for the smallest of the two inverse
decay rates FZ) < FZ? , the lepton state |£ ) looses its coherence through the £,¢ < ¢,
interactions. The interaction basis is now given by (|.),[¢y),1¢+)) and their inter-
actions with the scalar triplet are given by the original matrix Ya. This regime will
therefore be denoted as “general regime”.
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4. For T <10° GeV, one has I, >T¢,>T¢,>H, and one recover exactly the same flavor
regimes as the in the previous temperature range, plus a fourth case where ¢,¢ — e, is faster
than the inverse decays and the Hubble rate. This last case corresponds also to a general
regime. Only the chemical equilibrium conditions do actually change, see below.

The fact that one cannot define a general unflavored regime explains why we called the previous
section “one-flavor approximation”. This one-flavor approximation is the analog of the unflavored
regime of the type-1 Seesaw leptogenesis, and its study has allowed us to understand the main
feature of the scalar triplet leptogenesis. Strictly speaking, this situation only applies when specta-
tor processes are neglected and when the flavored CP-asymmetries and the various branching
ratios to leptons are aligned, i.e. ei"‘ =ea/3 and By, = bapBe!3, see below. We now determine
more precisely the parameter space where each flavor regime applies.

4.2.2 Parameter space of the flavor regimes

Now that we have defined the different flavor regimes, we can determine explicitly to which
parameter values they correspond. We remind that lepton flavor decoherence is a delicate issue
which requires a pure quantum treatment, which in full generality does not even exist for the
more widely considered standard leptogenesis picture. Here in this section, rather than providing
an exhaustive treatment of this issue, we will consider a simplified treatment by considering the
two most relevant processes : SM lepton Yukawa reactions (given approximately by Eq. (3.55))
and the rotallepton-related triplet inverse decays, basically along the lines of Ref. [248]. 6 We will
proceed starting from the “full-diagonal” regime, which is the analog of the unflavored regime in
type-1 leptogenesis, and then consider the domain of validity of the “semi-diagonal” and “general”
regimes.

Full-diagonal regime and tau-decoherence temperature 7, .. In the full-diagonal regime,
the lepton basis reads |£') = (|£1),€2),¢3)). In this case, the flavors that need to be treated in the
Boltzmann equations are the B — Ly, with Ly = ¢, where a = 1,2,3. The interactions between
the scalar triplet and these coherent states are diagonal and described by the diagonal matrix
WY\ = R* Yo R" asin (4.56), where R is a unitary matrix. 7 Let’s now determine more precisely for

which parameter value this regime holds.

The charged tau Yukawa interactions ¢; < e;¢ are faster than the Hubble rate for T; =
1012 GeV. This temperature is determined by the condition I'y, (T;) = H(T;), where the charged
lepton Yukawa interaction rate I'y, (T) is approximately given by Eq. (3.55). However, as explained
above, if at the time when a lepton Yukawa interaction rate becomes faster than the Hubble rate,
all the triplet inverse decay processes £, ¢, — A are much faster than this reaction, the coherent

6As highlighted previously, one should in fact compare the Yukawa interaction rate with the slowest inverse decay
rate. However, in this case one cannot make any general statement since the slowest inverse decay rate depends on the
matrix element values %5 . Therefore, in what follows, for illustrative purpose and in order to compare with the other
flavor regimes, we make the approximation of considering instead the total inverse decay £¢ — A to determine the
flavor regimes.

“It is worth to mention that one can choose the unitary transformation so that the matrix elements of Y, are real
numbers.
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superposition of leptons produced from the decay of a scalar triplet will inverse decay before
it has the time to undergo any charged lepton Yukawa interaction. In this case, it is expected
that decoherence is fully achieved only later, when the inverse decay rate (which is Boltzmann
suppressed at low temperatures) gets smaller than the SM lepton Yukawa rate, at a temperature

— 7T
I= Tdecoh'

Since the rate of the process ¢ — A is proportional to B,T», the parameters which determine
T&ecoh
is the effective neutrino mass-like parameter defined in Eq. (4.12). Imposing that charged tau

are mpa and the inverse leptonic decay effective parameter By mgff, where ﬁ’lsz =mal\/ByBgy

Yukawa reaction never get faster than the lepton-related triplet inverse decays at a given tempera-
ture :

D
Te, B2, (4.58)
n

l

in the same way it has been done in the type-1 seesaw case [248], one can derive a lower bound on
the triplet mass my as a function of By ﬁ’zsz which fixes the values that these parameters should
have in order to assure that triplet dynamics takes place in the “full-diagonal” flavor regime,

namely : 8

1073ev

5 eff
BgmA

ma > min |1, 102 GeV . (4.59)

Semi-diagonal regime and muon-decoherence temperature T(’itemh. In this flavor regime, the
basis reads [£") = (1€ 4),|€}),1¢+)), where |¢ ;) and |£}) are coherent superpositions of |£.) and |¢,,)
states. In this case, the flavors that need to be treated in the Boltzmann equations are the B~ L j, 7,
with L, =€, and L; = ¢; + e;. The interactions between the scalar triplet and these coherent
states are now “semi-diagonal” and described by the matrix % = R* Y R" as in (4.57), where

R =diag[S§, 1] is a unitary matrix such that S diagonalizes the (e, i) bloc of the matrix Ya.

As in the full-diagonal regime, the lepton states |¢,) and |¢}) can loose their coherence

v
at a temperature T,

interaction is faster than the Hubble rate for T, ~ 10° GeV, which is obtained by the condition

if they undergo a charged muon Yukawa interaction ¢, < e,¢. This

'y, (Ty) = H(T,). But this interaction must also be compared with the inverse decays £ — A. The
analytical condition to lie in the semi-diagonal regime reads thus

T, SBe Y—EDq STe.s (4.60)
”é

which translates in a condition on the mass of the scalar triplet :

1073eV 1073eV
min |1, ——|-10°GeV <mpa< min |1, 10" GeV. (4.61)
B, Byl

8In relation with footnote 6, rigorously, By should be replaced by By,, in this expression. However, since By, < By,
this bounds constitutes in fact an absolute condition for lying in the full-diagonal regime.
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Figure 4.10 — Regions determining the different flavor regimes as a function of B, ﬁlgff and ma.
The region above the solid red line is obtained by the requirement that the 7 Yukawa rate is never
faster than the £¢ — A inverse decay rate, determining the full-diagonal regime. The region
between the red and orange solid lines is obtained by the requirement that the 7(u) Yukawa rate
is faster (slower) than H and the ¢/ — A inverse decay rate, and corresponds therefore to the
semi-diagonal regime. Finally, the region below the dashed line corresponds to the general regime.
The horizontal dot-dashed lines correspond to the value of ma above which the 7, u and e Yukawa
never reach thermal equilibrium. The vertical dot-dashed line corresponds to the value of B, mgff
below which inverse decays never reach thermal equilibrium.

General regime. In this regime, the flavor basis is |£) = (|£.),1¢),|¢7)), and the Boltzmann
equations must be written in terms of B — L, asymmetries, with L, = £.(+e.), L, = ¢, + e, and
Ly="0;+er. 9 The absolute condition to lie in the general regime reads simply

1073ev

o eff
Bgl’}’lA

ma <min |1, -10% GeV . (4.62)

Summary. We show in Fig. 4.10 a summary of the regions corresponding to each specific flavor
regime, in function of ma and By mgff. The white, red and orange region correspond to the full-
diagonal, semi-diagonal and general regimes. The horizontal lines show the temperature (and
thus m,) value for which the tau (T ~ 10'? GeV), muon (T ~ 10 GeV) and electron (T ~ 10° GeV)
charged Yukawa interactions are faster than the Hubble rate. To the left of the vertical line one has
By ﬁzgff ~ 1073 eV, and one lies therefore in the “weak washout” regime (in analogy with the type-1
Seesaw leptogenesis), where the inverse decays ¢¢ — A never reach thermal equilibrium.

9Let’s note that here one has two possibilities since the charged electron Yukawa interaction may or not be in thermal
equilibrium.
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4.3 Flavored type-2 leptogenesis

In this section, we aim to study the generation of the B — L asymmetry arising from the CP-
violating and out-of-equilibrium decays of a scalar triplet, taking into account in a systematic
way any relevant effect that a SM interaction could have at a given temperature. This includes
the flavor effects of the charged lepton Yukawa couplings and the “spectator” effects of the quark
Yukawa couplings and the sphalerons processes. To this end, we first write the expressions of the
decay rates and the CP-asymmetries valid in every regime, then consider the redistribution of
the B/3 — L, asymmetries in the heat bath, which in turn requires considering the conservation
laws and chemical equilibrium conditions implied by slow and fast reactions, as has been done in
type-1 Seesaw leptogenesis. Finally, we derive the full network of flavored classical Boltzmann
equations that included all the above effects.

This study was made in collaboration with Diego Aristizabal Sierra and Thomas Hambye [2].
At the time of writing our paper, the role played by lepton flavor effects in production as well as
the evolution of the flavored B/3 — L, asymmetries have been partially considered in Ref. [250].
In particular, the author of Ref. [250] first published a paper in which they just computed the
CP-asymmetries, and then updated later their paper including Boltzmann equations and short
discussions. While we agree with their result concerning the CP-asymmetries, a careful analysis
of their paper shows many clear discrepancies for example in their analytical expressions of the
Boltzmann equations.

Few months ago, i.e. in March 2015, another paper has been published in which they analyze
the type-2 flavored leptogenesis using the density matrix formalism [247]. In this paper, they
highlighted the fact that the lepton flavors actually always play a role in leptogenesis. This
interesting result was not found in our original paper [2], since we analyzed flavored leptogenesis
in the semi-classical approach. Indeed, a rigorous treatment of the flavor (de)coherence can
only be done through density matrix formalism, which was beyond our scope. However, the
consequences of Ref. [247] can be straightforwardly applied to all what has been done in Ref. [2].
They basically just mean that all the results and scenarios in Ref. [2] still apply but with extended
temperature windows.

Taking into account the considerations of Ref. [247], the precise determination of the flavor
regimes as a function of the various parameters is a delicate task which has been addressed in
section 4.2. We have seen that to each flavor regime corresponds a specific flavor basis, and
therefore a specific effective Yukawa coupling matrix /5. Accordingly, one has to consider specific
decay rates, CP-asymmetries and B/3 — L, asymmetries for each flavor regime. Here, we will
derive general expressions that hold whatever the flavor regime, whatever the triplet A.

The reader who would like to compute the baryon asymmetry in a scalar triplet leptogenesis
can find in the next section 4.4 a summary of the procedure to follow. We now detail the main
steps in the determination of the flavor effects.
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Figure 4.11 - Feynman diagrams of tree-level decay of the scalar triplet component A, to leptons
and scalars respectively.

4.3.1 Tree-level decay rates

Tree-level triplet decays involve leptonic and scalar final states. The Feynman diagrams are shown
in Fig. 4.11 for the A;g component, and the associated decay widths are computed in Appendix D.1.
The leptonic partial decay widths, depending on the lepton flavor composition of the final states,
involve extra factors of 1/2 which avoid double-counting : !

ma,

aﬁ 2
Ak

r(ag aéafﬁ) [1+1Q-11(1-545)] , (4.63)
where Q stands for the electric charges of the different SU(2) triplet components, AQ (AO A+ AZJ“).
The matrix %, is related to the matrix Y, through the transformation %, = R* Ya, R, where
R is a unitary matrix that diagonalize totally or partially the Yukawa matrix Y, of the triplet
responsible for leptogenesis A = Ay, following that the full-diagonal or the semi-diagonal regime
applies. On the other hand, scalar triplet decay modes can be written according to :

|.uAk|

) (4.64)
8wmp,

r(ag—o0)=
Since Tr[%\%, A‘L 1 =Tr[Ya YAJr 1, the total decay rate to leptons doesn’t depend on the flavor regime, as
it should. It is given as in Eq. (4.11) by

2

o IR SR Y
FAk = FAz = FA; = FAJI; = 5 V2 mAk , (465)

where the effective neutrino mass-like parameter m 1s defined as in Eq. (4.12) :

1
el = iy, —— (4.66)
k k gk
B} BY
with
m3, = Trlmb* m) = a2 m— Tr[YAk : (4.67)
Ag

100ne could think in a first sight that the total decay rate of the three triplet components are not the same, which
would not be gauge invariant. This is actually not the case, because a peculiar attention has to be taken when summing
over the lepton channels, see Appendix D.1.
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Figure 4.12 — One-loop Feynman diagrams responsible for the flavored CP asymmetry ei‘z in the
pure type-2 Seesaw scenario.

The B ;f and B £ stand for the Ay triplet decay branching ratios to lepton and scalar final states :

Bk = BF = BF = e |gyab|?
¢ a=;ﬂ,r ba a,ﬁ:ze:,y,r Cap a,ﬁ;,y,r 8nrAk B ’
k_ |/*‘Ak |2

= ) 4.68
¢ 87thkFAk ( )

where of course the relation B ;f +B (’; =1 holds. As in the one-favor approximation in Eq. (4.14), one
sees directly from Eqgs. (4.65) and (4.66) that I's, exhibits a minimum at Bé‘ = B’(; =1/2, for fixed

k

mp, and my,. Thus, the farther we are from B}f =B,

= 1/2, the faster the scalar triplet decays.

4.3.2 Computation of the CP-asymmetries

The one-loop corrections to the tree-level decay depend on the details of the corresponding model.
As mentioned at the beginning of the chapter in page 111, we focus here on (A) models featuring
several scalar triplets (“pure type-2 Seesaw states”), and (B) models involving a scalar triplet and
heavier right-handed neutrinos (“type-1+2 Seesaw states”).

° Pure type-2 Seesaw states

In purely triplet models, that is to say models entirely determined by the Lagrangian in Eq. (4.2),
the corrections to the leptonic tree-level decay mode involve only wave-function type correc-
tions [238]. The CP-asymmetry follows from the interference between the tree-level and wave-
function corrections shown in Fig. 4.12. The computation of the CP-asymmetries is done explicitly
in Appendix D.2. The final CP-asymmetry therefore consists of two pieces : a lepton number
and flavor violating one (first diagram with scalars in the loop) and a purely flavor violating part
(second diagram with leptons in the loop). The total flavored CP-asymmetry in A decays can
then be written as

Ak Ak

where the two pieces read

ap_ 1 o Sm [(@gk@/Aj) “Zk“Aj]
T f;’“ my, Tr [%k@ﬁHmkIZ gl ) (@70
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and
& T T
ly # _ 1 Z 2 Jm[(@Ak@/Aj)aaTr[@/Ak@/Aj” ( / ) 4.71
€a " on & A 2 t AU mAJ (4.71)
j#k mAkTr [@/Ak@/Ak] +lpa,l
with
(0= 1% (4.72)
g = (1-x)2+xy ’

and y = (I j/ ma j)z. Note that the CP-asymmetry in Eq. (4.70) is in-line with what has been
found in Ref. [251], and that the one in Eq. (4.71) is in-line with what has been found in Ref. [250].
This piece, which we refer to as purely flavored CP-violating asymmetry, satisfies the total lepton
number conservation constraint

Ze’ «(F) - (4.73)

and so the total CP-asymmetry can consequently be written as

la
= 2 €A Y, €x (Z " (4.74)
a=e,U,T a=e,u,T
For mil > mik, the total flavored asymmetries can be recast in terms of triplet decay observables
J
3 Bk t | gkpi
6‘[“ = — mAj [B C\m Ak"' A] 1+ ma, Tr[mv mv] ] B B

Ak 27 v2 7k Ay ma, ma; M M, B’(;Bé)

x g(mAk/mA ), (4.75)

with m5* given in Egs. (4.7).

Important comment on a purely flavored scenario. If flavor effects are operative, the purely fla-

vored CP-asymmetry in (4.71) will play a role in the generation of the B — L asymmetry. These
asymmetries, conserving total lepton number, involve only the Yukawa couplings YA and not the
lepton number violating parameter pua. Hence, as also noted in Ref. [250], they are not necessarily
suppressed by the smallness of the neutrino masses. As can be seen by comparing (4.70) and
(4.71), when the condition

HA M, < my Tr[Va, ng] (4.76)

is satisfied, the purely flavored CP-asymmetry overshadows the lepton number violating piece.
This opens the path to a special regime where leptogenesis could be entirely driven by flavor
dynamics. In terms of scalar triplet interactions, this means that a purely flavored scalar triplet
leptogenesis scenario naturally emerges whenever the triplets couple substantially less to SM
scalars than to leptons, B’(; < B}f for at least one value of k. This can for example be motivated

from symmetry arguments, see the discussion associated to Eq. (1.41) in page 21.
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Figure 4.13 — One-loop Feynman diagrams accounting for the flavored CP asymmetry eiia in
scenarios featuring type-1 and type-2 interplay.

Note that although Purely Flavored Leptogenesis (PFL) scenarios in type-1 Seesaw can be
defined as well, they differ significantly from the purely flavored scalar triplet leptogenesis scenario
in that the latter just requires suppressed lepton number violation in a single triplet generation,
i.e. suppression of lepton number breaking interactions in the full Lagrangian is not mandatory;,
as can be seen by noting that condition (4.76) can be satisfied even if us, /ma, < Y, for a single
value of k. PFL scenario in type-2 leptogenesis is thus much more “natural” and straightforward
than in type-1 leptogenesis. This possible scenario will be considered in section 4.5.

o Type-1+2 Seesaw states

We now turn to the case where the new states beyond the scalar triplet are right-handed neutrinos,
which is a scenario well-motivated by GUT, see section 1.6. In these scenarios the tree-level triplet
decay involves only a vertex one-loop correction as shown in Fig. 4.13. The interference between
the tree and one-loop level diagrams leads to the following CP-asymmetry [240, 241] :

N; N;
‘ 1+ —2 4.77)

Ni

\sm[,uA@aﬁY* Y*ﬁ] (

mNi n
ip m3 Tr [@A@ ]+I,uAI2

Here the triplet generation index, being superfluous, has been dropped. In contrast to what has
been found in the previous case, the resulting flavored CP-asymmetry violates lepton flavor as
well as lepton number. So, unless a specific (and somehow arbitrary) flavor alignment is assumed,
sothat ), 62" =0, in these “hybrid” schemes PFL scenarios are not definable.

In the hierarchical case, ma < my;,, the flavored CP-asymmetry can be recast in terms of
triplet decay observables, namely
l, 1 mp

\sm[(m mf,w) ]
€ =———1/B/B oz
AT op 2 eoe ma

) (4.78)

with m% and m!Y given by Egs. (4.7) and (4.8). Note that in type-1+type-2 scenarios, opposite to
the scenario we consider here, it is also possible to generate the B — L asymmetry from the decay
of right-handed neutrinos via a vertex diagram involving a virtual scalar triplet, see in particular
Refs. [240, 252, 253].
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4.3. Flavored type-2 leptogenesis

o Upper bound on the C P-asymmetries

The upper bounds in Egs. (4.22) and (4.23) on the sum of the flavored CP-asymmetries still hold.

As was done in the one-flavor approximation in Eq. (4.23), from perturbativity constraints, i.e. by

requiring that the one-loop contribution to the various decay widths doesn’t exceed the tree-level
one, one can derive an upper bound on the CP-asymmetry given by

la : k k

|ee | <2-min(Bf ,B) . (4.79)

However, it seems in general not possible to derive any model-independent upper bound on the
separated flavor C P-asymmetries from light neutrino mass values. For example, in the pure type-2
Seesaw with 2 scalar triplets, we find that the CP-asymmetry in Eq. (4.69) is bounded from above

1 ma,
<g - /B B¢va +2 ,/Bgaﬁ‘/B“ Z \/Blaa\/Btas

ﬁ Y07
where we assumed perturbative Yukawa couplings for the second triplet generation, i.e. |Ya,| <

(4.80)

V/4r. ' Note that the second term comes from the L-conserving CP-asymmetry in Eq. (4.71).

In the mixed type-1+2 scheme, we find that the upper bound on the separated flavor CP-
asymmetries is given by the first term of the above equation, which is nothing but the general
upper bound on the sum of the flavored CP-asymmetries in Eq. (4.22), to wit

1 mp
<——= |ByByY m?. 4.81
2m V2 ¢ (pzl-" i ( )

We see therefore that the upper bound on each flavored CP-asymmetry depends on which kind of

l,
e

heavy particles activates leptogenesis.

Now that we have computed the various CP-asymmetries, we can compute the chemical
equilibrium conditions that are needed to write down the set of flavored Boltzmann equations.

4.3.3 B/3 - L, asymmetries and chemical equilibrium conditions

In order to set the Boltzmann equations, one needs to derive the chemical equilibrium conditions,
as what has been done in section 3.6.3 for type-1 leptogenesis. As also already discussed in
section 4.2.2, in each flavor regime the associated flavor asymmetries that need to be treated in the
Boltzmann equations are the AYp_j , with L, = ¢4 (+e,) where e, are the right-handed charged
leptons. The AYp_1, are directly related to AYy, through chemical equilibrium conditions. Indeed,
following the temperature some SM processes can be in thermal equilibrium. These spectator
processes induce relations between the chemical potentials and so between the asymmetries of
various species.

HThe upper bound on the CP-asymmetry depends crucially on the perturbativity condition. Taking instead | Ygl=1
would lead to the same expression divided by 47.
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As explained in Appendix C.5, there is in principle a chemical potential (an asymmetry)
for each particle in the thermal bath, which implies that a priori there are as many chemical
potentials as particles in the plasma : 61. This number is however largely reduced due to the
constraints imposed by the set of chemical equilibrium conditions. These constraints depend on
the temperature regime where the B — L asymmetry is generated. For T > Tgw (which is required
in order to generate a B — L asymmetry before the sphalerons decouple), one has that the possible

constraints on the chemical potentials are, in this type-2 Seesaw case : 12

1. Chemical potentials for gauge bosons vanish py: = ug = ug =0, and so the components of
the electroweak and color multiplets have the same chemical potentials [215].

2. Regardless of the temperature regime, cosmological hypercharge neutrality must be obeyed,
namely

Y =) (UQy +2Muy — Hd, — Ko, — Hey) +2Hp +6ua =0. (4.82)
a

Compared to the type-1 Seesaw expression in Eq. (C.55) in Appendix, since the scalar triplet
carries a hypercharge, this equation involves now the chemical potential of the scalar triplet
ua. These two first items already reduce to 16 the number of independent asymmetries.

3. Non-perturbative QCD instanton and electroweak sphaleron reactions — if in thermal equi-
librium — enforce the following constraints :

2 (210, — puy —pa,) =0 (QCD), ) (3uq,+He,)=0 (EW). (4.83)

a a

The temperature range at which the QCD instanton reactions attain equilibrium has been
estimated to be T:;Eﬁ € [132,10'3] GeV [255, 214] while for electroweak sphaleron processes,
being controlled by a gy rather than ag, it has been found to be about a factor 20 smaller
for the upper value [214] so that Tg}’l" 1 € 1132,10'2] GeV. For a question of simplicity, we will

here assume that they both are in thermal equilibrium for Ty, € [132,10'%] GeV.

4. Finally, when the SM charged Yukawa reactions are in thermal equilibrium, i.e. they are
faster than the Hubble rate and faster than any other rate involving the charged fermion,
one has the following chemical equilibrium constraints :

Up-type quarks: Mu, — HQ, — M =0, (4.84)
Down-type quarks: Hd, — HQ, + ¢y =0, (4.85)
Charged leptons: Me, — Mo, + ey =0. (4.86)

Top Yukawa-induced reactions are faster than the Hubble rate for T < 10'® GeV. Bottom,
charm and tau Yukawa-induced processes are faster than the Hubble rate for T < 10!2 GeV,
strange and muon for T < 10° GeV, and the first generation Yukawa-induced processes for
T< 10° GeV [230, 233, 231].

2Theses ranges are based on the assumption that all SM interactions that approximately enter in thermal equilibrium
at a similar temperature do it effectively at the same temperature. We stress that some of these temperature “windows”
differ from those used in Ref. [233], in particular in what regards the charged lepton Yukawa reaction equilibrium
temperatures. They however match with those pointed out in Ref. [230].
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Following the temperature regime, the effective Lagrangian possesses global symmetries and
the associated charges, the asymmetries, are conserved. This means that if at early stage there
were zero initial asymmetry for all the species present in the thermal bath (which is a reasonable
assumption) some of the chemical potentials can be set to zero, see discussion in Appendix C.5.2.
As a consequence, the exact number of non-vanishing chemical potentials as well as the number
of chemical equilibrium conditions are thus fixed only when a specific temperature window is
settled. Once this is done, the resulting system of equations is solved in terms of a single set of
variables, which we take to be up/3—1,, and pa, since it is the evolution of these quantities on which
we are interested in. The solution thus provides the relations between the asymmetries of all the
particles in the heat bath with the independent asymmetries AYA and AYg/3_p1,,.

In particular, the scalar asymmetry AY,, and the lepton flavor asymmetries AY, are deter-
mined by the triplet asymmetry AY, and the AYp_;, asymmetries through

AYy=-Y ClAY, and AY, =-) C/AY, (4.87)
k k
where the asymmetries AYj are given by the components of the asymmetry vector
. T
AY = (A Yy AYB/g_La) . (4.88)

The matrices C? and C? depend on the flavor regime and on the temperature at which leptogenesis
takes place (i.e. the mass of the scalar triplet m,), and their value are given in Table 4.1 for all the
flavor and temperature regimes, see next page. '3 Indeed, in each flavor regime, the structure of
the C’ and C? matrices are determined by the constraints coming from the global symmetries of
the effective Lagrangian and the chemical equilibrium conditions enforced by those SM reactions
which in the relevant temperature regime (the regime at which the B — L asymmetry is generated)
are faster than the Universe Hubble expansion rate. All in all, one has a set of 5 pairs of matrices
for the full-diagonal regime, 3 for the semi-diagonal and 3 for the general regime. This makes a
total of 11 different matrices for C¢ and C?.

We are now in a position to compute the set of classical Boltzmann equations that describes
how the scalar triplet leptogenesis works taking into account the lepton flavors and the spectator
processes, whatever the flavor or temperature regime.

mp (GeV) Regime c? c®
0100

> 10 Full-diag. 0010 211 1)
0001

...see next page for the other regimes. ..

13Note that some of these matrices reduce to those found in the type-1 Seesaw case when removing their first column.
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ma (GeV) Regime c’? c®
01 0 O
[10'2,10'9] Full-diag. 0010 (5 2 ¢ 3
0 0 0 1
[10%,10%] :
0o 1B _2 _2
12 L 101 1 1
T s _ & 19 _ 1 1 1 1
[Tgecon 10771 Full-diag. 0 5 15 15 G 7 7 1)
0 -5 -5 15
4 307 _52 36
9 003 0 W 172 82 82 112
T 3 3 - —oz U7 _ oo 1z o2 o2 11z
[10%, Tjecon] Semi-diag. 359 359 359 359 (3% =% 3= 3555)
20 O 2 28
359 359 359 359
[10°,10%] :
3 _2 _2
9 5oy R 101 1 1
T : _ & 15 _ 4 1 1 1 1
[Tgeconr 1071 Full-diag. 51 G 7 7 7
15 " 15 15
4 307 _52 _36
359 359 359 359
[t TT 1| Semi-dia _4 52 307 _ 36 (ﬂ 82 82 M)
decoh’ ' decoh g B9 5y 8 359 359 359 359
359 359 359 359
4 151 _20 _20
5 il R VA 4 82 37 52 52
[10°, Tecon] General 7 3 s s || (G T T i)
BUMIE R (I v
58 358 537 537
<10%:
o 8B _ 2
5 544 P 4 2 2 2
T 3 & & a <~ < <~
[Tgecon 1071 Full-diag. 0 15 15 )5 F & & ©)
0 -5 -5 15
2 200 _35 _2
p 233 244 244 244 6 a1 4l 56
. o e 86 41 41 56
[Tgecon Tdecon] | Semi-diag. 24 T Tom om (221 241 241 o11)
244 T 488 488 244
_ .8 407 _ 52 _ 52
" s U s & 64 2 8 8
e _ Ll _ 1 AV - 104 &
[Tdecon’ Tdecon) | B/3—Lepur i KR U i (1 & = 3)
481 13 T 111 111
3 M2 _3 _32
S VR S 26 16 16 16
< T€ 2 94 — 2L 5 19 20
S Thecon General © T L (%5 % 7 %)
79 711 711 711

Table 4.1 - C? and C? matrices for all the flavor regimes and temperature ranges.
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4.3.4 Flavored Boltzmann equations

The network of Boltzmann equations for scalar triplet leptogenesis, no matter whether lepton
flavor effects are active or not, corresponds to a system of coupled differential equations ac-
counting for the temperature evolution of the triplet density Ys = Y + Y}, the triplet asymmetry
AYx = Yp - Y3 and the AYp/3_1, charge asymmetries. We give in Appendix D.4 the details of the
derivation of the set of Boltzmann equations, which ultimately reads

2
. Ys Ys
L i L Bq| Y4 (.89
Ys Ys
. AYy AY;
AVa=—|—p - (ZB[QCﬁk—B(pCZ))—E Yo, (4.90)
Y5 k \a Y[ q
AYp/3-r, =— —E—l)GAaYD+ZZ a5 —q | BlasYD
@ q Eq apk y Eq [T Cap
Yy plY;T 2% Y,
03 1 Vi AY]C 1pp d)[ﬁ Vi AY]C 10, 0s fﬁf
2 (Ck i EC“ﬁ’“) Eq (Waé’ﬁ o)~ T Clpya Eq (W!fﬁ Yo -
Bk Y, 7,0, Y,
(4.91)
The matrices Cﬁ Bk and Ci pyok Are defined according to
0 _ ot ¢ ¢ _ ! ¢ ¢ 4
Cape =CaxtCpr and  Copsp = Cop +Cpr = Cpp = Gy (4.92)

where the C’ and C? matrices relate the asymmetry in lepton and scalar doublets with the
B/3 - Ly and triplet asymmetries according to Egs. (4.87). The asymmetries AY} are given by
the components of the asymmetry vector in Eq. (4.88) : AY = (AYa, AYp/3-1,). The final baryon
asymmetry is as usual given by

12
AV = 5 LAYERL, (4.93)
a

where A Yg?f_ L, are the flavor asymmetries at the end of leptogenesis. The various rates have al-
ready been introduced in section 4.1.5, page 117. In particular, in the second line of the Boltzmann
equation (4.91), we took into account : (i) the lepton flavor and lepton number (AL = 2) violat-
ing Yukawa-scalar-induced and triplet-mediated s and ¢ channel 2 — 2 scatterings ¢¢ — £ ¢ B
and ¢lp — ¢l , which are accounted for by the reaction densities yﬁflﬁ and y%i ; (ii) the
lepton-flavor-violating Yukawa-induced and triplet-mediated s and ¢ channel 2 < 2 scatterings
lyls — Lol and lgly — (4 l5, with reaction densities given by )/ZZ and yﬁ’z Z. The analytical
expression of the rate of these scattering processes are given in Appendix D.3.

We show in Fig. 4.14 the different reaction densities as a function of z = ma/T by fixing
the relevant parameters according to mpa = 10°GeV, mp = 1072 eV and By = 1074 (Byp = 0.5) for
the plot on the left (right). For the scattering rates, for convenience we summed over all the
initial and final flavor configurations. We see that the various 2 < 2 scattering rates are always
smaller than the Hubble rate for these parameter choices. This is actually the case for most of the
parameter space. Accordingly, as in the one-flavor approximation, from now on and throughout
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Figure 4.14 — Reaction densities for the different processes involved in scalar triplet flavored
leptogenesis. In the left-hand side plot By = 10~* while in the right-hand side plot By = By = 0.5
(B¢ =1 - By). The remaining parameters have been fixed according to my = 10°GeV and 7 =
1072 eV.

the numerical calculation we will drop the third and fourth term in the r.h.s. of Eq. (4.91) (i.e. the
second line). For the numerical example we will consider below, this approximation is valid up to
better than ~1%.

4.3.5 Formal integration of Boltzmann equations

Now that we know the Boltzmann equations for each flavor regime, it must be explained how
to deal with them to get the final asymmetry produced. We here try to solve analytically the set
of Boltzmann equations. Keeping only leading order terms in Eq. (4.91), i.e. dropping third and
fourth terms, an analytic formal integration of the equations responsible for the B — L asymmetry
can be accomplished, basically along the same lines of the type-1 Seesaw case [256]. In all the
flavor regimes, one has to consider 3 flavors, that we will label a, b and c. * The asymmetry vector
introduced in Sec. 4.3.3 (see Eq. (4.88)) is given by

. T
AY:(AYA AYp/3-1, AYp/3-r, AYB/3—LC) . (4.94)

In terms of this vector, Egs. (4.89) and (4.91) can be casted in matricial form, namely

iA?(z) =— ﬁ —1|D(2) € - D(Z)M(Z)Al?(z) s (4.95)
dz yqu
with
D(»= 2@ (4.96)
S(z)H(2) z

4 The flavors (q, €y, C¢) correspond to (£1,42,¢3) In the full-diagonal regime, (¢ 4, £}, 1) in the semi-diagonal regime,
and (¢¢, £y, () in the general regime.

146



4.3. Flavored type-2 leptogenesis
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Figure 4.15 — 22 eigenvectors-third-component 2; as a function of z. The eigenvectors have been
evaluated for the flavor configuration By,, = 0and B, = By,, = (1 — By)/2, with By, =107*, in the
two-flavor approximation for simplicity. We have checked that this result is quite insensitive to
changes in the flavor configuration. The vertical yellow stripe indicates the range where the matrix
22 slightly depends upon z.

and where the CP-asymmetry vector ¢ is defined as

T
2 _ la 4 lc
e=(0 b e ) (4.97)

while the matrix .# according to

L ZpBeyChy-ByCy YpBeyCh=BsCi  LTpBeyCh,—BoCy  LpBeyCh—ByCl
ct ct
apA uﬁa _—apb a[ic
_ZZﬁB[aﬁ( Eq 2YEq) ZﬁBfaﬁ Y ZﬁBfaﬁ YFq ZﬁBfaﬁ YFq
M(2) = ] o &, g | e
bpA
_ZZﬁbeﬁ ﬁ_ ZYEq) ZﬁB[bﬂ YEq ZﬁB/b/j YEq ZﬁB[bﬂ YEq
ct cf cf cf
cpA cfa cfb cfec
_ZZﬁB[Cﬂ ( S Eq 2YEq) ZﬁB[Cﬁ YEq ZﬁB[Cp YEq ZﬁB[Cﬂ YEq
4

In the case ./ (z) = 4, the system of equations in (4.95) can be decoupled via a rotation of the
asymmetry vector AY, the matrix accounting for the rotation being determined by the similarity
transformation

P uw=4, (4.99)

which brings . to diagonal form. Strictly speaking, .# does depend on z, but it turns out that the
z dependence of the rotation matrix & is quite moderate (only the first colon of .4 do actually
depend on z). As can be seen in Fig. 4.15, in the high as well as in the low temperature regime
2P (z) = &2 whereas within the window z < [0.2,7] there is a rather soft dependence.

Thus, we will make the approximation to take a z independent change-of-basis-matrix &
and rotating the asymmetry vector, as

AY'(2)=22'AY(2). (4.100)
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Chapter 4. Type-2 Seesaw leptogenesis

In this way, we finally get a decoupled system of differential equations :

iAY/’(z) =— (ﬁ - 1) D(z) €' — D(z).4 (2)AY'(z), (4.101)
dz Yqu

where the rotated CP-asymmetry vector ¢ has been introduced:
S —gplg (4.102)

The decoupled system of equations in (4.101) can then be formally integrated through their
integrating factor. By doing so, and assuming vanishing primordial asymmetries, AY (z) = 0 with
zop < 1, the solution reads

!/ ! N
A?,(z) _ __/‘Z dz/ YD(Z) dYZ(Z) e_fzz’ dz"'DZ").H(Z") g’ . (4103)
Z

0 yYp(2') +4ya(z) dZ

We used Eq. (4.90) and the fact that Ys(z) follows quite closely the equilibrium distribution
function. In terms of the “new” asymmetries, and due to the diagonal structure of the matricial
damping factor .#, one can define efficiency functions 1';(2), which account for the evolution of
the primed asymmetries and their corresponding values at freeze-out (z — co), namely

[AY'(2)], = 1 (2) €} Yy U(z0) (4.104)

where the efficiency functions can be directly read from (4.103) by taking into account that, as
usual, they have been normalized to the scalar triplet equilibrium distribution evaluated at zy.

The evolution of these asymmetries, however, does not describe the evolution of the actual
B/3 - L, asymmetries but instead, as can be seen in (4.100), of a superposition which involves the
triplet asymmetry as well. A meaningful description requires switching back to the non-primed
variables, which yields

A?(z) _ _fz dz’ '}/D(Z’) dYZ(Z’) e_fzz’ dz"D(Z"). (2" E (4105)
»  Yp@E)+4yalz) dz '

where we used P -1 = ¢ In the non-primed basis the matricial damping factor is no longer
diagonal and therefore defining efficiency functions, as it was done in the primed basis, is no
longer possible : B/3— L, j . are a superposition of three terms weighted by the corresponding
CP-asymmetries ei“""c. Let us discuss this in more detail. The i-th component of the asymmetry
vector in (4.105) can be written as

— 2 ! dY ! Z " " "
[YA(Z)L:—f dz TD(Z) / z(,Z) y [e—fz,dz DENME| g (4.106)
20 yYp(@) +4yaz) dz' 55 ik
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thus implying that the flavored asymmetries become

AYpg3-1,(2) =—

Naal2ey’ +Nap(2e +Nac(Del | Y (z0),

AYp3-1,(2) =—

nba(z)eﬁ“ + TIbb(Z)é'ib + nbc(z)Eﬂ Y;‘ z0),

AYp/3-1.(2) = —

Nea(DeR +Nep(2el +nec(2el ] Vs d(z0) (4.107)

with the flavored efficiency functions defined as :

z dz/ YD(Z’) dYZ(Z,) [e—fzz’ dz' D" M (Z") (4108)

Map(2) = Yqu(Zo) fzﬂ Yp(2) +4ya(2) dz ap’
It is interesting to note that even if one (or even two) CP-asymmetry vanishes, e.g. ei" — 0, an
asymmetry will develop in this flavor anyway, provided that the efficiency is not zero. So, once
lepton flavors are taken into account the efficiencies are in general no longer flavor diagonal. The
presence of the flavor off-diagonal efficiencies is a manifestation of flavor coupling which persists
even when C’ = 1 due to the intricate structure of the matrix ..

More precisely, as already said above, this occurs because, in contrast to the type-1 Seesaw
leptogenesis case, an asymmetry in the state generating the B — L asymmetry develops (AY,), and
so an additional Boltzmann equation accounting for this asymmetry turns out to be mandatory.
Due to the presence of this equation the asymmetries in flavor a, b, ¢ are indirectly coupled, and
such coupling becomes manifest in the exponential function in Eq. (4.108). In other words, this is
the precise reason why, unlike standard leptogenesis, flavor coupling effects are unavoidable in
scalar triplet leptogenesis ! 1°

157 specific case where flavored efficiency functions, in the same sense of (4.104), can be properly defined corresponds
to a purely flavored leptogenesis (PFL) scenario, see section 4.5.

ma, Ya, a3 Ta,ma,ma, By, By, S extra state(s)
i IER
Cct o? L flavor regime, Ya, By, , |—> X

5 5
Y

5
v v
\ Boltzmann equations /
16

Figure 4.16 — Sketch of the procedure to follow to take into account flavor effects in any given
type-2 Seesaw model, where the lightest triplet A is responsible for the generation of the baryon
asymmetry.
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Chapter 4. Type-2 Seesaw leptogenesis

4.4 Summary : leptogenesis procedure to follow in any given type-2

Seesaw model

As we have seen, the type-2 leptogenesis is clearly more complex that the standard type-1 lep-

togenesis. On top of the fact that scalar triplet undergoes gauge reactions, carries in general an

asymmetry and decays through two different channels (di-lepton and do-scalar ones), we have

shown in section 4.2 that flavor effects are always present during all the leptogenesis era. It is

therefore necessary to provide a clear procedure to follow for a reader who would need to compute

the baryon asymmetry produced from some given parameter inputs.

The procedure is summarized in Fig. 4.16 below. From the knowledge of the fundamen-

tal parameters of the Lagrangian mja, Ya and ua, where A is the scalar triplet responsible for

leptogenesis, one must follow the following steps :

1. From Egs. (4.9) and (4.10) in page 115, one can determine the partial decay rates to leptons

150

and scalars respectively. As a consequence, one can determine the B, and By, as well as 75
and n"’tgff from Eqgs. (4.12) and (4.13), page 115.

From Fig. 4.10 in page 135, one can determine what is the flavor regime to be considered.

e In the case where the full-diagonal regime applies, one must compute the new Yukawa
matrix %, = R* YAR', where Ris a unitary matrix that diagonalizes Yj, i.e. %, must be
brought into the form as in Eq. (4.56).

¢ In the case where the semi-diagonal regime applies, one must compute the new
Yukawa matrix %, = R* YAR', where R = diag[$,1] is a unitary matrix such that S
diagonalizes the (e, u) bloc of the matrix Yy, i.e. %4 must have the form as in Eq. (4.57).

* In the case where the general regime applies, one has simply % = Y.

Now that the matrix elements of % are known, one can determine the By, 5 matrix elements
from Eq. (4.68), page 138.

. Together with the mass value mx, one has also access to the value of the C? and C?% matrices

for the associated temperature regime from Table 4.1, page 144.

One must then compute the values of the flavored CP-asymmetries, using the triplet’s
Yukawa matrix %,. These depend on the extra heavy states (scalar triplet or right-handed
neutrinos) which allow to have non-vanishing C P-asymmetries.

* In the case these are extra scalar triplets, flavored CP-asymmetries are given by
Egs. (4.69)-(4.71), page 138.

e In the case these are extra right-handed neutrinos, flavored C P-asymmetries are given
by Eq. (4.77), page 140.

. One has now all the ingredients to compute numerically the B/3— L, asymmetries produced

at the end of leptogenesis from the Boltzmann equations in Eqgs. (4.89)-(4.91), page 145.

The final baryon asymmetry as observed today is finally related to the B/3 — L, asymmetries
through Eq. (4.93), page 145.



4.5. Purely Flavored Leptogenesis

We will now study the phenomenology of the flavored scalar triplet leptogenesis. In order to
illustrate how scalar triplet flavored leptogenesis works, we will analyze two scenarios in the next

sections. 16

(i) A scenario where the extra degrees of freedom correspond to additional scalar triplets,
with the lepton number conserving flavored CP-asymmetries naturally dominating the
generation of the B — L asymmetry : this is the Purely Flavored Leptogenesis (PFL) scenario
we will analyze in section 4.5 [257, 258, 259, 260].

(ii) General triplet leptogenesis models involving lepton number violating CP-asymmetries
stemming from the presence of any Seesaw state heavier than the decaying scalar triplet
(right-handed neutrinos or extra scalar electroweak triplets). This will be analyzed in sec-
tion 4.6.

4.5 Purely Flavored Leptogenesis

As previously argued (see Eq. (4.76) and the corresponding discussion in section 4.3.2), when the
scalar triplet CP-asymmetries arise from the presence of another scalar triplet, there exists an
overall regime in which the purely flavored CP-asymmetries are larger than the lepton number
violating CP-asymmetries, thus leading to a natural realization of a PFL successful scenario
(to a very good approximation). Strictly speaking, PFL scenarios are defined by the condition
Za€£“ = 0 [257]. However, in a more general fashion, whenever the condition Izaei"l < Ieiﬁ |
(for any given value of ) is satisfied a PFL scenario can be defined as well. This is actually the
condition which is generically satisfied, as soon as Eq. (4.76) holds, i.e. if one or both scalar
triplets couple substantially less to scalars than they do to leptons, pa, /ma, < Y, or equivalently
Bf <« B;f . This condition is interesting since it is also the one needed to provide large rate for the

¢
Charged Lepton Violation processes, as we will discuss in section 4.7 below.

Since there are a lot of parameters in the game, it is in general difficult to make a general
analysis. This is why, for concreteness and in order to analyze as well as to demonstrate the
viability of this scenario, we will fix the triplet mass spectrum to be hierarchical (ma, < ma s with
1 < B) and assume that the B — L asymmetry is entirely due to the dynamics of the lightest state
A = A; (henceforth we drop the triplet generation index). For simplicity, we will also consider the
example of a two-flavored regime situation where the B — L asymmetry is distributed along the t
and a lepton flavor directions (a being an admixture of ¢ and e flavors). That is, we suppose that
the semi-diagonal regime applies, in which the third lepton flavor “b” doesn’t play any role during
leptogenesis. 17 This could be the case if the couplings involving the flavor b are much smaller
than the one involving a and 7 flavors. This hypothesis is not mandatory, but it will allow us to
understand the main features of this PFL scenario.

16 A scheme of item (i) has been already studied in the context of SO(10)-inspired left-right symmetric models in
Ref. [253]. However, our analysis differs from the one presented in [253] in that the B — L asymmetry in their case is
entirely dictated by the lightest and next-to-lightest right-handed neutrinos, whereas in the analysis we will carry out
the B — Lyield is driven only by the scalar triplet.

17This is also equivalent of taking a two-flavor approximation, in which we sum over the a and b flavors, in parallel to
the one-flavor approximation studied in section 4.1.
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In order to lie in the semi-diagonal regime, this scenario requires leptogenesis to occur at
Té’ecoh =T = T3, (see section 4.2.1), 18 and furthermore it requires more than a dominance
of the purely flavored CP-asymmetries. Since the sum of the purely flavored CP-asymmetries
vanishes (total lepton number is conserved), if there were only source terms, a net non-vanishing
B — L asymmetry would not develop due to an exact cancellation among the different B/3 - L,
asymmetries. This cancellation has to be mandatorily avoided in order that a net non-vanishing
total B — L asymmetry develops.

In the type-1 Seesaw leptogenesis, this is possible due to the lepton flavor dependence of the
washout effect, which allows the B/3 — L, asymmetries to be washed out in different amounts. In
other words, the production of a net B— L asymmetry in the PFL type-1 Seesaw case, which involves
L-conserving CP-asymmetries as well, is closely related to the action of L-violating inverse decay
rates larger than the Hubble Universe expansion rate (fast L-violating inverse decays), so that they
reprocess the B/3 — L, asymmetries in different amounts, in such a way that these asymmetries
do not compensate each other anymore.

In the type-2 Seesaw scenario, a similar effect is also possible provided decay/inverse decay
to leptons and to scalars reach thermal equilibrium at some stage during the production of the
B— L asymmetry, so that L-violating processes do induce a washout. Additionally, and this is a new
effect which does not exist in the PFL type-1 scenario, this is also possible even if the L-breaking
inverse decay processes present in the heat bath never reach thermal equilibrium !

4.5.1 Mechanism

Let us explain already at this point how does this new effect work. To this end, we display in
Fig. 4.17 the evolution of the different abundances as a function of z = m /T for the following

parameter choice : 19
ma =107 GeV, ma=10"%eV, By=107",
el =el=—cl=1, By, =By, =0, By, =1-By. (4.109)

As we will discuss further on in this section, this By, flavor configuration actually maximizes the
final efficiency.

Fig. 4.14 (left-hand side plot) clearly shows that for By = 10™* the inverse decays ¢¢ — A
have always a rate slower than the Hubble expansion rate. The fact that for the type-2 PFL
case, we do get nevertheless a net non-vanishing B — L asymmetry can then at first sight appear
counterintuitive. If for instance only the channel to leptons does get in thermal equilibrium, as it
turns out to be the case for By = 107%, the scalar triplets have effectively lepton number L = —2
and the only active (fast) inverse decays in the thermal bath, A — /¢ and A — ¢¢, do not break
total lepton number.

18Note that in the regime where all the charged lepton SM Yukawa interactions are in thermodynamic equilibrium
(T < 10° GeV) lepton flavor equilibrating processes from generation-mixing interactions would render this PFL
scenario unviable [259].

19Using Eq. (4.66), this choice corresponds to By ﬁigff =1 eV. From Fig. 4.10, this parameter choice ensures the B— L
asymmetry generation process to take place in the semi-diagonal regime, where Egs. (D.73) and (D.74) hold.
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Figure 4.17 — Evolution of the different quantities Ys, AYy, AYp_1, AYy and AYB?f_fL as given by
Eq. (4.110), as a function of z = ma /T for the flavor configuration: By,, = By, =0, By,, = (1 — By).
The remaining parameters have been fixed according to: ma = 10° GeV, /iy = 1072 eV and
By=107%

However, although the scalar doublet channel never reaches thermal equilibrium, still a
portion of the scalar triplets in the heat bath undergoes decays to scalar doublets (A — ¢¢), and
these processes do break L. If the processes A — ¢¢ and A — ¢ take place at different rates, the
thermal bath gets a fraction of total lepton number each time these reactions occur. Quantitatively,
since A — ¢¢ and A — £/ are the only processes to violate this effective B — L number, this means
that we can define an effective B — L yield, AYEf_fL,
triplets decay times their branching ratio into scalar doublets, namely

determined by the counting of how many scalar

Z dz AYA

—— —— ByYD 4.110)
/ Eq ¢ ) (
, SHz Yy

AYEE (2) = -2 f

Z

where the factor 2 comes from the fact that the decay to scalar doublets violates lepton number by
2 units. This effective quantity holds for the total B — L asymmetry available if one assigns to A (A)
a lepton number equal to —2 (2), as we have previously pointed out. It is related to the usual B- L
yield (where triplets have vanishing lepton number) according to

AYp_1(2) = —2AYa(2) + AYET (2). (4.111)

Since ultimately all triplets decay (their density vanishes), the final B — L asymmetry simply reads

(4.112)

© dz' AY,
AYEM = AYET (2 —o00) = -2 f 2 ByYp -

) SHZ, YZEq

In order to prove that this formula reproduces the correct B — L asymmetry yield at freeze-out,
we have inserted in Eq. (4.110) the AY, asymmetry obtained by solving numerically the set of
Boltzmann equations. The result is shown in Fig. 4.17 (right panel) by the dashed gray curve. It
clearly shows that Eq. (4.112) reproduces very well the numerical result (solid black curve) for the
B — L asymmetry yield at freeze-out, up to a small deviation of order 10%. This deviation can be
fully traced back to the effect of the inverse decay processes, ¢¢ — A and ¢ — A, i.e. of the term
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Chapter 4. Type-2 Seesaw leptogenesis

proportional to By in Eq. (4.89). These scalar inverse decays are not as numerous as scalar decays,
because they are Boltzmann suppressed, but they are not negligible either.

As Eq. (4.112) shows, the generation of a baryon asymmetry, through decays rather than
through inverse decay washout effects, is thus closely related to the possibility of creating a
scalar triplet asymmetry (something obviously not possible for a right-handed neutrino due to its
Majorana nature). The role of flavor effects is in fact to generate such a triplet asymmetry. To see
that, it is useful to write down the relevant terms in Eq. (4.90),

AYAD;;B/QC’ A—Zm. (4.113)

ak
Y/

This expression clearly shows that a triplet asymmetry can be generated by two kinds of flavor
effects :

A. The first possibility arises if the Ci . have a flavor structure. For instance, if the 7 Yukawa
is in equilibrium, once a lepton doublet Z; is produced, it has the time to interact through
the Yukawa coupling and a fraction of the 7 flavor is transferred from ¢; lepton doublets
to e; lepton singlets, while this is not the case for flavor a. These transferred fractions are
just given by the C’ matrices which are dictated by the chemical potential equilibrium
equations, see Eq. (4.87). This means that there are less ¢; than ¢, lepton doublets available
for inverse decays to scalar triplets. So, even if there is no flavor structure in the branching
ratios (i.e. By, = By,) and even if, at the onset, AY; = —-AY; , the number of A produced is
different from the number of A produced because their production rate is proportional to
Y; +Y; and Yy, + Yy, respectively, which are unequal. 20

B. The second possibility arises from the flavor structure of scalar triplet decays, i.e. the
By,. If By, # By,, a triplet asymmetry can be produced even if the C? coefficients do not
distinguish the a and 7 flavors. In this case, even if at the onset, AY; = —AY7 , with for
example B; > B, and Y;, > 0, inverse decays involving the 7 flavor are much more frequent
than those involving the a flavor and inverse decays ¢, ¢, — A occur more frequently than
¢ 40, — A inverse decays, resulting in the generation of a AY, asymmetry (of negative sign
in this case).

In other words, even if in the PFL case there is no L-violating CP- asymmetry, a final B - L
asymmetry can be generated in this case, even without L-violating processes attaining thermal
equilibrium, i.e. even if By < B,. The mechanism can be understood as a three step process,
summarized in Fig. 4.18. Firstly, an asymmetry AY; =|AYz | # 0 is created from the source term
in Eq. (4.91). Secondly, thanks to flavor effects, this asymmetry induces a triplet asymmetry via
Eq. (4.113), due to the flavor structure encoded in Ci . and/or due to the flavor structure encoded
in the By, . And finally, once a scalar triplet asymmetry is created, a B — L asymmetry develops in
turn because each time a triplet (anti-triplet) decays to scalars, a pair less of anti-leptons (leptons)

201t is worth noting that we have the same reprocessing concerning the ¢ asymmetry created from the slow A decays.
This latter asymmetry is partly reprocessed through L-conserving SM Yukawa interactions into chiral asymmetries for
charged leptons, which modifies back the A asymmetry, hence the number of A decaying into SM scalars, hence the
B — L asymmetry. This effect is nevertheless mild, since By < By in this PFL case.
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Figure 4.18 — Sketch of the type-2 PFL mechanism. See text for further details.

is produced back from the decay of a triplet (anti-triplet). The more AY, asymmetry is produced,
the bigger the efficiency. This PFL production mechanism, based on the chain of processes
lolp—A— P and (o5 — A — P¢, is therefore very different from the PFL type-1 scenario. It
stems from the fact that in the type-2 scenario, a Seesaw state asymmetry develops, and in its last
step this asymmetry generates a final B — L asymmetry from a production mechanism which is
due to out-of-thermal equilibrium decays (By < By), i.e. from the L-violating processes A — ¢¢
and A — ¢¢p. 2!

Let us emphasize once again that this By < 1 case is the situation which leads naturally to
PFL, since this condition leads to a natural dominance of the purely flavored CP-asymmetries. It
must be noted that PFL could nevertheless work for larger values of By too, in a way more similar
to the more involved PFL scenarios in the type-1 context, see section 4.5.2 below.

In the following subsection we will analyze, along these lines, the efficiency dependence
upon the relevant parameters. We will discuss in particular the flavor configurations which
minimize, or maximize, the production of AYx. We will then discuss the flavored CP-asymmetry
parameter dependence and show how the configurations that maximize the efficiency minimize
the flavored C P-asymmetry. The production of the B— L asymmetry, which is given by the product
of the flavored CP-asymmetry and the efficiency, results therefore from the balance of both effects.

4.5.2 PFL scenario efficiency

Interestingly, in this PFL scenario within a two-flavor approximation, it is possible to define

flavor efficiencies. What actually happens in this case is that due to the PFL condition ), ei" =0,

which implies ei = —eg“ = ei’, the off-diagonal efficiency functions can be hidden by suitable

21This production mechanism driven by a tiny coupling is in many ways similar to the dark matter freeze-in produc-
tion mechanism, as Eq. (4.112) shows. However there are important differences. Firstly, this equation involves as a
source term an asymmetry, AYy, and not the symmetric component of a particle species as in the freeze-in scenario.
Secondly, since we are dealing with decay rates much larger that the one of the dark matter freeze-in, still a small
amount of inverse decays occurs, as we have pointed out.
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redefinitions, see Eq. (4.107) :

AYp/3-1,(2) = [Naa(2) —Nar ()] €4 Yy 20) — Nal2) €l Yy Hz0) ,

AYps3-1,(2) = [Nra(2) = Nre(2)] €] Yo (20) — 112 (2) €4 Yy Y z0) , (4.114)
and so the total B — L asymmetry can be written as
AYp_r(2) = n(2) € Yo ¥ (20) = [Na(2) + 12 (2)] €4 Yy Y (20) , (4.115)

with the final value (the value at freeze-out) given by AY;E% = AYp_1(z — o0). The problem of
quantifying the final efficiency n = n, + n; — defined in Eq. (4.115) and taking z — oo to get the

final value —is in principle an eight parameters problem : ei"“, mpy, My, By, By, Be,, and By,
which reduces to six parameters due to the constraints B, + By = 1 and eg = 62’ = —ei“. Since

the efficiency does not depend on eg —see Eq. (4.115) — we will analyze the dependence of the

efficiency upon the 5 remaining parameters: my, ma, By, B, and By, _.

We start by analyzing the dependence upon By, for fixed By, ma and ma. Different flavor
configurations By, will produce a minimal or maximal efficiency. However, as we will show
latter, the configurations that maximize the efficiency do not necessarily maximize the final B - L
asymmetry. We then proceed by analyzing the dependence of the efficiency with 72, for fixed By,
my and By, . and finally the dependence of the efficiency with By, for fixed 725, ma and By, 5 This
will allow us to understand and distinguish the main features of the type-2 Seesaw PFL scenario.

o By,, dependence of the efficiency.

In order to proceed, we first solve numerically the system of kinetic equations in (4.89)-(4.91) for
different flavor configurations. We then provide some physical arguments supporting the special
flavor configurations that maximize/minimize the efficiency. For concreteness, we fix three out of
the five relevant parameters as follows :

ma=10°GeV, ma=10"%eV, By=10"". (4.116)

Once these parameters are fixed, the efficiency is entirely dictated by the flavor configurations
determined by the values of the By, parameters. It turns out that the flavor dependence is well
described by the quantity :

B¢, By, +By,

R= = ,
Bg ng +Bg”

(4.117)
which represents the ratio of triplet decay branching ratios to different lepton-flavor final states.
The importance of this quantity can be understood from Eq. (4.113), where we see that it is
precisely through the B, that a triplet asymmetry is generated. We plot in Fig. 4.19 the efficiency
as a function of this parameter R for the parameters fixed according to Eq. (4.116). It clearly shows
that the efficiency exhibits four special configurations, namely (i, ii) two global maxima at R <« 1
and R > 1, (iii) one local maximum and (iv) one global minimum near R ~ 1. We now aim to
understand the physical reasons behind these special configurations.
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Figure 4.19 — Efficiency as a function of the R parameter for my = 10° GeV, /iy = 1072 €V and
By = 10" The vertical dashed line at the left (right) shows the value below (above) which the
040, — A (0¢; — A) inverse decays never reach thermal equilibrium.

o Configurations (i) and (ii): following Eq. (4.117), these global maxima correspond to the
flavor alignments By, < By, and By, > By,. The effect seems entirely driven by the B, , so we
will not consider the possible effects of the Ci o and C;f elements in the analysis. More precisely,
these maxima are reached whenever the inverse decays involving the a or 7 flavor never enter in
thermal equilibrium, i.e. for By < B];l where lea is determined by :

E D
B/;]a I-IY Eq
N, |max

=1 which gives B;‘q ~5-107%, (4.118)

where we used in this last expression the parameter values given in Eq. (4.116). This value is
in good agreement with the numerical results shown in Fig. 4.19, where the two maxima are
reached for R <5-107* and R > 2-103. For these configurations, only the asymmetry produced
in one flavor is transferred through inverse decays ¢,¢, — A to a triplet asymmetry, which is
therefore maximal since the two flavor asymmetries have opposite signs. As a consequence, one
asymmetry is depleted through the chain ¢,¢, < A — ¢, while the other flavor asymmetry
remains unaffected, clearly leading to a maximal efficiency.

e Configuration (iii): thislocal maximum is in fact reached for R~ 1 when B, ,B, < By, .
In this configuration, only the inverse decays ¢,¢; — A reach thermal equilibrium, and one expects
no production of a triplet asymmetry, and therefore no production of a final B — L asymmetry,
since the flavor asymmetries are depleted by the same amount. However, this is not the case
because the Cﬁ . €lements have a flavor structure, which here plays a crucial role. The point is that
when inverse decays are in thermal equilibrium, the combination of processes ¢,¢; — A — ¢p¢p
and £,0; — A — ¢¢ tends to equilibrate the flavor asymmetries in lepton doublets AY;, ~ —AY,,,
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Chapter 4. Type-2 Seesaw leptogenesis

while in the meantime decreasing the separated asymmetries by a small amount. 22 But due to
the chemical equilibrium conditions, the total lepton flavors asymmetries AYg;3_;, are in general
different. Indeed, using Eq. (4.87), the total B — L asymmetry at freeze-out is related to the lepton
flavor doublet asymmetries through :

AY?a (Cfr - Cr[a) + AY(T (Cﬁa - CZT)

AYp [ =AYz, +AYg/3-1, =—
Cr[r Cﬁa - Cgr Cfa

(4.119)

In the PFL regime, in the case where the final lepton doublet asymmetries are equal and opposite,
AYy =—AYy, (asfor the case By, =0), a final B — L asymmetry can be produced only if the Cﬁ k
elements have a flavor structure. This B — L asymmetry can be quite large because the flavor
asymmetries in lepton doublets AYy  decrease only slightly for this special configuration.

Any significant deviation from this special configuration, e.g. By, > ija, would not only
tend to equilibrate the flavor asymmetries in the lepton doublets, but also tend to decrease the
AYy, separately through the chain 0ol — A — ¢¢. Allin all, the efficiency has in consequence a
local maximum for By, =~ (1 —By)/2.

o Configuration (iv): shifted to the left of the maximum defining configuration (ii7), a mini-
mal efficiency (apparently vanishing efficiency) can be seen, it lies at about R = 3/4. In order to
understand the reason for this configuration to show up, we can look in a first step if analytically
the efficiency may vanish for some value of the flavor parameters By, 5 Using Eq. (4.115), we see
that a vanishing efficiency is obtained whenever 7, (z) = —1,(z) for all z, which means through
Eq. (4.108) :

el GEPLE) (P22 vz, (4.120)

a,f=2,4 ap

which is satisfied as long as all the coefficients of the exponential power series expansion vanish,
ie.

z 4
Y | dZDE)(-1'h? May(@)lyp(Z") +... | =0. (4.121)
=1

1 1
Mop(Z) - = f dz"D(z")
a,p=2,4Y%0 2 20

Y

We have found this turns out to be the case if the entries of the matrix .4 satisfy the following two
conditions

Mo = M4 and Z (—1)1+ﬁ/2./%a/3 =0 (i.e. Moy — Moy + Myp — M4y =0), (4.122)
a,f=2,4

where the corresponding elements must not depend on z which is indeed our case, see Eq. (4.98).
This result in turn can be understood using Egs. (4.89) and (4.91). In the two-flavor PFL scenario,
since the source terms for both flavors are equal and opposite, a vanishing efficiency will be

ZIndeed, if Y, - Y, > Y; - Y, thatis if AYy, +AY,, >0, there will be more £4¢7 — A — (¢ processes than

040+ — A — ¢ processes, so that statistically AYy +AYy, will decrease, as well as the separated asymmetries AYp,
and |AYp, |. Thislasts until AY, =~ —AYj_,and from that moment no more triplet asymmetry can be generated and the
asymmetries AY, and |AYy |are leftinvariant.
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Figure 4.20 — Efficiency as a function of /i, for several values of the scalar triplet mass. The
parameters have been fixed according to By = 10~* and By, = B, = 0. The lines are cut whenever
the semi-diagonal regime condition ceases to be fulfilled (see section 4.2.1) — we don’t expect
however a very different behavior since only the C* and C? matrices would change.

generated if the washouts of the two flavors are also equal and opposite, which is nothing but the
conditions in Eq. (4.122).

More precisely, for this to be achieved, we need that AYp/3_1, = —AYp/3-1, remains valid
at any time. As Eq. (4.91) shows, this requires: (a) AYA =0 and (b) Za,ﬁ'k CﬁﬁkB&,pAYk =0 at any
time. These two relations hold simultaneously if both conditions in Eq. (4.122) are fulfilled. Indeed,
if relation (a) holds, (b) can be rewritten as the second condition in Eq. (4.122). On the other hand,
if relation (b) holds, (a) can be rewritten using Eq. (4.90) as }_, k(Cﬁ kB[a - Bd,C;f)A Y =0, which is

nothing but the first condition in Eq. (4.122).

Using Eq. (4.98), these conditions can be simultaneously fulfilled only in the limit By — 0, in
which case the triplet flavor configuration must satisfy the simple relation :
_ B[aa +B[m’ _ C‘f‘[ B C[

Ta
= = ~0.74. (4.123)
B[T(l + B[n Céa - CL’;T

Strictly speaking, since By, # 0, the efficiency is not vanishing for any value of B,,,. However, for
small By, the efficiency does not vanish exactly anymore but shows now a minimum for R ~ 3/4,
which is in good agreement with the numerical results shown in Fig. 4.19.

° ma dependence of the efficiency.

By fixing By = 10~* as in the previous section, and taking as an example By, = By, =0, and
By,, = 1- By, we display in Fig. 4.20 the dependence of the efficiency with m,, for the three
benchmark triplet masses m = 108,10%,10'° GeV. It can be seen that irrespective of the triplet
mass, the smaller /15 the smaller the resulting efficiency. The reason for this behavior follows
directly from the relative strength of gauge and Yukawa induced reactions : the larger /715 the most
likely triplets will decay rather than scatter, thus implying a larger efficiency.
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Figure 4.21 - Efficiency as a function of B, for ma = 10° GeV and 7iza = 1072 eV. Configuration (a),
in solid, corresponds to By,, = By,, = 0 (i.e. R = 0). Configuration (b), in dashed, corresponds
to By,, = By,,/99 = (1 - By)/100 (i.e. R = 107%). Configuration (b), in dotted, corresponds to
By, = Bp,, = (1—Byp)/2 (i.e. R =1). The lines are cut when the semi-diagonal regime condition
ceases to be fulfilled (see section 4.2.1) — we don't expect however a very different behavior since
only the C’ and C? matrices would change.

On the other hand, we see that the efficiency decreases with ma. This is also due to gauge
reactions : the smaller ma the most likely the triplet will scatter rather than decay, thus implying a
smaller efficiency. More precisely, as for the one-flavor case, when gauge scatterings are faster than
decays they suppress Ys — YzE “in Eq. (4.90) by a factor yp/7y 4, which implies an equal suppression
of the source term in Eq. (4.91).

In the one-flavor approximation one have distinguished two regimes, see section 4.1.6 in
page. 122 : the gauge and Yukawa regimes, depending on the values of m,, /mx and By. While in
the one-flavor approximation a maximum efficiency is obtained at the transition between both
regimes, this is in general not anymore the case in the flavored leptogenesis scenario. Depending
on the flavor configuration, a maximum efficiency can be obtained far in the Yukawa regime
because of flavor effects, see section 4.6 below for a more detailed explanation.

o By dependence of the efficiency.

We present in Fig. 4.21 the dependence of the efficiency upon By in the range [1076,1] for fixed
values of mp and ma. We considered two particular flavor configurations for By, 5 The solid
curve — configurations (a) — corresponds to one of the two flavor configurations that maximize
the efficiency (see section 4.5.2). The dashed curve — configurations (b) — corresponds instead
to the particular configuration By,, = By, /99 = (1 — By)/100 and B,,, = 0. The dotted curve
(configurations (c)) corresponds to the flavor alignment configuration By,, = By,, = (1 - By)/2 and
By, =0, i.e. without any flavor structure. These three configurations show two different behaviors,
that are in fact representative of any other flavor configuration. We now describe briefly their
behavior.
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4.5. Purely Flavored Leptogenesis

For By < 107!, which is the interesting region for this PFL scenario, we can distinguish two
distinct regimes. They are separated by Biq, the value at which the inverse decays ¢p¢p — A become
active, determined by the condition

B TP | =1 whichgives Bj%~5-10", (4.124)
Hn q ¢
¢ Imax

where we used in the last equality the parameter value domain-of-validity 7725 = 1072 eV. The way
the efficiency scales with By, depends on the flavor configurations. For By < B(]Zq the efficiency
always increases with By, as a result of the fact that the larger By, the faster the decay to SM scalars,
as can be seen in Eq. (4.112), but the exact scaling actually also depends on the interplay of the
AYa and AYp/3_1, asymmetries.

Now, as soon as By 2 B(I;q, inverse decays ¢¢ — A become efficient, implying that lepton
number is broken by processes in thermal equilibrium (fast processes). This brings a new /By
suppression in the efficiency, resulting in an efficiency increasing less with By, or even decreasing,
depending on the flavor configuration, see Fig. 4.21.

To conclude, we see that for the flavor configuration that maximizes the efficiency, the value
of By which gives the maximal efficiency is obtained for By ~ B™ thatis to say for the value of
By at which the ¢¢p — A inverse decays are about to be active. In this case, the efficiency can be
as large as unity for values of m, > 10'? GeV, or less for smaller values of m, (due to the gauge
scattering thermalization effect). For other configurations that lead to smaller efficiencies, the
maximum efficiency is obtained for much larger values near By ~ 1.

4.5.3 Minimal and maximal B — L asymmetry

As stressed above, a PFL scenario is naturally favored as soon as ei‘: # dominates the CP-asymmetry,
which naturally holds if Yukawa couplings are larger than scalar couplings, i.e. when Eq. (4.76)
holds. If leptogenesis is activated by a second scalar triplet A, this equation can also be recast in
terms of the triplet branching ratios to scalar and lepton final states

ByBy iy Teimm®T m
6 [y "1 _ ma, (4.125)
B,B,  mp, mp My, mp,
where the last inequality comes from the Cauchy-Schwarz inequality :
ITr[AB]| = \/Tr [AAT] /Tt [BBT] . (4.126)

As an example, taking a smooth triplet mass hierarchy ma,/ma, ~ 107! (1072) and assuming
the upper bound Tr[mﬁ1 meﬂ] = M, Mp,, a PFL scenario will be naturally dominant as soon as

B(};Z <1071 (1072).

We have seen in the previous sections that the efficiency strongly depends on the flavor
parameters By, . Explicitly, we have shown that the efficiency has a minimum at R = 3/4, global
maximaat By,, = By, ~0and By, = By, =0, and alocal maximum at By, = By, = 0. However,
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Figure 4.22 — Allowed ranges for R (left plot) and the ratios of branching ratios By, /B, (right
plots) as a function of the lightest neutrino mass for both normal (green) and inverted mass
spectrum (red). The results have been derived by varying the neutrino oscillation parameters in
the 30 range according to Ref. [19].

a maximal efficiency does not imply a maximal B — L asymmetry. Indeed, using Eq. (4.71), we
can actually compute a general upper bound for the purely two-flavored CP-asymmetry from
Eq. (4.80) :

\/ BtoBe., + \/ By, (B, +Be,.)| » (4.127)

where we assumed perturbative Yukawa couplings for the second triplet generation, i.e. | Ya,| <
V4. 23 This expression shows clearly that the three configurations that maximize the efficiency
give vanishing CP-asymmetries ! This can be understood easily from the fact these configurations

|e£| < 2g(mi1 /miZ)

involve a Yukawa coupling only for one flavor. We see also that the upper bound on the CP-
asymmetry is directly related to the hierarchy between the different triplet masses, which is
compatible with the requirement in Eq. (4.125), i.e. a smooth triplet mass hierarchy favors PFL
scenario and allows for a large CP-asymmetry.

A viable scalar triplet leptogenesis setup requires of course consistency with neutrino
data [262, 345, 264, 19]. If the most relevant contribution to the neutrino mass matrix in Eq. (4.7) is
given by the lightest triplet, which can be regarded as a quite reasonable possibility (assumption),
the determination of the available flavor configurations can be done directly via neutrino oscilla-
tion data. We present in Fig. 4.22 the constraints on R (left panel) and on the ratios of branching

23The upper bound on the CP-asymmetry depends crucially on the perturbativity condition. Taking instead | Ya,l=1
would lead to the same expression divided by 4. The upper bound one can take on Y5 depends on the scale at
which new physics is expected to arise. Indeed, following the perturbativity condition, the Yukawa coupling YA could
eventually become infinite at some scale, which is the case taking YA = V/47. This is the so-called Landau pole, which
can be computed using the renormalization group equations given for example in Ref. [261]. Running the RGE’s from
starting from Yp = vV4m at A = mp = 102 GeV (10° GeV), the Landau pole is reached at A; =5- 1010 GeVv (108 GeV).
Since the scalar triplet extension of the SM is well motivated by BSM physics, we here assume that new physics arises at
a scale below the Landau pole, see section 1.6.
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Figure 4.23 — Maximum reachable final B — L asymmetry as a function of the R parameter, for
ma, = 10° GeV, my, = 10'° GeV, mp = 1072 eV and By, = 10~ The green (red) dots indicate the
allowed range for the efficiency, as required by neutrino data (3o level [262]) for the inverted
(normal) hierarchical light neutrino mass spectrum. In addition to the constraints on R, we also
took into account the constraints imposed by data on the different B[ij elements (see Fig. 4.22).
We stress that these constraints apply only if the neutrino mass matrix is entirely dominated by
the lightest scalar triplet contribution.

ratios By, / Bgaﬂ (right panel) as a function of the lightest neutrino mass, for the normal (green)
and inverted (red) light neutrino mass spectrum. We fixed the neutrino oscillation parameters
according to their upper and lower 3o limits [19]. It can be seen that the R configuration leading
to a vanishing B — L asymmetry, although showing up at the 30 level in the normal spectrum case,
can be readily evaded, thus showing the viability of the PFL scenario even in its most constrained
form.

We plot in Fig. 4.23 the resulting maximal B — L final asymmetry that can be achieved, as a
function of the flavor parameter R, for ma,/ma, = 107! To this end we have considered the same
parameter configuration used in Fig. 4.19. It can be seen that the maximal B — L asymmetry that
can be achieved can account for the observed baryon asymmetry of the Universe for a large range
of R values, except at R = 3/4. We also point out that, if the neutrino mass matrix is dominated by
the light scalar triplet, the constraints coming from neutrino data are compatible with successful
PFL scenario. One realizes as well that two of the B — L asymmetry global maxima are shifted
with respect to the efficiency maxima, and are now located around the points at which £,¢, — A
inverse decay rates are of the order of the Universe Hubble expansion rate, where By = B;‘ja, see
Eq. (4.118). As a final remark, it is worth noting that the local maximum at R = 1 has gone away.

This result has to be compared with the one-flavor approximation case, where the CP-
asymmetry is very suppressed for By < By or By > By, since it is proportional to \/m —see
Eq. (4.17). This is no more the case in PFL leptogenesis, since the lepton number conserving and
flavor violating C P-asymmetries depend only on Yukawa couplings.
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4.6 General triplet flavored leptogenesis

Having discussed the viability of the PFL scenario in pure type-2 Seesaw models, we are now in a
position to analyze the impact that flavor effects may have in general triplet flavored leptogenesis
models. Here, as already defined previously in page 111 and 151, by “general models” we refer to
models where the lepton number violating C P-asymmetries are relevant or even dominate over
the lepton number conserving CP-asymmetries which drive PFL. Accordingly, if the extra degrees
of freedom enabling a non-vanishing CP-asymmetry are additional triplets, a general model will
be defined by Eq. (4.69), while if the extra degrees of freedom are right-handed neutrinos — as will
be the case in models featuring interplay between type-1 and type-2 Seesaw — the C P-asymmetry
in Eq. (4.77), being lepton number violating, will always define a “general model”.

As in the PFL section, in what follows we will assume that the asymmetry is entirely gen-
erated via the decays of the lightest triplet, something that can be achieved by taking a heavy
approximation of the semi-diagonal regime. In “general” scenarios, since the CP-asymmetries are
lepton number breaking, successful leptogenesis is possible in the absence of lepton flavor effects,
in contrast to PFL where flavor effects are mandatory. We will now quantify the enhancement that
the inclusion of flavor effects may have in the final B — L asymmetry.

4.6.1 Efficiency-like parameter

We recall that in the one-flavor approximation, an efficiency function accounting for the z (tem-
perature) evolution of the unflavored B — L asymmetry can be defined, see section 4.1.6:

|Avs"| = eana ¥y (z0) (4.128)

As in fermion triplet leptogenesis, in this case one can also define a gauge and a Yukawa regime,

which boundaries in the rhsz

— my parameter space plane are determined by the values of By,
as displayed in the right-hand side plot of Fig. 4.6, page 126. 2* While in the gauge regime,
triplet dynamics is dominated by gauge-mediated triplet annihilation, in the Yukawa regime the
dynamics is driven by Yukawa-induced reactions, and so it is in the latter where flavor effects can
have striking implications. For a fixed triplet mass, the transition between both regimes becomes

~ eff 6 25

determined by a “critical” m}", given in the right panel of Fig. 4.

The behavior of the efficiency (i.e. of the B — L asymmetry) is to a large extent determined by
the regime where leptogenesis takes place (gauge or Yukawa), or in other words by the location of
the boundary in the mgff — my plane, determined in turn by the value of By. As we have shown
in section 4.1.6, in the gauge (Yukawa) regime the efficiency increases (decreases) with mgff. In
the gauge regime this is due to the fact that there is no substantial production of the asymmetry
until z approaches the value z = z4 where y 4/yp goes below unity. In the Yukawa regime instead,

24 et’s recall that the effective neutrino mass-like parameter is defined in Eq. (4.12) to be meAff =ma/(By B(p)l/ 2 Itis
such that the decay rate of the triplet I'p o mi mgff.

25In practice, for a given value of m,, the transition between the gauge and Yukawa regimes is defined as the value
of meAff above (below) which the inverse decays are (not) in thermal equilibrium once the gauge scatterings cease to

dominate the whole process (i.e. it leads to yp/ nEqH =1when y 4 goes below yp at a temperature z = z4).
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the efficiency decreases with mgff because in this case still there is no substantial asymmetry
produced until z approaches z4, and because the asymmetry produced afterwards is further
washed-out by the inverse decay whose magnitude increases with ﬁzsz.

efficiencies can be obtained for By < 1/2, since lepton number is unbroken in the By — 0 limit,

Note that, even if large

these efficiency enhancements are accompanied by a suppression of the CP-asymmetry, so that
still the maximum B — L asymmetry is obtained for values of By not far from its maximum value
Bp=1/2.

The picture described in the items above is expected to change as soon as one hits the
(two-)flavor regime, in particular if the parameters are such that triplet dynamics takes place in
the Yukawa regime. In order to discuss the impact that flavor effects may have, it is convenient to
introduce an efficiency-like parameter 5. Indeed, as noticed in section 4.3.5, flavor coupling does
not allow a conventional definition of an efficiency. However, in the two-flavor approximation as
we assume here, a parameter resembling the efficiency of the unflavored case can be defined : 26

|Avs™| = enfia 200 (4.129)

with fja given by

[nau +Nar +Nra+ N +Ea (nau —Nar +Nbr — nn)] , (4.130)

DN |~

Na=

where the flavored efficiency functions have been defined in Eq. (4.108) and with

e 0,

lo, 0 — _En €

EA=EN HEN and Ep= ———. (4.131)
€A

Note that the definition of 7j is such that in the limit ei" — egf one recovers the usual definition
of the efficiency as in the one-flavor approximation, while in the limit ei“ — —ei’ one recovers the
efficiency as defined in the PFL section. This parameter proves to be useful in particular when
comparing the results obtained in the flavored regime with those arising from the one-flavor limit.
Instead, the parameter €5, introduced in the definition of 7j, has a two-fold utility : first of all it
“measures” the deviation from the PFL (€5 > 1) and the general scenarios (€x < 1) ; secondly, it
“measures” the flavor misalignment of the source terms in the evolution equations of the B/3 — L,
charges.

o  Efficiency as a function of nﬁsz

In order to quantify the impact that flavor effects have on the B — L asymmetry, it is useful to
consider first a case where both CP-flavored asymmetries are equal, i.e. € =0, thatis to sayin a
way the extreme opposite to the PFL case. This will allow to discuss flavor effects that are different
from the ones we discussed in the previous section for the PFL case. For this case, we show in

eff
A

Fig. 4.24 the efficiency-like parameter 7], as a function of my" for different values of (ma, By),

overlapped with the results we got for the unflavored case, see Fig. 4.7 in page 128.

26 the general three-flavor situation, it seems not possible to define such a simple quantity that can be compared to
the one-flavor approximation efficiency.
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Figure 4.24 — Dependence of the efficiency with the effective mass parameter ﬁleAff, for By = 0.5
(left) and By = 10~* (right). The effect of the flavor is shown in dashed, which shows the efficiency-
like parameter 7),, fixing €4 = 0 and the flavor configuration according to By,, = By,, = 0 and

By,, = 1- By. For the unflavored case in solid, 7 refers to the usual efficiency, see Fig. 4.7.

Some comments are in order regarding these results. Gauge scatterings, being flavor “blind”,
are insensitive to lepton flavor effects and so the suppressions they induce cannot be overcome.
This means that, as long as we consider values of parameters which in the one-flavor case gives
Eq. (4.42), i.e. the maximum efficiency allowed by gauge scattering, flavor effects cannot further
enhance the efficiency. However, in the Yukawa regime, for large values of ﬁlsz, since inverse
decay washouts are flavor sensitive, flavor effects allow to largely avoid this effect, so that the
efficiency goes on to increase also there, as Fig. 4.24 shows. As a result in this case too, one is left
only with the unavoidable gauge scattering suppression. This suppression is nevertheless very

mild for large values of mgff (i.e. small values of z4).

Hence, large enhancement of the efficiency can be obtained from flavor effects, especially
for large values of By, (since this means small B, and therefore large ﬁasz). We see from Fig. (4.24)
that the efficiency can even be increased by several orders of magnitude. In other words, deep
inside the Yukawa region where gauge scattering suppression is faint, flavor effects start showing
up and become even striking as mgff increases and By approaches 1/2. Summarizing, in this
equal flavored CP-asymmetries case we consider here (ex = 0), Eq. (4.42) can still be used as an
approximate upper bound of the B — L asymmetry one can reach in all regimes, even deep in the
Yukawa regime. We have checked that this bound can be saturated in all regimes up to a factor ~ 2.

° Efficiency as a function of B

To further emphasize the effects of flavors in the €5 = 0 case, we have calculated the efficiency-like
parameter ) as a function of By. The calculation has been done for fixed parameters ma and 7,
and for three flavor configurations (a), (b) and (c) — the one already used in Fig. 4.21. The results
are displayed in Fig. 4.25 (left-hand side plot), where the flavored and unflavored outputs are
compared. It can be seen that considering only the effects of the SM interactions (i.e. configuration
(c)), one can get an enhancement of order 2 with respect to the unflavored case, whereas for the
flavor configuration (a) one can get further orders of magnitude enhancement, as can be seen in
particular for By = By = 1/2.
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Figure 4.25 - Left-hand plot : Efficiency-like parameter 75 as a function of By, for eg“ = ei’. The
flavor configurations (a), (b) and (c) correspond to the ones used in Fig. 4.21 (for the unflavored
case 71 refers to the usual efficiency). Right-hand plot : Efficiency-like parameter 75 as a function
of [ea| for By = 1/2 and the flavor configuration (a). In both plots we fixed mp = 10!° GeV and
met=1eV.

o Efficiency as a function of €5

Finally, let us discuss what happens very qualitatively in cases other than the pure PFL case,
ei’ = —ei“ and the “opposite” case, egf = ei“. In these “intermediate” cases, the “efficiency-like”
parameter as defined in Eq. (4.129) cannot be considered as an efficiency anymore, because it
can be larger than one. For instance in the pure PFL case it is infinity since ex = 0. As a result it is
difficult to span the range of possibilities in simple terms for these cases. To get a reliable idea of
the behavior of the efficiency-like parameter, and thus of the B — L asymmetry, in a specific case,
the most efficient procedure is probably to integrate first the full set of Boltzmann equations in a

“blind” way and see what the result looks like before trying to understand it by simple means.

But the basic picture qualitatively remains clear. As long as z < z4 any flavor asymmetry
production is suppressed by a factor of yp/y 4, and afterwards the B — L asymmetry that can be
produced can anyway not be larger than the number of triplets remaining at z ~ z4 times the sum
of the absolute values of the flavor asymmetries. The important flavor effects stressed above, from
the L-violating inverse decays as well as from the L-violating decays, will be operative in a way
which may depend non trivially on basically all parameters, the flavored CP-asymmetries, the
C%? constants, the total decay rate and the various branching ratios.

As an illustration of the efficiency dependence on the mismatch between the flavored CP-
asymmetries, parameterized by €, on the right-hand side plot in Fig. 4.25 we show the dependence
of 7)a with €, for By = 1/2 for the flavor configuration (a). In the region where €y < 1 is small
(ei“ ~ ei’), as previously stressed, any possible mismatch between the asymmetries in flavor a
and 7 can only be due to the flavor dependence of the washout terms. As € increases, the source
terms start having a flavor dependence as well, and so an imbalance between production in flavor
a and 1 appears. The flavor dependence of both production and washout at large €5, yields larger
values for 7. In other words, flavor effects are diminished in those regions of parameter space

where €5 < 1 and become more remarkable in regions where €5 > 1.
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Chapter 4. Type-2 Seesaw leptogenesis

Accordingly, in the various flavor regimes, enhancements of the efficiency-like parameter 75
with respect to the unflavored case are a consequence of combined effects: the mismatch between
the different flavored CP-asymmetries 6‘2“, the SM interactions through the C? and C? matrices,
and the flavor configurations encoded in By,

4.6.2 Successful leptogenesis

Using the general upper bound on the flavored C P-asymmetries given in Eq. (4.81), it is possible
to see for which value of the parameters one can have successful leptogenesis. We didn’'t make this

exercise, as it involves too many parameters. However, since larger efficiencies can be obtained for
lo _
A=
allows for smaller values of the CP-asymmetry compared to the results obtained in the one-flavor

example in the case where € ei’, the most striking feature is clearly that flavored leptogenesis
approximation in Figs. 4.8. In the situation where By = By = 1/2, one can even enhance the
efficiency up to 3 orders of magnitudes — see Fig. 4.25 — and so allow for an accordingly smaller
CP-asymmetry. As a result and for comparison purpose, the green zones in Figs. 4.8 can be
enlarged consequently in the case where ei“ = ei’.

4.7 Compatibility with CLFV processes

For completeness, we now discuss briefly if whether it is possible to have both successful lepto-
genesis and observable CLFV processes in the type-2 Seesaw scenario, together with the correct
light neutrino mass scale. This will also allow to emphasize the clear possible links which exists
between this chapter and chapter 2 about y — e conversion. We will here consider only orders
of magnitude, to have an idea of wether or not this is possible, and consider the case where the
lightest scalar triplet dominates over the other heavier degrees of freedom.

) Constraints from CLFV and neutrino masses

CLFV. We already gave in section 2.6.1 the various analytical expressions of the CLFV processes
when the SM is endowed with only one scalar triplet, or when one the lightest scalar triplet gives
the most dominant contribution to the CLFV processes. Assuming this is indeed the case, their rate
are roughly proportional to the square of the dimension-6 coefficient. Saturating the perturbativity
condition Y, = v/47, the lightest scalar triplet mass must obey the inequalities in Egs. (2.112)-
(2.115) in order to give a rate which is reachable by future experiment sensitivities. Keeping only
the most stringent sensitivity coming from the u3e experiment, i.e. Br(u — eee) < 107!, and
using Eq. (2.109), the dimension-6 coefficient must be roughly larger than :

s Y Y,
b~ L >1071%Gev2, ie. —>107%Gev!. (4.132)
ny ma
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4.8. Summary

Neutrino masses. From Eq. (1.38) or (4.7) with a dominant contribution from the lightest scalar
triplet, to get roughly m, ~ 0.1 eV, one needs the Yukawa coupling to obey
s -1

— =10
ma Ha

Gev!. (4.133)

o  Compatibility with the scenarios considered previously

In order to provide both large CLFV and small neutrino masses, Eq. (4.133) together with condi-
tion (4.132) imply that the scalar coupling must obey

L ST (4.134)
ma
which is not in conflict with the perturbativity condition on pua/ma. Let’s now analyze if one can
have successful leptogenesis and both large CLFV and small neutrino masses in the scenarios (i)
PFL and (ii) general leptogenesis considered in sections 4.5 and 4.6 respectively.

PFL scenario In the case of the PFL scenario, we have seen that one needs firstly BZ; < B;f
in order to lie in the PFL regime, and secondly large Yukawa couplings YA, ~ 1 as well as a
mild hierarchy between the lighter and the heavier scalar triplet in order to generate enough
baryon asymmetry (large enough CP-asymmetry). These conditions are therefore compatible
with the CLFV and neutrino mass requirements in Egs. (4.132)-(4.134). For example, one can have
Yp ~ 1---v/47, in which case one has mp <10°...10” GeVand pup <1073...1072 GeV.

General scenario In the general scenario where leptogenesis is activated by other heavier states,
as right-handed neutrinos, the CP-asymmetry involves both pa and Y, couplings, see Eq. (4.77).
In this case, maximal CP-asymmetry is obtained for By ~ By, i.e. ua/ma ~ Ya. This condition
is not compatible with the CLFV and light neutrino mass conditions, since from Eq. (4.133) one
would need Yp ~ pupa/ma S 1079, that leads using Eq. (4.132) to a triplet mass ma < 1073 GeV way
too small to get a large enough CP-asymmetry, and surely already excluded by accelerators.

4.8 Summary

In this long chapter, we have analyzed the scalar triplet leptogenesis with the inclusion of the
flavor effects as well as the spectator effects. We have shown that, as highlighted in Ref. [247],
flavors always matter in type-2 Seesaw leptogenesis. Indeed, contrarily to the type-1 Seesaw case,
one can at best find a lepton flavor basis such that the scalar triplet decays following three pairs of
coherent states. This is because the scalar triplet decays into three pairs of lepton, and not only
one. As a consequence, the “unflavored” scalar triplet leptogenesis already studied in the literature
appears to be an approximation of the general flavor leptogenesis, whatever the temperature
regime. This “one-flavor approximation” is good as soon as the flavored CP-asymmetries and the
various branching ratios into leptons are aligned. We have first studied this case that allowed us to
understand the main features of the scalar triplet leptogenesis.
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Chapter 4. Type-2 Seesaw leptogenesis

We then analyzed the general flavored case, in particular we have derived for the first time
the complete set of flavored classical Boltzmann equations governing the evolution of the different
relevant asymmetries, including the effects of those SM reactions which in the leptogenesis
era may be fast : charged lepton and quark Yukawa reactions as well as QCD and electroweak
sphaleron processes. The resulting network of kinetic equations with the chemical equilibrium
conditions provide the tools for studying triplet scalar leptogenesis in full generality. Furthermore,
by requiring that the decoherence rate is faster than the leptonic inverse decay rate during the
leptogenesis era, we determined the domain of validity of the various flavor regimes. The reader
who would like to determine the effects of flavors in any given type-2 Seesaw model can find in
section 4.4 the procedure to follow, with all the references to the equations that are needed.

In scenarios involving an additional triplet (purely type-2 Seesaw scenarios), we have identi-
fied a novel class of models where the flavored CP-asymmetries, consisting of a lepton number
violating and a lepton number conserving contributions, become dominated by the lepton num-
ber conserving piece. Such a dominance naturally shows up as soon as the couplings of at least one
triplet (i.e. not necessarily of all Seesaw states as for PFL type-1 Seesaw scenarios) approximately
conserve lepton number L, which in practice simply means that it couples more to leptons than to
scalars. The purely flavored CP-asymmetries have no reasons to be suppressed by the smallness
of the light neutrino masses since, in contrast to the lepton number violating C P-asymmetries,
they only involve L-conserving couplings.

With the aid of the derived flavored Boltzmann equations and chemical equilibrium condi-
tions, we have carried out a thorough study of the PFL scenario in the two-flavor approximation,
for definiteness. The way this PFL scenario works is totally novel (for small values of By which gives
natural dominance of the purely flavored CP-asymmetries) : in this case there is no L-violating
process in thermal equilibrium at any epoch but yet flavor effects do allow the creation ofa B— L
asymmetry from the L-violating slow decay of the triplet to SM scalars. We have proved its viability
by calculating the B — L yield, finding that, for reasonable and wide ranges of parameter values, a
baryon asymmetry consistent with observation can always be achieved. By exploring the B — L
asymmetry parameter space dependence, we have determined the lepton flavor configuration
that maximizes the efficiency, finding that the same structure renders the flavored CP asymmetry
minimal. Our findings show that maximal B — L yield is achieved for intermediate lepton flavor
configurations.

Finally, we discussed general scenarios, which we have defined by the condition of the
CP-asymmetry involving lepton number violation. These scenarios can arise either in models
with extra triplets or with right-handed neutrinos (models exhibiting interplay between type-1
and type-2 Seesaw). We discussed the impact that lepton flavor effects may have in the final
B — L asymmetry, showing that relevant flavor effects can only be achieved in the Yukawa regime,
being more striking as deeper one moves into that regime, and depending on the parameter flavor
configuration. Our results show that for certain flavor structures the asymmetry may be enhanced
by several orders of magnitude.
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Part 111

THE INERT DOUBLET MODEL AS
THE ORIGIN OF DARK MATTER







Asymmetric dark matter in the Inert
Doublet Model

Beside the fact that one needs to enlarge the SM with new physics in order to generate neutrino
masses and enough baryon asymmetry in the Universe, there is the dark matter paradigm. But
what is dark matter ? In 1933, Zwicky has made the amazing observation that the gravitational
mass of the Coma galaxy cluster is ~ 400 hundred times larger than the mass expected from the
measured luminous matter from stars. This means that most of the gravitational mass of this
cluster is actually dark, i.e. it doesn’'t emit any light. Few years after, this observation was confirmed
by Vera Rubin who observed that the rotation curve of various galaxies doesn’t follow the expected
behavior from Newton’s law using the luminous matter. More recently, the observations of “bullet
clusters” showed that of the distribution of gravitational mass, obtained from lensing, doesn’t cor-
respond to the distribution of luminous matter in these clusters. Also recently, the measurement
of the shape of the temperature power spectrum of the Cosmic Microwave Background (CMB)
showed that it is not in agreement with a Universe made only with the observed luminous matter
density. Finally, clusters are parts of a largest structure in the Universe, and the overall structure is
made of filaments and bubbles. The observed amount and distribution of these clumps is actually
not in agreement with the galaxy distribution obtained from numerical simulations using only the
observed luminous matter.

In order to explain these discrepancies with the expected behavior, one has imagined mainly
two possibilities : either the theory of gravity must be modified, either there is a huge amount of
non-luminous, feebly interacting and yet unknown matter inside the galaxies. The first possibility
lead to new theories known as MOdified Newton Dynamics theories (MOND), which we won’t
introduce in this thesis. The second possibility, the favorite one, is what we called the Dark Matter
(DM).

In this chapter, we made the choice to review very briefly the main properties of the dark
matter particle, detection techniques and the ways to account for its relic density. From that we
will directly go to the last main part of this thesis, which is the analysis of how one could generate
enough dark matter in the Inert Doublet Model (IDM) in an asymmetric way. The asymmetric way
to produce dark matter is in many ways similar to the way the baryon asymmetry is produced.
This chapter is therefore directly linked to the previous two chapters.
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Chapter 5. Asymmetric dark matter in the Inert Doublet Model

5.1 Generalities

5.1.1 Evidences for dark matter

We will not review the very well known evidences for DM. Just mention that beside galaxy rotation
curves and bullet clusters, gravitational well effect due to DM is absolutely necessary to reproduce
the CMB spectrum (already introduced in chapter 3, see Fig. 3.2 in page 82). This gives the most
precise determination of the ratio of the DM density over the critical density Qpys = ppa/pc. The
CMB analysis by the Planck collaboration has provided at 68% C.L. [206] :

Qpyh? =0.1188+0.0010, (5.1)

after combining data coming from the CMB spectrum and external sources as Lensing and BAO.
This means, comparing with Eq. (3.5), approximately 5 times the present baryonic matter density :

=54+0.1. (5.2)

Note that it is peculiarly intriguing that the DM and baryon densities are so close to each other.

5.1.2 DM properties

From all the (non-)observation we have done so far, we already know several properties of the
dark matter. It should be for example :

* massive, obviously ;

e electrically neutral, otherwise it could interact with atoms and photons in the Universe
and we should have observe that since long. More generally, it should be at most weakly
interacting with SM particles and thus non-colored ;

¢ long-lived, or even stable for now. Indeed, DM is expected to have been produced during
the early stage of our Universe, as the other SM particles (~ some fraction of second after
the Big Bang). Since it is still present in our galaxies today, its lifetime should at least be
larger than the age of the Universe, i.e. Tpy; = 4-10'7 s. This constraint can be improved
considerably if one includes the fact that we don’t have observed any decay of DM in our
Universe. Indeed, if DM can decay in SM particles as photons or neutrinos, one should
observe the residuals of these decays coming for example from the center of the galaxies.
Experiments like HESS, Fermi-LAT and IceCube have provided stringent bounds on the
DM lifetime if it has a decay channel with photons or neutrinos in its final state. As an
illustration, we show in Fig. 5.1, taken from Ref. [267], the present best bounds on the DM
lifetime as a function of its mass, if the DM candidate can decay through DM — y +v.

* most probably “cold”, i.e. basically non-relativistic at the time of freeze-out. This is indeed
necessary for DM to have formed such structures in our Universe.

But what is dark matter made off, i.e. how can we account for the DM in the SM ?
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Figure 5.1 — Left : best lower bounds on the DM lifetime as a function of the DM mass mipyy, if this
latter can decay into monochromatic lines v + y. The plot has been taken from Ref. [267].

5.2 Models for dark matter

In this section, we present some models from the literature that were proposed in order to account
for the DM properties. The list we give is non exhaustive, given the large amount of possibilities.
Since there are no DM candidates in the SM, ! one needs to go beyond the SM. We will just mention
few candidates which are relevant for the subsequent model we will consider. 2

5.2.1 Scalar singlet.

Real scalar singlet. Probably the simplest possibility, which doesn’t rely on neutrinos, is to add
areal scalar singlet to the SM [268, 269] (see for example Ref. [270] for an updated analysis of the
associated phenomenology). In this case, the scalar potential of the SM contains the following

interactions :
1 1 A
& v¢+5p§52+5154,52|¢|2+zs54, (5.3)

and thus, after diagonalizing the scalar mass matrix, the mass of the scalar singlet reads mg =
(U3 + Asp v212)!/2. The new scalar singlet is obviously neutral and massive, but since the scalar
potential should also contain a term o< |¢|2S, the S particle could in principle decay at tree-level
(if mgs >2my,) or at one-loop (if mg < 2my,) into SM particles. In order to be consistent with the

11ight neutrinos are too hot relics and have too small masses to account for DM. Indeed, as already mentioned in
section 3.1.2, weak interactions freeze out at around T ~ 1 MeV, which is also the temperature at which neutrinos freeze
out. This temperature is much greater than the neutrino mass so the neutrinos were highly relativistic at that time
and until the structure formation. But if the light neutrinos account for the total DM relic density, structure formation
should have occurred much later (typically for z < 1) than what we actually observe (structure are observed for z 2 3).

2Note that, even if massive and totally neutral, right-handed neutrinos cannot in general account for DM simply
because these are not stable : from the Yukawa coupling it should rapidly decay into a light neutrino and a scalar.
However, it is possible to render one of the right-handed neutrinos very long-lived, by making it light and by giving it
very small mixing with the SM neutrinos. In this case, the right-handed neutrino could decay via the channel N — vy,
in which case constraints from Fig. 5.1 do apply.
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lifetime constraint, one should therefore either make these decay extremely slow, by putting
artificially the associated coupling very close to zero, either one could forbid the linear and cubic
terms in S by imposing a discrete Z, symmetry to the Lagrangian, such that all the SM are even
under this Z, while S is odd. In this case, the stability of the S particle is ensured by the Z,
symmetry. Let’s note that since we don’t want this symmetry to be broken, one has to make sure
that the parameters of the scalar potential are such that (S) =0 (i.e. ,u% > 0).

Complex scalar singlet. A slightly more complicated possibility is to introduce a complex scalar
singlet S = S +iS», see for example [271, 272]. Interactions with the SM scalar doublet ¢ generate
amass splitting between S; and S, so that the DM candidate is the lightest particle between S;
and S, which depends on the parameter value. As in the previous case, one needs to stabilize
the dark matter candidate. To this end, one can further impose a Z, or U(1) symmetry to the
Lagrangian, and the parameters of the scalar potential must be such that (S) = 0. However, this is
not mandatory and it is still possible to have viable DM candidate while breaking the U(1).

In fact, even if this possibility looks very similar to real scalar singlet case (with one more
degree of freedom and extra couplings to the SM scalar doublet), the phenomenology is much
richer. In particular, as we will see in the next section, since S is complex there is in fact the
possibility to generate DM through an S asymmetry.

Note on the discrete symmetry. The discrete symmetry Z, that is imposed in order to stabilize
the DM candidate could appear artificial. However, one can easily generate such kind of symmetry
from local/global special unitary group as U(1) or SU(3). Indeed, consider the global group
example of a simple model of two self-interacting scalar fields (o 2) subject to the following global
U(1) transformations [273, 274] :

o1—eN%, and 0, — e %,. (5.4)
The U(1)-invariant renormalizable as well as non-renormalizable Lagrangian describing such
system is given by :

()

M. _NyM
M2 01 (0207 65

< = [.L?-O’;O’i +/1ij(0;0i)(0';0'j) +
with y; dimension one and A, A5,, dimensionless couplings. M and N some positive integers,
and A some high energy scale. If o} acquires a vev the resulting Lagrangian will involve a collection
1

of terms (0,')", thus being Zy invariant, namely

o2 —nos with ny=e”"N (n=0,1,...,N-1). (5.6)

The origin of the SU(N) symmetries can come from exotic physics or can also come from the
global abelian U(1) or non-abelian SU(3) flavor symmetries of the kinetic terms of the SM [275,
276, 277, 278, 279, 280, 281, 282, 283, 284, 285, 286, 287, 288, 289]. For example, in Ref. [289]
made in collaboration with Diego Aristizabal, Chee Sheng Fong and Avelino Vicente, we have
shown that the Z, discrete symmetry of the scotogenic model can be obtained as a residual
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symmetry resulting from the SSB of a global U(1),,, where U(1),, is a global symmetry of the
kinetic Lagrangian of the right-handed neutrinos. Other ways of stabilizing the DM from the
existence of gauge symmetries also exist.

5.2.2 The Inert Doublet Model (IDM)

The Inert Doublet Model (IDM) [44, 290, 291, 292] simply consists in adding to the Standard Model
(SM) a single scalar doublet H, which is odd under a Z, symmetry, while all the SM fields are even.
The most general scalar potential is in this case

V =mi|Hy >+ m5| Ho[* + Ay | Hy |* + Ao Ho|*

A 2
+ A\ Hy P Hal + A4 H Hol + 2 (H] ) +He.|, 5.7)
where the SM and the inert scalar doublets can be written as
¢* n*
Hy = and H,= , 5.8
! ( V/IV2+¢° 2 n° 5-8)

with gbo =(h+ i(/)g)/\/i and 170 = (H° +iA%/v/2. In the scalar potential, mg is assumed to be
positive to insure that H, doesn’t acquire a vev, so that it’s lightest neutral component (A% or HY) is
stable. Prior to electroweak symmetry breaking (EWSB), all H, components have mass mp, = my,
whereas after EWSB they get split in mass (see section 3.3.1 in page 85)

2

mH():

m§+/1Hov2,miozm§+/1on2,m727+:m§+/1Hcv2, (5.9)
with Age = A3/2 and Ao g0 = (A3 + A4 + A5) /2. The A5 interaction in Eq. (5.7) is therefore respon-
sible of the generation of a mass splitting between H? and A, so that the DM candidate can be
either H or A° following the sign of A5. This inert doublet model is very interesting since very
predictive. It is subject to the following general constraints :

¢ For the vacuum to be stable and bounded from below, one necessary needs 11 2 > 0, as well

as AHO,AO,HC > =/ /11/12.

¢ Scalar couplings have to be perturbative, so that A; < 4n. A more conservative bound is
A;i < V/4n. If the coupling do saturate the upper bound, radiative corrections are such that
the coupling can become infinite for some high energy value - this is the Landau pole - so
that a new physics is expected before the divergence of the couplings. The determination of
the Landau pole can be performed using the renormalization group equations in the IDM
framework given in Appendix E.3, from Ref. [290].

¢ Because of the gauge coupling of the inert scalar, Z decay width constraint at LEP requires
My + mppo > mz and my+ > mz/2, otherwise one could have already produced the inert
doublet components at LEP or LHC.

* EW precision tests require AT = (my+ — m o) (my+ — mypo) /127%a v* < 1071, The EW pre-
cision tests consist in searching for new physics by analyzing small deviations between
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SM predictions and associated quantities that are very well measured, as branching ratios,
forward-backward asymmetries, left-right asymmetries, etc. These deviations can be partly
parametrized by the useful “oblique” parameters S, T and U, which differ from zero if the
new physics generates corrections in the gauge boson self-energy propagators, as it is the
case for the IDM. The present best fit on the oblique parameters are [8]

§=-0.03+0.10, T=0.01+£0.12, U=0.05%£0.10. (5.10)

Accordingly, one can allow deviations of these parameters only in the range given by the
uncertainties, i.e. typically |AS|, |AT|,|AU| < 0.1. In the IDM, only the T parameter receive
important corrections [290], which lead to the upper bound given above.

« The gauge interactions imply the existence of Z-mediated inelastic scattering H.4#" — A°_¥/,
whose cross section is much larger than the present direct detection upper bounds (see be-
low). In order to kinematically forbid this interaction, one must have m 40 — mgo = ,B%) m!2
where Bpasc is the DM halo velocity with respect to the earth, and p, = myom 4/ (mppo +
m_x) is the reduced mass of the system for the nucleus .4 used by the experiment. For
mpyo > m_4 and Xenon nucleus, using an average velocity of ~ 270 km/s, this constraint
can be rephrased as m 4 — mpgo = § mpmin ~ 50 keV. Taking into account the velocity dis-
tribution around this central value, and the recoil energy sensitivity of the experiments,
the minimum splitting becomes d mpyin ~ 180 keV, although a more robust constraint is
O Mmin ~ 100 keV [293], which translates as

(5.11)

A5 23.3-10‘6-(mH°)-( 0 Mimin ) .

TeV 100keV
5.2.3 Other possibilities
Note that there are several other possibilities of DM candidates that have been proposed in the

literature, just mention a few :

e scalar or fermion multiplets with ad hoc Z,, which generalize the inert doublet model. Note
that a high multiplet fermion (quintuplet or more) is automatically stable, as it cannot have
renormalizable interactions with the SM fields (neither dimension-5 ones) [312].

¢ the axion, which has been introduced by Peccei-Quinn in 1977 in order to solve the strong
CP problem in QCD.

* the supersymmetric candidates, as the sneutrinos, which are the supersymmetric partner of
the neutrino, or the lightest neutralino, the neutralinos being the supersymmetric partners
of the neutral gauge and scalar bosons.

¢ Kaluza-Klein particles, which appear in models with extra dimensions trying to unify gravity
with the other forces.

But how could we distinguish between all these possibilities ¢ Clearly, one first need to detect dark
matter.
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Figure 5.2 — DM detection principles.

5.3 Dark matter detection and constraints

Assuming that the DM candidate can interact through DM DM — SM SM, there are basically
three ways one can detect a DM particle, which are summarized in Fig. 5.2. This picture is quite
representative of all DM detection experiment’s principles. These are :

e DM DM — SM SM : this is the process which is also responsible for the depletion of the
DM density during the freeze-out. Even if it is out-of-equilibrium, still two DM candidates
can meet and annihilate into SM particles. These annihilations are more likely to happen
where the DM density is important, as in the center of galaxies or stars. If such annihilations
occur, some of the decay products could reach the Earth where one could detect them. This
detection principle is called “Indirect Detection”.

e DM SM — DM SM : the scattering of one DM particle with a SM particle. In particular, if
the DM interacts with quarks, one could have for example that the DM can scatter with
one of the nucleons of the Earth. In this case, one could be able to observe a nuclear recoil
without detecting any colliding particle. This detection principle is called “Direct Detection”.

e SMSM — DM DM : the direct production of two DM particles from the collision of two
SM particles. This is for example possible in accelerators as the LHC. Since the two
particles in the final states cannot be detected, the signature of such an event would
be...nothing. So what we are actually hunting for is this process but with the emission of
a gauge boson SMSM — DM DM + g/ Z!y, whose signature is a monojet/EM-shower/ Z-

remanant+missing energy (£7).

In what follows we remind briefly all the present experimental constraints for each kind of detec-
tion principle.
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5.3.1 Direct Detection

Direct Detection experiments have provide stringent bounds on the scattering cross section of the

DM with nucleus as function of the DM mass. The detection rate R of a DM particle X of mass

my that scatters on a nucleus .4 of mass m._ is generally expressed as : 3

dE d
ET. RmeJV Vmin v Vf(l)) dER

min

Ennax Vesc do v, E
R= f _Po M , (5.12)
where Ep, is the recoil energy of the nucleus, po is the local DM density, v is the relative velocity of
the DM with respect to the nucleus, f(v) is the local velocity distribution of the DM at Earth, and
o x_y is the scattering cross section.

The lower integration boundaries of the recoil energy integral are the minimum and maxi-

T
mum threshold energy of the detector, E_;

sensibility. One has for example Eglin ~1keVand EL_, ~ 100 keV for the famous LUX experiment.

and EL .. This depends clearly on the experiment

The velocity distribution and local density of the DM are actually unknown. However, we
know from Large Scale Structure formation that the DM halo in a galaxy is almost non-rotating.
As a consequence, the relative velocity distribution between the DM and a nucleus should be
centered on the velocity of the Sun around the galactic center, which is vo = 220 km/s. In
standard halo, the velocity distribution of the DM wind is assumed to be Maxwellian. Also from
astrophysical considerations, one can estimate the DM local density which is centered around
Po = 0.3 GeV/cm3.

For the velocity integral, one integrates between the minimal relative velocity vmi, and
the maximal velocity which is typically the escape velocity of the DM particle in our galaxy
Vese = 650 km/s. The minimal velocity reads

myE
£l ;;2 L for an elastic scattering, and (5.13)
plnel - ! ( MAER | 5m X) : for an inelastic scattering [294], (5.14)
V2myEg\ p

where u = mxm_y /(mx+m_y) is the reduced mass and d my stands for the mass splitting between
the incoming and outgoing DM particles.

Finally, the cross section o x_4 involves nuclear physics, as well as the DM-nucleon cross
section 0, which is the interesting quantity that we want to probe. For example, in the case where
the DM-nucleon scattering doesn’'t depend on the spin of the nucleon (“Spin-Independent (SI)
scattering”), one has

daf({/v(v,ER) mWUgIFi‘,
dEg o 2u20?

) (5.15)

where Fiv is some nuclear for factor. Taking care of the nuclear part and the astrophysical

3The rate R as introduced here is the number of detections by day and by kg of the detector mass. It is therefore a
dimensionless quantity.
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Figure 5.3 — Present upper bound on the spin-independent DM-nucleon cross section as a function
of the mass of the DM particle. The region below the thick orange dashed curve shows the
limitation of future experiments with respect to the neutrino background. The plot has been taken
from Ref. [295].

consideration, the observation (or non-observation) of a DM-nucleon scattering could therefore
give some information (or some bound) on the DM-nucleon cross section as well as on the mass
of the DM particle.

All in all, we show in Fig. 5.3 the current upper bounds on the spin-independent cross
section 031 as a function of the DM mass. The plot has been taken from Refs. [296, 295]. The
current bounds and future sensitivities on the spin-dependent cross section can also be found in
Ref. [296]. The best present upper bound is provided by the LUX experiment for mpy; = 6 GeV.

For mpy; 2 100 GeV, this bound is in good approximation given by

SI< 1. —11(mDM)
o 1.2-10 b LUX) . 5.16
0~ 1 GeV p ( ) ( )
Let’s note that some experiments as DAMA, which search an annual modulation of DM scatterings
due the Earth movement, have claimed the observation of DM signals. However, this is highly
controversial — since in conflict with other experiments — and it has been suggested that the
observed modulation could be due to unexpected background, see for example Ref. [297].

5.3.2 Indirect Detection

Indirect Detection is a much more complicated issue. There are several reasons. Firstly, suppose
the DM can annihilate in SM stable particles. If the decay products are charged, as proton or
electrons, they won't obviously propagate straight towards the Earth, since they will undergo
deviations from collisions with other particles or from the galactic magnetic field. Because of
that, one expects to measure on Earth only a diffuse flux of charged particles. For neutral decay
products, as photons or neutrinos, there are practically no deviations so that one could measure
a flux coming from specific regions where the DM is dense, as in the center of galaxies. This is
especially the case for neutrinos, but these are unfortunately very difficult to detect.
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Figure 5.4 — Left : Positron fraction (positron flux normalized to the sum of electron and positron
fluxes) as a function of the energy, as measured by several experiments. The gray band shows the
expected positron fraction from astrophysical sources. The figure has been taken from Ref. [298].
Right : antiproton flux as a function of the energy. The gray region shows the expected flux from
astrophysical background, which fit very well the data, contrarily to the positron flux. The plot has
been taken from Ref. [299].

Secondly, suppose we detect some residual flux on Earth. In this case one still needs to be
sure that it doesn’'t come from some unexpected background. Indeed, the Universe is very rich,
and even if one can identify lots of astrophysical objects thanks to telescopes, there are surely still
some exotic ones that escaped our present listing.

Nevertheless, it is still possible to search for DM annihilations signals. For example, most of
the astrophysical processes produce mainly particles, and much less antiparticles. This is generally
not the case of DM annihilations, which are expected to produce an equal amount of matter and
antimatter in most of the theoretical models. As a consequence, any excess in antiparticle flux can
be a hint of DM annihilation.

For illustration purpose, we show in Fig. 5.4 the positron fraction ®,+/(®.+ + ®,-) (left) and
the antiproton flux ® (right) as a function of the energy. The data points have been obtained by
several experiments. The gray band represent the expected fraction from astrophysical sources.
While for the antiproton fluxes these fit very well the data, it is not the case for the positron
flux. The excess could be explained by DM annihilations, but it is for now more likely due to an
unexpected background or due to the astrophysical model. From antiproton flux measurement, it
is possible to derive upper bounds on the annihilation cross section. These can for example be
found in Ref. [299]. We won’'t comment furthermore on the Indirect Detection results.

In practice, the DM annihilation cross section is the same than the one that is responsible
for the DM depletion in the usual freeze-out mechanism, see below. Therefore, it is generally
fixed for a given DM mass, since the relic DM abundance is known. As a consequence, the DM
annihilation rate can be computed and the decay products are known. The associated flux can
finally be estimated and confronted to the observed flux.
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Figure 5.5 — Present best upper bounds on the Spin Independent — scalar and vector interactions —
(left) and Spin Dependent — axial-vector interaction — (right) cross sections as a function of the
DM mass, provided by the CMS collaboration [300]. Results from CMS are confronted to the other
present bounds provided by detection experiments.

5.3.3 Collider constraints

Since pure DM production (only DM particles in the final state) is obviously not observable,
colliders such as LHC look for specific signatures as a single monojet or monophoton in the final
state with missing transverse momentum E7. For example, a quark of an initial proton can radiate
a gluon or a photon before annihilating into two DM particles. By searching for such signatures,
the LHC already provided bounds on the Spin Dependent and Spin Independent DM-nucleon
cross section. We show in Fig. 5.5 the present upper bound on the DM-nucleon cross section
as provided by the CMS collaboration, for scalar and vector interactions (left) and axial-vector
interactions (right).

Concerning the Inert Doublet Model, in the left panel of Fig. 5.6, the gray-shaded region
indicates the region of the (m o, m 40) plane excluded by LEP data. The plot has been taken from
Ref. [301]. The lower left triangle, where mpo + m 4 < mg, is excluded by LEP I data on the Z
boson width. The remaining part of the shaded region is excluded by the LEP II analysis performed
in Ref. [301]. Note that the upper left region is not accessible by the requirement that 710 < 1 4.
The right panel of Fig. 5.6 below, taken from Ref. [302], shows the allowed parameter region (at
95% C.L.) in the (m,:, 13) parameter space from the requirement that the 7 — yy scalar decay
width doesn’t exceed the allowed range, and assuming that there are no invisible decays of the SM
scalar. These two plots illustrate that, beside the constraints from Direct Detection, there is still
few constraints on the Inert Doublet Model for mp, > 100 GeV which is the case we will consider
here after.
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Figure 5.6 — In gray are shown the excluded regions for the parameter space (1o, m40) (left plot
taken from Ref. [301]) and for (mye, A3) (right plot taken from Ref. [302]) in the framework of the
Inert Doublet Model.

5.4 Dark matter production mechanisms

5.4.1 Symmetric production and WIMP miracle

The usual way one can explain the DM relic density is through the usual freeze-out mechanism.
This latter can be described as follows. At T > mpy;, the DM is in thermal equilibrium because
of fast interactions with SM particles. The DM follows the thermal density until T = Tf, <
mpu, where the interactions freeze out, and from when the DM density remains constant. The
mechanism, even if similar to the leptogenesis one, differs by the fact that we just focus on the
total DM density, and not on an asymmetry generated through CP-violating decays. In order to
quantify the amount of DM particles left after freeze-out, one needs to solve the corresponding
Boltzmann equation(s).

° Boltzmann equation

To illustrate more precisely the freeze-out mechanism, let’s consider a simple case where the
DM is its own antiparticle, is stable, and annihilates in SM particles through the symmetric
scattering channel SS — X X, where S denotes the DM candidate and X some lighter SM particle,
i.e. mx <« mg. This example corresponds for example to the real scalar singlet DM introduced
in section 5.2.1, with the replacement X — H. In this case, it is straightforward to derive the
Boltzmann equation for the DM number density Ys = ng/s, which reads

Y. 2
y S
YS

where Ys = sHzdYs/dz with z= ms/ T, YSE 1= ngq/ s with the equilibrium density given by ngq =
m%/ (27?z) K, (2) with K (z) the Bessel function, and where y s the thermal scattering rate of the
process SS — X X, which is a model-dependent quantity that must be computed. In the case
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Figure 5.7 — Left : reaction density ys/(H ngq) as a function of z = mg/T for different values of
the cross-section. Below the horizontal line, the reaction is no more in equilibrium and the
associated process basically never occurs. Right : density Y5 as a function of z for different values
of the cross-section. The dotted-dashed curve shows the equilibrium density, and the horizontal
dotted-dashed curve is the DM density as measured by Planck. The ticks on the right-handed
y-axis gives the density Ys as given by Eq. (5.19). In both plot we fixed mg = 100 GeV.

where this interaction freezes out at zz, > 1 (cold relics), the thermal rate in Eq. (5.17) can be
approximated by
Ys = ngql“s = n?qngq(asv) , (5.18)

where (osv) is the thermal average of the non-relativistic annihilation cross-section times the
relative velocity of the initial interacting particles.

o Analytical solution of the Boltzmann equation

We now study the analytical solution of the above Boltzmann equation. We introduce two different
methods. Each method provides an analytical solution which is in good approximation with the
value of the final relic density obtained by integrating numerically the Boltzmann equation. The
result of the second method will actually be very useful in the section 5.5 below.

Method 1. Within this method, the resolution of the Boltzmann equation is straightforward. We
proceed in the same way as in the leptogenesis chapters. As long as I's > H, the annihilations
SS — X X are in thermal equilibrium so that Ys follows YSE 4. This can be easily verified analytically
because this amounts to putting the Lh.s. of the Boltzmann equation to zero. At z = zz,, one has
I's(zs) = H(zg,) and the annihilations freeze out : the Hubble expansion rate is larger than the
annihilation rate so basically no annihilation can occur anymore. Around this moment, the DM
density has left the thermal equilibrium distribution and remains more or less constant until now.
The DM relic density is in this case given by

Y& = Ys(z0) (5.19)
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which has to be compared to the observed value of the DM abundance

QDM _ mpm Ypm - Ytoday ~4.6- 10_10 ) (1 GeV) (5.20)

DM
Q B mp YB today ms

Let’s note that the result in Eq. (5.19) can also be written as

43-107 ms 2z
Qpuh? ~ A B (I (5.21)
8« GeV e

The result in Eq. (5.19) is illustrated in Fig. 5.7, where in the left panel we show the ratio ys/(H ngq)
as a function of z = mg/ T for different values of the cross-section (o sv). In the right-panel, we
show the numerical solution of the Boltzmann equation (5.17) as a function of z for these same
cross-section. In both plots, we fixed mgs = 100 GeV. We see that the larger the cross-section, the
larger the zg, and the smaller the relic density, as expected from Eq. (5.19).

It is worth to note that for a DM particle of the order of the EW scale, mg = 100 GeV, the right
relic abundance is obtained for a cross-section (o sv) = 1 pb, which is the typical value of the weak
interactions ! This is the so-called “WIMP miracle”, where WIMP stands for Weakly Interacting
Massive Particle. This miracle, or coincidence, clearly points towards a new physics scale which
could be not so larger than the EW scale.

From Egs. (5.19) and (5.21), one still needs to determine the analytical expression of the
freeze-out temperature, which seems clearly related to the mass and the cross-section. The
freeze-out temperature is determined by the solution of the equation

Eq

ne (osv)

YSE =1, or equivalently if zz, > 1, =S 2 =, (5.22)
q H

Hn s lz

0 Zfo

This translates as

e m ms{osv
~0.038- Planck S( S ) ’ (5.23)
Zfo vV 8*

whose resolution gives approximately

Mplanck Ms{OSV) Mplanck Ms{OsV)

. (5.24)
Ve* Ve* }

Itis important to stress that this value of zf, doesn't represent exactly the value at which the density

0.038-

Zto ~In | 0.038-

1
+—ln{ln
2

starts to leave the equilibrium density. This freeze-out value is the one that needs to be injected in
the approximated solution in Eq. (5.19), which is valid up to ~ 20 % compared to the numerical
solution of the Boltzmann equation (5.17). Injecting Eq. (5.23) in Eq. (5.21), one gets

o 0.94-10%- 2 GeV™!
(osv) v 8+ Mplanck '

Qpm (5.25)

In order to generate the correct DM relic abundance, one has generally that the freeze-out value
Zto = mgl Tt lies around zg, = 25.
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Method 2. There exists another method, which we develop briefly here since we will need it
in the next section. It gives in general a more accurate result, see Ref. [303]. Instead of defining
the freeze-out temperature as the temperature at which I's = H as in Eq. (5.22), the freeze-out
temperature Tf’0 is instead determined as the temperature at which the density Y5 ceases to follow
the equilibrium density. Taking as a criterion |1 — Y/ YSE 9 2z ~1,we can show that this freeze-out
value z; = ms/ Ty, is in very good approximation determined by [303]

E
, L ngosv)
=1, or equivalently if z;, > 1, —g | = 1. (5.26)
z

’ ’
Zfo Zfo

Ys
Eq
zH ng

This translates as

MplanckMs{OsV)

N

whose resolution gives approximately 4

) (5.27)

e“o\ /2 ~0.038-

MplanckMs{O V) Mplanck Ms{O V)
V8" V8"

The evolution of the density is then given as follows. For z < z; , the S density follows closely

0.038- 0.038-

/
Zg & In

} . (5.28)

1
——ln{ln
2

the equilibrium density, while for z > z{ , the density evolution is given by the solution of the
Boltzmann equation (5.17) with the inverse process SM SM — SS neglected, i.e. by the equation

2

Y.
S| yg=—Y2 (o). (5.29)

Eq
Y

Vo= -

This means that each time two S annihilate, it is definitively two S less in the thermal bath. The
resolution of the above equation is straightforward. Using as initial condition YSE q(zgo), itis given
by

Eq, s
YS (Zfo)

Ys(2) = (5.30)

s(2)z v Bq ’
L+ Ys - (2 (25)
where J (zgo) is an integral given by

J(zh) = f , dz’wz—fzw . (5.31)

fo

If the cross section doesn’t depend on z, it becomes

Eq, s
YS (Zfo)

(osv)s@) [ z Eq, sy~
1+ 250 (%—I)YS (2],

Ys(2) = (5.32)

4Let’s note the minus sign in front of the second term in the r.h.s. with respect to Eq. (5.24).
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Figure 5.8 — Density Ys as a function of z for mg =100 GeV and a fixed cross section (o v) = 1 pb.
The solid curve shows the numerical solution of the Boltzmann equation (5.17). The dotted
horizontal line shows the solution using the first method, i.e. Ysend = YsE q(Zfo) where zg, is given by
the condition I's = H. The dotted curve shows the solution using the second method, Eq. (5.30),
which is based on a semi-analytical approach. Method 1 gives the correct result up to ~20 %
deviation while method 2 up to ~5 %.

For z — oo, the asymptotic value of the DM density is finally given by

Eq, /s
YS (Zfo)
E

(os)s(z) z
1+ oo 2 Ys

7
fo

Ysend ~ (5.33)

Uz)

If the second term of the denominator is much greater than 1, which is generally the case in
order to generate the right relic abundance, this latter result leads to nothing else than the usual
freeze-out solution
, 1.07-10%-z Gev!
(0]

Qpmh® = . (5.34)
DM (osv) \/nglanck

This result gives the right relic abundance up to deviation of the order of ~ 5 %. In order to generate
the correct DM relic abundance, one has generally that the freeze-out value lies around z; = 21.
We show in Fig. 5.8 the comparison between the different analytical method. Note that Eq. (5.32)
will be actually very useful in what follows.

5.4.2 Asymmetric production

If the DM particle is not its own antiparticle, another interesting possibility arises. As in the
case of the generation of a baryon asymmetry via the leptogenesis scenario, one could wonder
if a DM asymmetry could not be at the origin of the DM relic abundance (see e.g. the reviews
of Refs. [207, 304, 305, 306, 307]). Indeed, as Eq. (5.2) shows, the present value of the DM relic
abundance is only a factor ~5 bigger than the baryon relic abundance : Qpps = 5Qp. But why are
they so close ? This may be a coincidence, but this may also be a hint that the generation of the
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baryon and the DM densities were actually related. In particular, since the present baryon density
is expected to come originally from a baryon asymmetry, one could wonder if it is not the case of
the DM density too.

For example, if the DM particle is a complex field, it could in principle develop an asymmetry.
But how could an asymmetry be generated ? There are several ways an asymmetry can develop.
A possibility is that the DM asymmetry is generated by the CP-violating decay of some heavier
field, as in the leptogenesis scenario, see for example Ref. [308, 309, 310]. Another possibility is
that the DM asymmetry is generated by thermal interaction between the DM and SM particles
that carry an asymmetry, in which case the baryon and the DM asymmetries are related through
chemical equilibrium conditions, see for example Ref. [311]. This case involves chemical potential
equations, not without similarities with the ones we considered in the previous sections. In these
two cases, the baryon and the DM relic density are related through

Qpm _ Mmbm AYpym
(23 mpg ZXY%

. (5.35)
today

We see that if the amount of DM asymmetry is exactly the same as the baryon asymmetry, the DM
candidate should have a mass of the order of mpy; ~ 5 GeV. However, one deviates in general from
this idealistic situation because the DM candidate would be so light that one should have already
discover it. The factor 5 between the Qpjys and Qp is in this case the consequence of an interplay
between mpp; and AYpy, through the combination (mpps - AYpa).

Let’s note that the symmetric component DM should also undergo a standard freeze-out, so
that one could have in general both symmetric and asymmetric DM. In this case, the Boltzmann
equation for the DM evolution should be modified in order to account for the DM asymmetry.

5.5 Inert Scalar Doublet Asymmetry as the origin of dark matter

The Inert Doublet Model (IDM) for dark matter has been introduced in section 5.2.2. It is well
known that the IDM can account for the observed DM relic abundance via the usual freeze-out
mechanism (symmetric production as introduced in section 5.4.1), and be in agreement with
direct detection constraints, for DM masses in the ranges ~ [50,80] GeV and above ~ 540 GeV, up
to the ~ 40-50 TeV unitarity bound [290, 291, 312, 292, 313].

However, in the scalar potential in Eq. (5.7), it is interesting to note the presence of the
unique term which doesn’t conserve the number of inert doublets minus the number of anti-inert
doublets :

£'DM 5 —% [(HIHZ)Z +H.c.

) (5.36)

to which corresponds the scattering processes H, H, — Hj Hy, H, H; — Hj H, and their inverse.
This interaction reaches thermal equilibrium at T ~ mp, if at this temperature the corresponding
I'), scattering rate, given in Eq. (E.5) of the Appendix E.1, is larger than the Hubble rate, which
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gives the condition

m 1/2
Hy ) (5.37)

1512 10_6'(TeV

If this equation is satisfied, from chemical potential considerations one has g, = 1tg,, and both
H, and H, scalar doublets asymmetries are equilibrated, leading potentially to an asymmetric
production of the DM relic abundance (at least if a scalar asymmetry A H; was present), see
section 5.4.2. °> Together with the direct detection constraint in Eq. (5.11) with a 100 keV (180 keV)
mass splitting, this means that the A5 interaction reaches thermal equilibrium as soon as mg, 2
100 GeV (30 GeV), in which case an asymmetry is always created from a H; asymmetry.

This is interesting because one generally expects the existence of a B — L asymmetry at high
temperature in order to generate the BAU, as for example in the leptogenesis scenarios. This
means that a scalar doublet asymmetry A H; should have been created automatically too at high
temperature from thermal equilibrium SM interactions [215]. Therefore, if the A5 interaction
above has reached thermal equilibrium, a A H, will be generated automatically too. In other words,
even if no H, asymmetry is created at high energies, such an asymmetry will be created anyway as
soon as the B — L asymmetry is created. ® Note that it could work also the other way around, i.e. a
primordial DM asymmetry could be at the origin of baryogenesis via the same A5 equilibration
interaction, a possibility we will not consider here (for a scenario of this kind see Ref. [316]).

Therefore a question arises : could the H, asymmetry be responsible for most of the present
DM relic density ? Or more generally, what is the fate of the H, asymmetry which will anyway be
created for mp, 2, 100 GeV ? This study was made in collaboration with Thomas Hambye [3].

In this section, one will stick to the minimal IDM framework, as defined in section 5.2.2. Let
us make two simple starting assumptions. First, let us assume that the symmetric component of
the relic density left after freeze-out is smaller than the observed value. Fast SM gauge scatterings
automatically care for that for m o within the ~ 120 — 540 GeV range, whereas for other values
of mpyo large enough A3 4 interactions can take care of that [292]. This implies a symmetric
annihilation cross section larger than the usual thermal freeze-out value ~ 1 pb, which means
a freeze-out temperature T, smaller than the usual Ty, ~ mgo/25 value. Second, let us assume
that a B — L asymmetry has been generated at a temperature Tp_;, above mp, and above the
ElectroWeak Phase Transition (EWPT) temperature Tgy (which we take as the temperature where
the vacuum expectation value of the SM scalar field becomes sizable, that is Try = 165 GeV, see
section 3.3.1). Note that in this way too, the link between the baryon and the DM asymmetry is
interestingly totally independent of the way the B — L asymmetry has been created (from any type

5Actually, in the few-TeV asymmetric inert DM scenario considered in Ref. [309], it is assumed instead that the A5
interaction could have never been in thermal equilibrium. In this case, the DM asymmetry would have been created
explicitly at high energies, basically independently of the B — L asymmetry. If the inert scalar is the DM particle, it turns
out that the lower bound of Eq. (5.11) implies that Eq. (5.37) must anyway hold for TeV masses.

6The inert DM model contains therefore an interaction which basically implies that “Higgsogenesis" [311] production
of a DM asymmetry is at work. In Ref. [311], a X] fermion singlet DM framework is considered with an extra X» fermion
doublet and an X-symmetry. An X» asymmetry is created from a X-symmetry violating X22 Hf non-renormalizable
interaction, which is afterwards reprocessed into a X; symmetry through X, decays. Asymmetric frameworks based on
the equilibration of the SM scalar asymmetry with a dark sector asymmetry, based on several new dark sector particles,
or based on various possibilities of a SU(2) ;, multiplet, can also be found in Refs. [314] and [315] respectively.
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5.5. Inert Scalar Doublet Asymmetry as the origin of dark matter

of Seesaw or whatever). Thus, we do not care about the way this B — L asymmetry could have been
generated. ’

5.5.1 Asymmetric production and depletion of the H, density

In what follows, we will consider in detail and chronologically what happens when the temperature
of the Universe cools down from T > my, to today T <« Tgw, crossing mpy, > Ty, > Tto > Trw,
with T, the temperature where the scattering induced by the A5 interaction decouples and
T, the freeze-out temperature at which the total annihilation cross section decouples. This is,
we first discuss how an inert doublet asymmetry can be generated and depleted thanks to this
A5 interaction. Then, we show that there is another depletion mechanism associated to DM
oscillations which is at work as soon as the temperature of the Universe goes below the EWPT.
A sketch of the scenario is displayed in Fig. 5.11. In this section, we don’t consider the Direct
Detection constraints, whose consequence will be address in the next section.

A. T=T), : Inert scalar doublet asymmetry from the SM scalar doublet asymmetry

At temperature above Tgy ~ 165 GeV, all 2 inert doublet components (n* and no) have a common
mass mpy, = my, see Eq. (5.7). If Eq. (5.37) is satisfied, the chemical potential of both scalar
doublets are equal, 1y, = g, . Together with the usual SM chemical equilibrium relations (from
thermal equilibrium SM processes [215]), the uy+ = o relation (from e.g. n*tn®* — SM processes),
and the hypercharge relation

Y (AYg, +4AYy, —2AY,, — AYy, —2AYe,) + AYy, + Ay, =0, (5.38)

1

it simply gives : 8
k(2) 16k (2)

AYy (2) = —2 AV = ——— 2
1, (2) = == AV, 158 + 13k (2)

AYp-p, (5.39)
where we used the general relation between the chemical potential and the asymmetry (given in
Eq. (C.54) in the relativistic limit), i.e. :

T2
AYp, = G Stz K, k(z), (5.40)

with the k-factor suppression for bosons given by

2 if z«1
6 o0 ]_ ’ »

k(z) = e x?sinh ™2 (5 Vx2+ zz) dx= (5.41)
= Jo

12 (&) e?, if z»1.

7Let’s here mention the “scotogenic model”, which is an extension of the IDM with right-handed neutrinos odd under
the Z symmetry (already mentioned in section 1.3.1). Indeed, in this model light neutrino mass can be generated at
the loop-level [44] and the baryon asymmetry of the Universe can be generated too through the decay of the heavy
right-handed neutrinos via the leptogenesis mechanism [292].

8We here consider the temperature regime T < 10° GeV, where all the SM Yukawa interactions are in thermal
equilibrium. This is justified because, in the IDM alone, the inert doublet mass must anyway be smaller than ~ 30 TeV
otherwise the symmetric production mechanism generates unavoidably too much DM relic abundance [292].
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Chapter 5. Asymmetric dark matter in the Inert Doublet Model

Eq. (56.39) applies until the A5 interaction decouples at z,,, where it is given by

16k (z3,)

AV, (2,) = = —— 22
sl ™ T 158+ 13k (21,)

AYg_y . (5.42)

For practical reasons, let’s define the H, asymmetry when the 15 interaction decouples as
A
Ay, =AYk, (225)] - (5.43)

Let’s consider two limiting cases.

No suppression of the asymmetry. Suppose that z), < 1, from the first line of Eq. (5.41) the
k-factor just reduce to k(z,,) = 2 so that the H, asymmetry would be given by

4
MYy, =AY, == AYp . (5.44)

As said above, for similar B — L and DM asymmetries, the DM relic density constraint requires
mpp to have a mass of few GeV (more exactly, from Eq. (5.44) and taking into account the AYp_j,
to Yl;‘)day ratio which holds in this case, AYz_;/ Y;Oday =37/12, one would need mp, = 10 GeV).
As this possibility is excluded by collider constraints — see section 5.2.2 — this implies that a
subsequent suppression of the H, asymmetry by a factor of ~ (10 GeV/mpjs) must necessarily
occur. Two different types of suppressions can naturally take place. The first one, that we now
discuss, is the Boltzmann k-factor suppression from asymmetry violating scatterings, used in
several other DM models, see e.g. Refs. [317, 311]. The second possible suppression, which we
consider after, can arise later when T < Tgyy from the combined effect of n° — 1n°* oscillations
and symmetric annihilations.

Suppression from the k-factor. If the A5 interaction is such that it decouples at zy, > 1, from
Eq. (5.42) the H, asymmetry will undergo a Boltzmann suppression from the k-factor, as can be
seen from the second line of Eq. (5.41). This suppression can be understood directly from the
Boltzmann equation for AYy, [318], valid for T = Tgyw,

dA IIH2 4 A YH2 A YH1
= - - s 5.45
= | T |72, (5.45)

where z = my, /T, H(z) is the Hubble rate and y,, (z) is the reaction density of the A5 scatterings,
given in Eq. (E.1) of the Appendix E.1. It includes both pair annihilation/creation H, H, — H H;
and “t-channel" H, H, — H) H, processes, whose rates read y% and ygg respectively. These A5-
induced processes leave intact the sum of the asymmetries of H; and H» but not each asymmetry
individually. Once T drops below mp,, the first term in the r.h.s. of Eq. (5.45) is enhanced with
respect to the second term by the fact that YE? is Boltzmann suppressed, unlike YfI?. This
Boltzmann suppression of the asymmetry lasts until the A5 induced scatterings decouple, at
T = T),, when I'j, = H. The solution of the Boltzmann equation is approximately given by
Eq. (5.42), which is nothing but the solution which makes the r.h.s. of Eq. (5.45) to vanish.
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Figure 5.9 — Reaction densities y/ H nﬁg as a function of z = my, /T, for mpy, = 10 TeV. The black
curve shows the gauge reactions and the green curve shows the annihilation rate from quartic
interactions when taking A3 = 14 = 1. The dashed red curve corresponds to the total A5 interaction
rate, composed by the sum of the H, H, — Hy Hy (purple) and H, H, — Hy H (orange) channels.
We fixed A5 = 4-107° for illustration purpose.

Clearly, from Eq (5.42) with k(z) given in (5.41), the 15 coupling must not be too large in order
to avoid a too strong exponential suppression of the H, asymmetry. As emphasized in Ref. [311],
for fermion quartic interactions, the last induced channels to decouple are the t-channel ones,
simply because they are less Boltzmann suppressed than the other ones. In our context, this
means that the H, H; — Hj H, reactions are the last ones to decouple, long after the Hy Hy < Hj H;
ones. The value of z,, is given by the condition that the I'y, rate is equal to the Hubble rate H,
and it is actually very sensitive to the value of 15 as can be seen from Fig. 5.9 because of the
t-channel scattering. For example, if mp, = 10 TeV one gets z3, = 2...15 for A5 =3-107°...5-107°.
For somewhat smaller values of A5, even if the A5 reactions do not enter in thermal equilibrium
(as defined by Eq. (5.37)), a numerical integration of the Boltzmann equation shows that still a
number of scattering processes occur nevertheless, what can lead to a sizable asymmetry. For
these reasons, we will only use the Boltzmann equation in Eq. (5.45) for the numerical results.

B. T, >T>Ti,: Freeze-out in the presence of an asymmetry

During this period, the AYy, asymmetry stays constant unlike the total abundance X p,, whose
Boltzmann equation for this period reads

azy, _ (OH,V)S
dz zH

2 As2 <Eq2
32 —Ap?-3

H " ZH, | (5.46)

9As an important remark, note that in the example of Fig. 5.9 where m H, =10 TeV, the value of 15 = 4- 1078 is actually
excluded by the Direct Detection bound in Eq. (5.11), which requires A5 < 5-107°. Larger values of A5 lead in fact to a
too strong suppression of the H, asymmetry. As we will show in the next section, a dominant asymmetric DM scenario
in the IDM alone is actually excluded ! However, one can easily evade the Direct Detection if the inert scalar decays into
lighter particles, which therefore constitutes de DM candidate, see section 5.5.4.
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Chapter 5. Asymmetric dark matter in the Inert Doublet Model

where (o, v) is the effective thermal cross section of the Hy H, < SM SM annihilations, given in
Eq. (E.7) of the Appendix. The total H, density is defined by p, = Y, + Yp,. '° With a constant
A’;;Z, as it is the case during this period, the solution of Eq. (5.46) at freeze-out z = z, is to a good
approximation given by : 1!

1/2
T, (250) = [A"S - ZEq 2 (Zfo)] (5.49)

where zg, is the usual freeze-out value as defined in Eq. (5.24), given here by the equation

Mplanck 82y, MH, (UHZ v)

v 8+ Zfo

If the annihilations are fast enough to leave at T, a symmetric component smaller than the

0.0038-

Zto = In (5.50)

asymmetric one (which is typically satisfied for (o i, v) 2 1 pb), one has Z , (zf,) = “ ) > ZEq (250).

Given the sign of the baryon asymmetry, this means at Tt,, 21, ~ —Ap, ~ =Yg, > YHZ,Z H(i'

C. Tg >T > Tgw: Stagnation of the asymmetry

Nothing is expected to happen during this period. The H, total density left at T, is left intact until
Trw, temperature at which the total density and asymmetry are given by :

Sp, (zew) = I, (2r) and  |AYy, (zpw)| = A . (5.51)

For a dominant asymmetric component, one has g, (zgw) = |AYH2 (zEW)| = A)L

D. T < Tgw : Inert scalar doublet asymmetry depletion from ° — n°* oscillations

Once the temperature drops below Tgy, two new effects enter into play : generation of mass
splittings between the H°, A’ and n* components and possibly fast inert particle-antiparticle
oscillations n° < %%, as illustrated in Fig. 5.10. The effect of the mass splittings generated by
the SM scalar vev, Eq. (5.9), is of moderate importance as long as T > dmgy = m 4 — mpyo and

10We remind that the number of degrees of freedom is given by summing the number of particles (or antiparticles but
not both), i.e. gg, =2 fora SU(2) doublet. Therefore, for particles that are not self-conjugated one has 8=, =2-8gH,-

1A more precise solution can actually be derived, which reproduce well the shape of the evolution of the = Hy-
Proceeding in the same way as for Eq. (5.32) in the method 2 of section 5.4.1, one has :

qu (Z’ )

(0, V)5(2) sEd '
T (zfo‘l) 1, o)

‘5 2 (5.47)

! 12 172 . !
ZHQ(Z>ZfO): +2y () with ZHZ(z):

which is the expression we will use in all our numerical results. We recover the solution in Eq. 5.49 by taking the limit

where z > Zéo in the expression (5.47). As explained above, the value of zgo corresponds to the temperature at which

2 j, ceases to follow the equilibrium density Zl;;g. It is here given by the condition

Eq2
z ~ap s(a v)
H, Hy H -1. (5.48)
qu zH ’
Hp zfo
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¢O*/ 7 N oy

Figure 5.10 — Feynman diagram of the 15 interaction involving only neutral scalars. After SSB, the
scalar field ¢° acquires a vev leading to n° < n°* oscillations.

T > éms = my:= — mpo. Assuming, as said above, that the H° component is the lightest one
(i.e. A5 < 0), they imply that the other components will ultimately decay into H°. But these decays
conserve the number of inert scalar particles. They just convert the H, asymmetry created before
EWSB (with mass my,) into a DM relic density of self-conjugated DM particles H® (with mass
myp, different from mp, unless Ao vanishes).

More important is the potential effect of the much faster inert particle-antiparticle oscil-
lations n° — n°* caused by the 15 interaction. The rate of an oscillating particle is simply given
by the value of the associated mass splitting [309, 319, 320], i.e. T'osc = 6my = M0 — mppo. For
T < Tgw, this rate is very fast compared to the Hubble rate since :

r
05 _ 5 1015, |14 ( (5.52)

100GeV)2 . ( TeV)
H(T) ’

T m o

The effect of these oscillations depends obviously on whether they do occur, which Eq. (5.52)
doesn’t necessarily imply, and on whether symmetric annihilations do occur after EWSB. Actually,
even if the freeze-out occurs before EWSB, this does not imply that symmetric annihilations could
not restart again after EWSB, due to oscillations [319, 320]. This could easily be the case because,
even if one starts with a pure asymmetry, the oscillations will quickly give a number density of each
population much larger than their thermal equilibrium values, roughly n,0 ~ o« ~|Anol/2 >
nf]f,l, so that IAnno [{ocv) > H can hold even if ng(?(a v) < H. If these annihilations occur, they will
anyway reduce the DM abundance, as no inverse processes will occur in this case. Let us consider
both possible cases separately.

No symmetric annihilations after EWSB. If no symmetric annihilations arise after EWSB, os-
cillations have simply no effect. They quickly reconvert a pure n° population, or a pure n°*
population, into an oscillating mixed n°-n°* population, but they do not change the number of
inert states [319]. In this case, the number of H? particles left today will be simply equal to the

number of inert scalar particles before EWSB, i.e. Y;;(’,day =~ >q, (ZEW).

If the H, asymmetry dominates the total density at Tgy, the H density is equal to the
asymmetry left after A5 interaction’s decoupling. From Egs. (5.42) this gives

today _ 16k (2/15)
H° 158 + 13k, (21,)

AYp_p, (5.53)
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with k(z,) given by Eq. (5.41). Only the relation between the value of Yp today and AYp_; changes
after EWSB, as a result of the fact that below Ty the conservation of electric charge holds rather
than conservation of Y and T3. We get

12
Y00 ~ S AY5L. (5.54)

As a result, the HY density reads

148 k(z),
today _ (215) ytoday (5.55)
" 474+39-k(zy,)
and the present H° to baryon density ratio is given by
today
QHO _ YHO ( n o ): 148k(z/15) ( M o ) (5 56)
1GeV/  474+39-k(z,) \1GeV/) ' '

Qnr  ytoday
B YB

This is the final result if no symmetric annihilations occur after EWSB and if the asymmetric
component AYy, dominates over the total density Xy, at Tgw. However, it must be stressed
that it is not mandatory to avoid symmetric annihilations after EWSB. On the contrary, if the A5
interaction above does not provide enough suppression, these scattering processes could easily
provide it, without the need of any special tuning. This is what we will now quantify.

Symmetric annihilations after EWSB. Possible effects of dark matter oscillations have been
studied in Refs. [319, 320]. As said above, since oscillations reprocess the asymmetry into both
particle and antiparticle densities, their main effect is to allow the symmetric annihilations to
start again. Even if, as Eq. (5.52) shows, the oscillation rate is much faster than the Hubble rate,
this doesn’'t necessarily mean that oscillations (and thus eventually annihilations) do occur. As
shown in these references, if dark matter undergoes fast annihilations or elastic scatterings, these
processes can break the coherence of the n°-n°* states, preventing them from oscillating. The
interplay of the oscillations with the other processes is actually more complicated in this inert
doublet scenario than in the singlet setups considered in Refs. [319, 320]. This is because on top
of n°-n°* annihilations and n° or n°* elastic scatterings, there are charged n* states, which at
Trw are responsible for half of the asymmetry and do not oscillate. Furthermore, fast inelastic
scatterings can change neutral states into these charged states and vice et versa. Moreover, as said
above, all states ultimately become real H states, which obviously do not oscillate.

(1) Let us first consider what happens to the neutral states, as if there were no charged
states. In this case, one has two important processes. On the one hand, there are n°n°* — SMSM
annihilations processes which are dominated by their A3 4 interaction contribution. On the other
hand there are n°*)SM — n°*) SM elastic scatterings which are dominated by their t-channel Z
exchange contribution, and not by the A3 4 elastic scattering contribution. ' The Z-exchange

12For T > my,, this stems from the fact that it involves a t-channel mediator whose mass is much smaller than the

. . gauge -2 5 . .
inert scalar mass, my < mpy,. As a consequence, it scales as I'g,° = G T> as compared to the quartic coupling

elastic contribution which scales as l"gg;ruc = ”Eﬁ (ov) = /lg 4 T3/ m%_lz. For T < my, the quartic contribution is also
sub-leading because it is Boltzmann suppressed, unlike the gauge one.
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gauge elastic contribution is the last to decouple, and it is relevant for preventing n°-n°* states from
oscillating because the gauge interaction is odd under n°-n°* exchange [320], i.e. it basically makes
the distinction between n° and 7°*. Thus the relevant question is, down to which temperature will
these processes effectively prevent the oscillations to start ?

At first sight, we could think that oscillations will start only once the scattering rate I'scor goes
below the oscillation rate T'ogc = dmy (if at this time both rates are still larger than the Hubble rate).
This turns out to occur at a rather low temperature, To5c ~ few GeV scale. In this case one would be
back to the “no symmetric annihilation” case above, because oscillations have practically no more
effect at this temperature, where the annihilation rate is already largely suppressed. However, an
integration of the Boltzmann equations shows that oscillations rather start when (8119)?/ H = T'scat,
see Ref. [319]. In our scenario, as we have also checked from a numerical integration of the relevant
Boltzmann equations, this turns out to happen at a temperature above Try . Thus we conclude
that oscillations start as soon as EWSB occurs.

As aresult, annihilations can restart from the EWSB temperature Tgy = 165 GeV. To deter-
mine how much of them will annihilate, one can just take the Boltzmann equations with the
oscillation and annihilation terms,

dZp — (ogv)s

2 A2 =2 _sEq2

e vl DB G g (5.57)
Ahyp _,;0mo (5.58)

=2i—— =0, .
dz zH n
dZ o dm (OoV)s

1 .Omy ov)s _

=21 Ao — =020, 5.59

dz zH zH 0 (5.59)

where for any T < Tgy we define z = myo/ T, with (ogv) the thermally averaged n°n®* — SM
annihilation cross section. Here Ao stems for the usual asymmetry Ao = AY0, while Z;0 is a
quantity that accounts for the coherence between the n° and n°* components (see [319] for further
details). The resolution of these equations leads to a monotonically decreasing X, (z) function
and to oscillating functions A,0(z) o cos[f(z)] and Z,0(2) o sin[f’(z)] whose amplitudes also
decrease monotonically. For fast oscillations, and neglecting the Zf]? term in Eq. (5.57) (which is
indeed suppressed since here zf, < zgw), the set of Boltzmann equations can be simplified and
solved analytically, at an approximate level, as explained in the Appendix E.2. The solution it gives

for £, is nothing but 13
2 (zEw)
zno (z=zzgw) = ’ (5.60)
1+3100s@f 2z _q)5 o (zpw)
27 H@ \zew nO\CEW

with zgw = mpo/ Tgw. * In the case where the asymmetry dominates the total abundance at Trw,
the initial abundance and asymmetry are equal to Z,0(zgw) = A’;fz /2. The asymmetry Ao and =,
are, in turn, fast oscillatory functions which are equal to zero on average.

13This result is approximately the same than the one obtained in [319] for much smaller § m values - see Eqs (25)
and (33) therein — but in which Xosc,ann (Which depends on dm) is now simply replaced by zgyy .

141f there is no asymmetry and if the freeze-out has occurred prior to EWSB, one recognizes in Eq. (5.60) the usual
asymptotic freeze-out behavior, i.e. the freeze-out is not instantaneous, but reaches asymptotically its final value as
given in this equation, see Eq. (5.30).
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As an important remark, if at T = Ty the equilibrium term 253 cannot be neglected in the
rh.s. of Eq. (5.57), i.e. if it is large compared to the initial density %,0(zgw), the asymmetry com-
ponent will be quickly totally destroyed because of the fast n°n°* < SM SM scattering processes
together with the fast annihilations. This is why one needs to impose zg, < zgw in order to have a

possible asymmetric production of the DM relic density. This implies my, 2 4 TeV.

The result of Eq. (5.60) looks very similar to what we obtained in Eq. (5.32) of section 5.4.1, and
this is not a coincidence. Indeed, this result can also be qualitatively understood in the following
way. Once T < Ty, the fast oscillations reprocess quasi instantaneously the n° asymmetry in
oscillatory abundances for n° and n°*. On average, just after EWSB, we have therefore Ny =
nyos = |Anypl Ty, /2. Since Tg, > Tpw, when two conjugate particles annihilate to SM particles, the
reduction of inert doublet state it implies will not be compensated by any inverse processes. As a
result, the Boltzmann equation for X, one gets along this way is simply given by

dZno __ (0'()1))8 9
dz 2zH 7

(5.61)

to be compared with Eq. (5.29), and whose resolution leads to nothing else than Eq. (5.60). 1%

(2) The next step is to include the contribution of the charged states. Since these states do
not oscillate, one could naively expect that the charged asymmetry is essentially left intact until
the charged states decay to H states. This doesn’t work this way. To see that precisely, one should
in principle solve the corresponding set of six coupled Boltzmann equations, for ;, A;,, Zj,,
[y, 2., Ay, , where Il and =, are the real and imaginary parts of the quantity that accounts
for the coherence effects. Nevertheless in practice we don’t need to go that far. It turns out that

0 SM — n* SM inelastic scatterings are very fast during this period and until

processes as 1
T ~few GeV, and these implies that the charged asymmetry follows closely the neutral one as soon
as oscillation starts. 16 As a result, in the same way as for the neutral states, one can adopt the
simple assumption that as soon as oscillations start, the particle and antiparticle densities for
charged states are equilibrated, Y;o = Y0 = Y3+ = ¥;-. At this point, the annihilation processes
such as n™n~ — SMSM, n7n°* — SMSM and n™n°® — SMSM can start again, in the same way

as the n°n°* — SMSM ones. In parallel with Eq. (5.61), the whole effect can be approximatively

15The reason why the two results coincide is in fact more subtle. Since the 7n°*) oscillatory behavior is given by
YUO(*) = f(2) (1 £ cos g(2)) /2, the Boltzmann equation in this naive approach should read

dZpp __ploovs o o __{oou)s
dz zH 1T

T 272]0 sin® g(z) . (5.62)
Averaging this expression, we find Eq. (5.61) up to an extra factor 1/2. An extra factor 2 must nevertheless be added to
take into account the contribution of the coherence Ejo part, giving back Eq. (5.60).

161ndeed, this can be seen from the corresponding term in the Boltzmann equation, which we expect to contain
AYp+ 3 =(AYp+ — AYno)y;C%t, where y0, is the n* SM — n°SM t-channel gauge-mediated scattering rate. Since
Y;—COat/ ny > H, the asymmetry AY,,+ follows closely AY,0 on average. Note also that the n° SM — n* SM (and conju-
gated) processes not only equilibrate the neutral and charged asymmetries, but also can break the coherence of the
n9-n%* by transforming a coherent neutral state into a charged state which does not oscillate. However, in the same way
as for the Z-exchange channel above, its rate goes under (0 m0)2/ H before EWSB occurs, so that they do not prevent
oscillations to start at T = Tgyy .
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Figure 5.11 — Sketch of the scenario considered in section II and III. We represent, as a function of
z=mypo!T, the H, asymmetry |AYy,| in gray and the total DM density X g, in black. We neglect
in this sketch the mass splittings between the different components of H,. First step : The initial
asymmetry AYy, and AYf, are fixed by the B — L asymmetry. Second step : this asymmetry gets
suppressed until the A5 interactions decouple at z;, — the suppression is characterized by the
k-factor. Third step : at zy, the total annihilation cross section is still in thermal equilibrium and
Z];E follows the equilibrium density Zig until it reaches |[A Yy, |. Fourth step: at EWSB, oscillations
start and reequilibrate the particle-antiparticle populations. At this point, annihilations can start
again and if they do they deplete the density — the suppression is characterized by the x-factor.

accounted by the simple Boltzmann equation

azgy, (omv)s _,
=- P 5.63
dz zH B (5.63)

Similarly to what has been obtained in Eq. (5.60), the resolution of Eq. (5.63), integrated from Tgy,
until now and using the initial condition in (5.51), leads to

5 ( - ) ZnO(ZEW) (5 64)
B (2= ZEW) = @) ’ :
L e (2 - 1) 2 aw)

with 2y, (zew) = 2, (z1,) as given in Eq. (5.49). In the case where the asymmetry dominates the
total abundance at T, the initial abundance and asymmetry are equal to Zpo(zew) = A’}jz.

Finally, because of the mass splittings between H° and the other components of the inert
doublet, this total density in Eq. (5.64) is progressively transferred into a H° density through
the decays of the heavier components. This occurs typically for a temperature below the mass
splittings, i.e. T <&mo = my —mpo and T < dmx = my= — myp. Note that, as we will see in the
numerical section below, Eq. (5.64) reaches its asymptotic value to a good approximation before T
drops below the value of the mass splitting m 40 — m o. As a result, this splitting can be neglected
as it was done to get Eq. (5.64).

199



Chapter 5. Asymmetric dark matter in the Inert Doublet Model

5.5.2 Final inert scalar relic density

We summarize in Fig. 5.11 the evolution of the asymmetry |[AYy, | and total density X, if the
asymmetry dominates totally the H, density before Try . We remind the main steps :

A. T 2 T),. The H, asymmetry, proportional to the B — L asymmetry, is generated through the
As interactions. The asymmetry undergoes a Boltzmann suppression until the A5 interaction
decouples (see Eq. (5.42))

16k (zy,)

B VN 5.65
158+ 13k(zy,) " (5:65)

A% =|AYH,(22,)] =

B. T), > T > Tgw. The symmetric component of X, follows an exponential suppression, until
2, reaches at z = zy, the value (see Eq. (5.49))
152  <Eq2 1/2
Zh,(ai0) = | AT+ " (20| (5.66)
From zg, to zgw, the annihilations are momentarily frozen, so that Zp, (zgw) = Z g, (2f,).
During this period, if the contribution from usual freeze-out is negligible (i.e. if the asym-
metry dominates the above expression), there are only H, particles in the plasma and
2p,(zEw) = A?j’z-

C. T < Tgyw. The fast n° — n°* oscillations start. They quickly reprocess the H, density in equal
abundances (on average) for n°, n°*, n™ and n~. The annihilations can therefore start again
and, if they do, they deplete the set of densities, whose sum reads asymptotically

Zu,(zEw)
(om,v)s(2)

1+ H(z) EZHZ (ZEW)

2y, (2> zpw) = (5.67)

At the end of this scenario, for T < 6mg and T < dm., this total density in Eq. (5.67) is progres-
sively transferred into a H density through the decay of the heavier components. The final H°
abundance is therefore given by

2, (zZEw)
YO _ 5o (2> = CHCEW] 5.68
i 1, (23 2pw) = T > 11 Coom) (5.68)
where we define
o, U)s oy, v
KEML ~ 1.3.1013.(M) . (5.69)
H(z) zew 1pb

Since ultimately no asymmetry survives, the relation between the baryon and the B— L asymmetry
is still given by Eq. (5.54), and the final H° to baryon density ratio is given by

(5.70)

Qo Zg(zpw) 1 _(mHo)
Qp  1+x-Zg,(zew) yod 11 Gev ‘
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If the asymmetric component dominates, using Egs. (5.42) and (5.51), one gets simply

Qppo 148k(ZA5) ( m o ) .

- 1 GeV

- 2 (5.71)
O 474+ (39+148x V") k(21,)

A number of comments can be done regarding these results. In particular, Egs. (5.68) and (5.70)
show that beside the A5 interaction induced “k-factor" suppression in AYgy,, see Eq. (5.42), os-
cillations drive a “k-factor” suppression. This x-factor suppression can be sizable as soon as
k-2, (zew) 2 1. This is not surprising since the condition «x - Zp, (zgw) < 1 is nothing but the
condition (ng, + nH2)<0H2 VW< HatT=Tgy.

As Eq. (5.64) shows, this suppression is neither instantaneous nor exponential. It goes as the
inverse of z/zgyw — 1 until it reaches an asymptotic value. In this sense, imposing that the cross
section satisfies the unitarity bound, it is naturally limited but it still can be responsible for the
~ (10GeV/mpy) suppression needed, see below. Interestingly, for large values of x - 2, (zgw ), the

today . . . ) . .
Y, relic density obtained doesn’t depend anymore on the asymmetry left at Tgw, even if this

asymmetry is the source of the final H° abundance. In this case, we simply get Y[t;;\‘/j[ay =1/x, and
the ratio reads

1 pb ) . (5.72)

= 0.15-ZEW'(
(O, V)

Qp
This means, as we could have anticipated, that for large cross section the asymmetry left is
independent of the initial asymmetry, provided this initial asymmetry is large enough. In other
terms, if the x-factor suppression is small, both baryon and H? asymmetries are directly connected.
If instead it is large, they are not related anymore in a so direct way, since in this case the final
relic density depends only on the annihilation cross section. }” Note interestingly that Eq. (5.72) is
nothing but the result of the standard freeze-out scenario, but with the important difference that
in the standard case, zgw in Eq. (5.72) must be replaced by zg,, see Eq. (5.34).

5.5.3 Failure of the asymmetric IDM scenario

We now show that the successful generation of the DM relic abundance from a dominant H,
asymmetry contribution in the IDM alone is actually in conflict with Direct Detection bounds.
We proceed step by step : we first compute what is the H, asymmetry needed in order to get the
correct final DM relic density. We then show what are the corresponding A5 values needed.

The final result of Eq. (5.70) depends on three parameters : myo, Z g, (zgw) and the total cross
section (o g, v) via k in Eq. (5.69). This means that for given values of the input parameters m 0 and
(o m, V), there is only one value of 2 g, (zgw) which gives the observed value of Qpy;/Qg, as given
by the PLANCK best fits, Qpysh? =~ 0.1188 — see Eq. (5.1) — and Qph? = 0.022 — see Eq. (3.5) [206].
Since 2 g, (zgw) depends only on these two input parameters (mp, and (o g, v)) and on A?jz, this
means also that there is only one value of A/}jz which gives the correct relic density for fixed values
of the two input parameters.

17But still, even in this case, they remain similar as the « factor is bounded from above by unitarity considerations on
the total cross section.

201



Chapter 5. Asymmetric dark matter in the Inert Doublet Model

-10
10 L 0.75pb 1pb 1.5pb 2pb .
|AH1| “: l-l H 1| —lr
1\ 4 L
TR I
100 % 1
o | 1
5 =1 «z=100
Y
<% q0-120 0 4
: 10
]
107100 N
Staﬂda{d LY s I\l— |
freeze - 01:11.d01hmated~~
-14 San_ S ~o
10 3 5 10 15 20 25 30
myo [TeV]

Figure 5.12 — Values of A H, which give the observed relic density as a function of the input
parameters mppo for various values of (o g, v) (dashed blue lines). The corresponding values of
K-ZH, (zEW) are given by the dashed orange lines. The upper horizontal line gives the maximum
value of A which is obtained from equilibration with the H; and B — L asymmetries. The
r.h.s. solid (dashed) green line gives the maximum value of the input parameters imposing that
A3,4 couplings are smaller than 47 (v/47). Below m 7o ~ 4.7 TeV, the freeze-out occurs after EWSB

which relatively quickly causes a huge suppression. The black lines from top to bottom give the
value of the parameters for which 90%, 50%, 10% of the relic density is of asymmetric origin
respectively.

Needed asymmetry as a function of the mass.

We show in the left panel of Fig. 5.12 the value
of A’IS as a function of m o for different values of the cross section. By comparing this value of

A% to the value this asymmetry would have if there were no “k-factor” suppression — given by

the AYy, upper horizontal line — one can read off what is the value of this A5 induced “k-factor"
suppression, Eq. (5.42) as compared to Eq. (5.44). This figure also shows the corresponding values
of the x - X, (zgw) factor which lead to the other suppression, i.e. the 1/(1 + x - Zy, (zgw)) factor in
Eq. (5.70).

In Figure 5.12, we also represent for which values of the various parameters the asymmetry
produced before the EW transition is responsible for 50% of the final DM relic density (black line).
Above (below) this line the relic density is dominantly of asymmetric (symmetric) origin. Similarly,
the dotted upper (lower) black line gives the values of the parameters above (below) which the

asymmetry is responsible for more (less) than 90% (10%) of the final relic density.

For masses which give a freeze-out below Tgy, 18 thex -2 1, (zgw) factor becomes exponen-
tially large because in this case X, (zgw) is still exponentially larger than its value at freeze-out

18A comment which must be made at this point concerns the fact that we have considered the electroweak phase
transition as if it was an instantaneous process, i.e. as a step function at the temperature Ty ~ 165 GeV, see section 3.3.1
and Ref. [210] (see also Ref. [321]) — which as said above is the temperature where the vacuum expectation value of
the SM scalar field becomes sizable (i.e. where the oscillations are about to start to reprocess the asymmetry). As the

electroweak transition is a crossover, it is clearly an approximation which could be refined. A change of Ty by a given
factor would shift all m 0 values in Fig. 5.12 by about the same factor.
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Thus, the proportion of Zp, (zgw) which is due to A’};z is exponentially suppressed. This explains
why the black lines quickly go up for m o below 4 — 5 TeV. Note nevertheless that this suppression,
even if exponential, is far from instantaneous. As a result we find that, still, the asymmetry can
dominate the relic density for a mass equal to 3.7 TeV which is substantially lower than the 4.7 TeV
value which gives T¢, = Tgw . 19

In Fig. 5.12, we recognize several properties expected from the discussion of the previous
section. Indeed, for large value of x - 27, (zgw ), the observed relic density doesn't depend anymore
on the value of A?jz , provided this later quantity is above a certain value. Note that the r.h.s. green
curve of Fig. 5.12 is obtained by imposing that all quartic couplings are perturbative, A3 4 < 47. 2°
This line shows that a dominant asymmetric component requires that mgo < 25 TeV (whereas the
same condition gives mpo < 30 TeV for the standard freeze-out scenario and for a small value of
the A5 coupling). Such a bound also implies an upper bound on the (o g, v) cross section of about
2.5 pb, that is to say a value about 4 times larger than the ~ 0.7 pb value one needs at these energies
along the standard freeze-out scenario. Imposing instead that A3 4 < V47 one gets no < 8 TeV
and (o, v) S 1.1 pb (dashed green line).

The minimum value of the Ag + )Li coupling combination (which enters in (o g, v)) that this
scenario requires is ~ 2, corresponding to myo ~ 4 TeV and a cross section of ~ 0.5 pb. This is
smaller than the usual ~ 0.7 pb because the associated asymmetry A/;;Z ~ |AYg, | also participates
to the depletion of the total density. From Appendix E.3, to these values of 13 4 ~ 1.5 corresponds
a Landau pole at ~ 107 GeV. This means that new physics is to be expected in this case below this
value. The scale of B— L asymmetry production has not to be necessarily below this scale. All what
matters for the value of Qpy//Qp is the value of the B — L asymmetry at T ~ mpy,.

Needed A5 coupling as a function of the mass. In Fig. 5.13, as a function of the same two input

parameters mpyo and (o g, v), we show the value of A5 which leads to the A)}jz value needed in

2
Hy

figure shows that the scenario leads to the observed relic density for A5 € [5-1078,8-107%], which

Fig. 5.12. The corresponding value of the mio — m#, mass splitting is also given on Fig. 5.13. This
corresponds to a mass splitting equal to approximately m, — mp, € [0.1,15] keV. Larger values of
As quickly lead to a A5 decoupling temperature much smaller than my,, thus to largely Boltzmann
suppressed remaining asymmetries. Smaller values of A5 rather quickly lead to no thermalization
of the H, and H; asymmetries, i.e. to no creation of a H, asymmetry. In most of the relic density
allowed parameter space, both the “k" and “k" suppressions are active, although it is possible
to have only one of the effect to account for all the necessary suppression. As said above, an
important constraint that one must satisfy is the direct detection constraint of Eq. (5.11). The
value of the mass splitting just quoted are below the ~ 100 keV direct detection lower bound of
Eq. (5.11).

1970 get this 3.7 TeV value we simply applied Eq. (5.64) neglecting the fact that in this case the Zl;jgz inverse scattering
term must be taken into account in the Boltzmann equations (as in Eq. (5.57)). The incorporation of this term would
slightly lower further this minimum value of m go.

20No need to say that with such large values of these quartic couplings, Landau poles are to be typically expected
far below the Planck scale. Although the energy scale at which we get a Landau pole depends on the value of other
couplings such as Ay, if there is no cancellations between the contributions of various couplings in the beta functions
in Appendix E.3, a value of A3 4 ~ 47 (Vam) at A= mp, =25 TeV gives a Landau pole at ~ 70 TeV (~ 700 TeV).
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Figure 5.13 — Values of 15 which leads to the A’}jz values needed in Fig. 5.12, as a function of the
input parameters mpo. The red shaded area is excluded by the direct detection constraint of
Eq. (5.11), taking m 40 — mpo = 100 keV. Taking instead m 40 — m o = 180 keV gives the red dashed
line. The dashed black line gives the value of 15 below which this interaction never gets in thermal
equilibrium, as given by Eq. (5.37). The lowest allowed A5 value is obtained for a situation where
there is neither a k suppression, nor a x suppression. In this case one generates directly the
observed relic density from having only partial thermalization of the asymmetries.

Thus, unless direct detection would allow a mass splitting as low as the value m 40 — mpgo ~
15keV, which seems very unlikely, this very minimal asymmetric scenario is in fact excluded !
This can also be clearly seen from Fig. (5.13) where the region allowed by direct detection taking
in Eq. (5.11) a mass splitting 0 mmyin = 100 keV has no overlap with the region which gives the
observed relic density. Or, in other words, imposing that the mass splitting is above 100keV, the 15
interaction turns out to decouple only at z;, 2 50 leading to a tiny Q o relic density. Nevertheless,
we now show how the inert doublet asymmetry can still be responsible of most of the DM relic
abundance by decaying into lighter particles.

So, we conclude that in the very minimal IDM scenario, direct detection constraints implies
that there is always creation of an inert doublet asymmetry at T ~ mp, for my, 2 100 GeV, but
the fate of this asymmetry is to be too much washed away to account for the observed DM relic
density:.

5.5.4 Reprocessing the inert doublet asymmetry into a lighter particle DM relic den-
sity

Since the very minimal IDM scenario above cannot account for both the relic density and direct
detection constraints at the same time, one question one must ask is whether this simple scenario
of an IDM asymmetry creation could not be nevertheless at the origin of the DM relic density
today in a simple way. This could in fact happen if the DM is made of a lighter species, whose relic
density would be due to the reprocessing of the inert doublet asymmetry into this species. Such a
reprocessing could for instance take place through decay. For the scalar scenario we consider, this
could be the case if there exists a lighter Z, odd particle, “S", to which the inert doublet states can
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Figure 5.14 — Same as Fig. 5.12 (left) and Fig. 5.13 (right), but allowing the inert scalar to decay into
a lighter real scalar singlet S with mass mg = myo/10.

decay. In this case, if the asymmetry is fully reprocessed into this lighter particle S, so that each
inert scalar component gives one S particle, the results of Figs. 5.12 and 5.13 (without the direct
detection constraint) are still fully valid provided the mass of the S particle, ms, is close to mp,. If
instead it is sizably smaller, this requires to create more inert particles by a factor mp, / ms. As an
example, Figs. 5.14 show the value of parameters we need to get the observed relic density for a
ratio mp,/ ms equal to 10. Note that such large H, asymmetry cases, beside allowing smaller DM
masses, also give relaxed lower bounds on the A3 4 couplings (in order to suppress sufficiently the
symmetric part). Sizably smaller values of these couplings are possible, relaxing accordingly the
Landau pole constraints. In order to reprocess the inert doublet asymmetry into such a S specie,
various possibilities could be considered. We here consider the case where H», decays into a real
or a complex scalar singlet — see section 5.2.1.

S as areal scalar singlet. A simple possibility is to consider S as a Z>-odd scalar singlet, into
which the scalar doublet states decay sufficiently slowly to happen after the freeze-out of this
singlet DM particle. Such a decay can be accounted for by a £ > us HHIT H,S renormalizable
interaction. If so, the main constraint to satisfy along such a scenario is, in order that the S
relic density is mainly produced from the IDM asymmetry, that the S particles has a STS —
SM SM annihilation channel with a large enough cross section to leave a symmetric relic density
smaller than the observed one at S freeze-out. These annihilations can be accounted for by a
Z> ASHHIH1 S'S interaction.

As an example, if we take a real scalar singlet, and fix the parameters to be mg ~ 2 TeV (400
GeV) and my, = 10 TeV, both conditions are fulfilled for Asy = 0.6(0.1) and usy < 4-107° GeV
(7-107% GeV). Also, the Agj interaction induces elastic scattering on nucleon through SM scalar ex-
change, oy = )L% o m;lv f]%/ (m m‘;l mé), where m is the nucleon mass and the nucleon form factor is
approximately given by fj = 0.3. The LUX experiment constraint [322], which for mpys = 100 GeV
ison <1.2:107'(ms/1 GeV) pb (see Eq. (5.16)), is satisfied if Lsyy < 1.6-107°(mgs/1 GeV)3’2. Com-
bining both these lower and upper bounds on Agy leads to the lower bound mg 2 300 GeV [270],
which is indeed fulfilled in the above example. In the left panel Fig. 5.15 we show the evolution of
the asymmetries we get as a function of the temperature for an example of parameter set which
leads to the observed relic density.
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Figure 5.15 — Evolution of the various abundances as a function of z = mp, /T in the case where
the inert doublet decays into a real (left panel) or a complex (right panel) state S after S freeze-
out. For the real scalar singlet case (left), we have fixed the Hj-related parameters to mp, =
10 TeV, (o, vy =0.5 pband 6 mpy, =3 - 1076 Gev (corresponding to A5 = 107%), and the S-related
parameters to mgs =1 TeV and (osv) = 4 pb, and the connector parameter controlling the decay
rate to (s = 5- 107% GeV. For the complex scalar singlet case (right), we have fixed the Hy-related
parameters to mp, =10 TeV, (o, v) =1 pband 6 mp, =3 - 1076 GeV (corresponding to A5 = 1079),
and the S-related parameters to ms =1 TeV and (ocsv) =4 pb, dmgs = 107 eV and the connector
parameter controlling the decay rate to usy = 5-107° GeV. In both plots, the dashed purple curve
shows what would be the evolution of the S density if there were no H, — H; S decay.

S as a complex scalar singlet. Similarly to the fermion scenario considered in Ref. [311], another
possibility is to consider instead that the decays occur when the freeze-out of the singlet particle S
has still not taken place. In this case, the inert doublet asymmetry could also be at the origin of the
DM relic density, if the singlet is a complex field and if the inert doublet asymmetry is reprocessed
into a S asymmetry. Since inert doublet oscillations start at Tgyy, this requires the reprocessing
to be done prior to EWSB. Imposing in addition for simplicity that the decay occurs after the
As interaction has decoupled at z,,, for example for mpy, = 10 TeV and mg ~ 2 TeV, one needs
107° GeV < psy <1073 GeV. For this scenario to work, one has to make sure that the S asymmetry
created in this way is not washed-out by possible S-S oscillations. This requires that terms as
Ny HY Hi(S8? + h.c.) or m28% + h.c. are sufficiently suppressed for the oscillations not to occur
before S freeze-out. This means the S mass splitting 6 mg = (m’S2 +0(Tgw — T))Lfg v?)/2mg must be
smaller than

ev, (5.73)

ms )2 ~ [losv)

Sms <1072 (25 )7%2.
S (2fo) (lTeV 1pb

with zfso 2 20 the value of mg/T at which the S freeze-out occurs, and (o sv) the S annihilation
cross section. Note that at temperature lower than Tf) , when the S oscillations starts at z5,, they
can allow the S annihilations to restart in the same way as for the inert doublet above. Similarly to
Eq. (5.68), this causes a suppression of the S asymmetry by a factor equal to (1 + KSZS(sz )~ with
ks = (0sv)sz/ H(z)z5.. In the right panel of Fig. 5.15 we show an example of evolution of the H,
and S asymmetries along such a scenario.
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5.6 Summary

In summary, if there exists an inert scalar doublet Hy, unless the A5 interaction is tiny, the inert
doublet components will automatically develop an asymmetry from thermalization with the
ordinary SM scalar doublet and lepton asymmetries. We have studied in detail what is the fate
of such an asymmetry at temperature below the value of the inert doublet scalar mass, mp,.
Beside being responsible for the asymmetry creation, the A5 interaction also controls the neutral
component mass splitting (hence the Z-exchange direct detection rate) and induces a “k-factor"
suppression of the inert doublet asymmetry at temperature below mg,. On top of this suppression
one can also have an extra “k-factor" suppression, from the combined effect of n°-n°* oscillations
(also induced by the A5 interaction) and symmetric annihilation. This leads to a scenario which
chronologically occurs as represented in Fig. 5.11. We showed that in the few-TeV range, there is a
region of parameter space where the H, asymmetry survives enough to lead to the observed DM
relic density, Fig. 5.12, but this region turns out to lead to a too large Z-exchange direct detection
contribution. As a result this scenario is nothing but excluded.

Next we looked at the possibility that the inert scalar asymmetry produced could still be at
the origin of the observed DM relic density, which could be the case if it is reprocessed to a lighter
specie, S, which satisfies the direct detection constraints. We considered two scenarios where
DM is made of a singlet odd under the Z, symmetry. a) Slow decay of the asymmetry into the
(real or complex) singlet particle, occurring after S freeze-out. b) Reprocessing of the inert scalar
doublet asymmetry into a S asymmetry through faster decays occurring before S freeze-out. Both
possibilities can lead to the observed DM relic density provided the interaction causing the decay
is small enough to induce this decay at the right time.

As most asymmetric DM scenarios, the framework we consider does not explain why the
baryon and DM abundances are so similar. Our scenario trades this abundance coincidence for a
coincidence between the mass of the proton, the mass of the inert states, the mass of the dark
matter particle, and the values of various couplings. Even if both abundances have same origin,
these parameters must "cooperate" to lead to a DM abundance so close to the baryon one. Rather
than providing a real explanation for the abundance coincidence, this scenario shows instead that
the origin of the DM relic density could be of asymmetric origin, due to the generation of an inert
scalar asymmetry related to the generation of a B — L asymmetry at high temperature.
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General conclusion

In this thesis we focused on three puzzles of modern particle physics : the neutrino masses, the
baryon asymmetry of the Universe and the dark matter. Each puzzle resolution requires beyond
the Standard Model physics, and each can find an explanation in the context of a plethora of
theoretical models. It is essential to consider a maximum of possibilities, as we don’t actually
know which is the good one yet ! Obviously, the definitive way to distinguish between them is
through experiments, which are currently many to work, and many planned. In this context, it is
mandatory to probe all the consequences and details of these models.

We discussed in chapter 1 how the smallness of the neutrino masses can find a simple
explanation in the framework of the well-motivated Seesaw models. These models are the favorite
ones since (i) they generate small neutrino masses through the tree-level exchange of new heavy
particles, (ii) they contain all the necessary ingredients to generate enough baryon asymmetry in
our Universe through the leptogenesis mechanism, (iii) they can be embedded in Grand Unified
Theories, (iv) they generate new processes as for example charged lepton flavor violating processes
that could in principle be probed experimentally. However, despite all this pros, there are also
cons. Indeed, it is in fact in general difficult to probe the Seesaw models experimentally. For
instance, in the type-1 Seesaw model, one generally expects the right-handed neutrinos either
to be very heavy or to be light with tiny interactions. In both cases, direct experimental tests are
not possible. This is however not always the case. There exists a subclass of models, the Inverse
Seesaw models, where sizable rates for charged lepton flavor violation processes can be generated.
So it is worth to probe them.

Armed with these considerations, we computed in chapter 2 the rate of the conversion
of a muon into an electron in the type-1 Seesaw framework. Since future experiments should
reach very high sensibilities on the charged lepton flavor violation processes — up to ~ 6 orders
of magnitude better than the present upper bound - it is important to have precise analytical
expressions for the rate of these processes in each theoretical model since they could provide
very interesting informations about the new physics. In particular, we have shown that the
measurement of two or more rates could potentially (i) lead to the determination of the Seesaw
scale, and (ii) distinguish between the various Seesaw mechanisms. It is remarkable that low-
energy processes could in principle provide such indications on the high-energy parameters.
Beside these motivating facts, any non-observation will lead to new bounds on the high-energy
parameters of these models.
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In chapter 3, we introduced at length the way the matter-antimatter asymmetry of the
Universe can be generated in the type-1 Seesaw model along the leptogenesis mechanism. In
particular, we highlighted the importance of the flavor effects in this context. From this knowledge,
we then analyzed in chapter 4 how leptogenesis can be achieved within the type-2 Seesaw scenario.

Since the scalar triplet can carry an asymmetry, undergoes gauge interactions and has more
types of couplings than the type-1 Seesaw, the way the matter-antimatter asymmetry is generated
is different from the standard leptogenesis, already before considering flavor issues. This is why,
in a first step, the scenario has been analyzed in detail in the one-flavor approximation, where the
scalar triplet is assumed to decay into only one lepton flavor. This has allowed us to understand
the main features of the scalar triplet leptogenesis. In a second step, we computed the effects of the
lepton flavors and the spectator processes. The way flavor manifests itself in type-2 leptogenesis is
in many ways different from type-1 leptogenesis. In particular, in contrast with the type-1 Seesaw
leptogenesis, we showed that lepton flavors always matter whatever the temperature at which
leptogenesis takes place. In this context, we have first determined all the necessary formulas
that take into account flavors : decay widths, CP-asymmetries, Boltzmann equations, flavor
temperature regimes and associated dynamics. Any reader who would like to calculate the effect
of flavors in any type-2 Seesaw model can do it based on these formulas. The procedure to follow
is summarized in section 4.4. Subsequently, we have studied various possible new scenarios. In
particular, we have highlighted the existence of a totally new regime in which enough matter-
antimatter asymmetry can be generated only via pure flavor effects. This is the so-called purely
flavored leptogenesis mechanism, which is dominant as soon as the scalar triplet couples more to
leptons than to scalars, which is also requested in order to have large rate for the lepton flavor
violation processes. We also analyzed how lepton flavor can enhance the leptogenesis efficiency
in more general situations.

In chapter 5, we introduce the dark matter puzzle, and showed some beyond the Standard
Model extensions which can account for it. Among them, a well-known model is the inert doublet
model, in which dark matter (DM) can be accounted for by the neutral component of a second
scalar doublet, odd under some discrete symmetry which insures its stability. The usual way
the DM is produced in these models is through the usual freeze-out mechanism : the total DM
abundances (DM+anti-DM) leaves thermal equilibrium at some freeze-out temperature, function
of the interactions of the DM with the plasma, and at this temperature the DM density, being
Boltzmann suppressed, is frozen to the present DM relic density. However, there is another
way to generate dark matter through the production of a DM asymmetry (DM-anti-DM), not
without similarities with the baryon asymmetry case in the previous two chapters. Indeed, the
Inert Doublet Model contains an interaction that can be responsible for the generation of a DM
asymmetry. Therefore, in the last part of this thesis, we have addressed the following question :
is it possible to generate enough dark matter in an asymmetric way in the context of the Inert
Doublet Model ? In a pure IDM framework, the answer is actually no. This is because lower bounds
from direct detection imply that the interaction responsible for the production of the inert scalar
asymmetry is too large to create enough dark matter. Nevertheless, we have shown that the direct
detection constraint can be easily evaded if one adds a new particle to which the inert scalars
decay. In this context, thanks to the analysis of the fate of the H, asymmetry, we have shown in
particular that the effect of the inert scalar oscillations can dominate the DM relic density.
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)N Units and conversion factors

A.1 Natural units

We use the natural units, that is we fix ¢ = h = kg = 1. This allows us to express all the standard

units in terms of energy unit, expressed in GeV. For example, one has

1m = 5.0677-10'° Gev™!
s~ 1.5193-10** GeV !

1kg = 5.6085 - 10%® GeV
1K = 8.6173-107'* GeV

1pb ~2.5682-107 GeV 2

A.2 Parameters and constants

(A.1)
(A.2)
(A.3)
(A.4)
(A.5)

The following parameters and constant values have been used. For the various masses and energy

scales :

v =246 GeV
Mpranck = 1.22-10'° GeV
my, = 1.25-10° GeV
Me~5.11-107% GeV
my, ~1.06-107" GeV
m; = 1.78 GeV
mp = 4.18 GeV
m; = 1.72-10° GeV
my = 8.04-10' GeV
mz =9.17-10' GeV

(A.6)
(A.7)
(A.8)
(A.9)
(A.10)
(A.11)
(A.12)
(A.13)
(A.14)
(A.15)
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Appendix A. Units and conversion factors

For the couplings :

g~6.531-10' , @, ~3.394-1072
gEm ~3.028-101 |, apy=7.297-107°
gs~1.220
gy ~3.581-1071
0,~5014-107" |, s,~0481 , c¢,=~0.877
G ~6.708-1073°

For the cosmological parameters :

Hy = 67.74+0.46 (km/s)/Mpc
Qph? =0.02205 +0.00028
Qpph? =0.1199 +0.0027
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(A.16)
(A.17)
(A.18)
(A.19)
(A.20)
(A.21)

(A.22)
(A.23)
(A.24)



U to e conversion in atomic nuclei

B.1 Some useful identities

The mixing unitary matrix U, together with the matrix C defined in Eq. (2.15) obey the following
relations :

np+ng . np+ng . np+ng
Z UajUg; =0ap Z CijCgj = Cik, Z UqjCji = Uqi , (B.1)
J J J
np+ng np+ng np+ng
Y. mjC;jCy; =0, Y. mjUqjCj =0, Y. mjUqjUpj =0, (B.2)
i i i

where n; is the number of left-handed neutrino generations and np is the number of right-handed
neutrino generations.

B.2 Feynman rules

Because of the Majorana nature of the neutrinos mass eigenstates, one have to pay attention when
deriving the Feynman rules, see for example Ref. [323]. In particular, a factor 2 has to be taken
into account in the vertices involving Majorana neutrinos and neutral bosons, like the Z or ¢°.

External lines

ps——@  wp ps—<—@)  wp
@ —>— 135 uy @ 15 Ly
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Propagators
» o Al
i v —i (&-Dkyk,
o —— (), VWY (g, 4
AAN AVAN
I v —i (cf—l)kvku) Iz v —i (cf—l)kvku)
1974 k2—m?, +ie (gw‘ + k2—&Em?, 7 k2—m?,+ie (gV“ + k2—&m?
k k
- o> — i - > — i
Qbi k2—&ms, +ie ¢3 k2—Em?,+ie
Vertices
VVIT igw A/t .
WY#BMPL leYqua
y gnz ECV Ku’
g W ig Zn ig 3) 3)
=yuPrU, =Y [(I -2Q sz)—l y5]
Uy d3 vz 8 o fa fa 2ew TH Ja fw Ja
(o (NoR
| . | . 2
iemy —igwmys
AN W i VYV A
gf’l“ §Zu 2
. . 1-2s
—le B _ w —
)= e D iy EPT P b ) - = S~ = 6 (p) ’g“’( 2¢, ) (P- =P+l
Zy
ny T ;gT:Y“ (CijPL_C:jPR)
[
| o
Th'_’_l_’_ Ly _\/I;;ZWBai(méapL_mn,—PR)
[
| o
uu_’_l_’_ dd - \/lég’:llw Uajﬁ (mdﬁPL - muaPR)
kl A#
ks k3
+ |/ o .
e Wx —ie[(ky — ko) aguv + (ko — k3) ugva + (ks — k1)vgay)
k1 Z“
ko k3
T+ - .
Wy W —igwew (U = k2)aguy + (ko — ks) ugva + (ks — ki)vgay]
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B.3. Feynman diagrams and associated amplitudes

B.3 Feynman diagrams and associated amplitudes

B.3.1 Methodology

As explained in section 2.3.1, in order to compute the effective Lagrangian for comparison with
Eg. (2.32), one needs to compute the amplitudes .#* and .4 ¢ associated to the process involving
an up quark, or a down quark. Each amplitude, .#* and .#?, will receive three contributions,
depending on whether the interaction occurs through the exchange of a photon, a Z boson or W’s

bosons:
MY =M+ My + My, (B.3)
ey Ny (B.4)
= Ay VA w - .

Those contributions will be computed separately. The first one, i.e. with the photon exchange, has
a common basis with the process u — ey so that we just have to compute the associated amplitude
of the latter, without taking a on-shell photon g? # 0, and then to add the line of quarks. This is
why we first begin by the calculation of the process u — ey. We will check that the divergences
cancel, and that the amplitude is gauge invariant. The amplitude is also compared with previous
well-known results. Then, we will compute the contribution of the Z boson. The diagrams of
this second contribution contains the same topology than the photon one, plus two diagrams
that involve two Majorana neutrinos in the loop. The cancellation of the divergences is also
verified. Finally, we will compute the contribution of the W’s boson. The diagrams involved are
box diagrams.

Let’s note that the contribution coming from diagrams with scalar boson mediated can be
neglect with respect to the one mentioned above. Indeed, these will give correction of order
~mgmy/ MIZ,V to the amplitude, which can be neglected compared to the contributions from the
gauge bosons.

(p) > > e(p') u(p) > » e(p)
7(q) Z(q)
q(pg) — - qlp}) q(pg) — — a(py)
(a) Photon contribution Jtﬁ (b) Z contribution Mé’
n; , n;
1(p) > > — e(p) u(p) e(p)
W= W=
W= w+
u(py) - u(py) d(pg)——> > — d(ph)
J U
(c) W contribution for u quarks .#, ‘f‘v (d) W contribution for d quarks Jﬂgv
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Appendix B. p to e conversion in atomic nuclei

B.3.2 Photon Penguin contribution

We first separate the lepton line from the quark line. This allow to check the amplitude with
the well-known p — ey one. The Feynman diagrams, without the quark lines, are given below.
Momentum k in the loop are taken clockwise. The associated amplitudes, in the Feynman-t'Hooft
gauge ¢ =1, are:

(p) \ e(p')
oF (k) Wi (k+q) g
iﬂYA:Z 5 UeiUys; Ue(p) £ ty(p) €3 () (B.5)
i
Alt(‘])
A G , ()
Wi (k) Kot (k+q) g
le=2 UeiU; Ue(p) I2 uu(p) €5*(q)  (B.6)
i
Aulq)
pp_,rr MPTIEN  eq)
’ g c —eg” c
Mzﬁz UeiUy; Ue(p)) Iy up(p) €§™ (@) (B.7)
& W (k) i
Aulg)
IR Al )
Wi (k) W (k +q) g
Mz;):z UeiUy; Te(p) I3 wy(p) €57 () (B.8)
i
AIL(Q)
u(p) mtk) v o(¥)
P A g B
ibvw; § iﬂf:Z UeiUyy; Te(p) Iy up(p)e§™ (@) (B.9)
W) A4(0) l
ﬂ(p) P—q l”z (pfq"’}‘), ((p/)
. e
§ S M(YF:ZZIE Uei U} Te(p)) FE uu(p) 7 () (B.10)
o+ (k) LW
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n;(p+k)

1(p) 0 ’ e(®)
HORN HSot(k+aq) eg?
Z o UeiUy; Ue(P) I uy(p) et (@) (B.11)
i “My
Au(‘])
u(p) (p+k) P ()
T T eg?
S § i./%YH:ZWUeiU Ue(p) I uwu(p) e§* () (B.12)
ot (k) i w
‘ A;l(‘l)
Neglecting the electron mass, the various integrals Jc{ are given by
d*k Py (K+p+my,,)(m,Pr—m, P
A= T ;( 4 nl)(zu R~ M, PL) B.13)
@m* [k? - m?, | [(k+ @)% —m2,] [(k+ p)? —m3, ]
= (m2Cu=mZ Co) yaPr+2my,Cy plyPr (B.14)

B _
v =

&=

gL =

Iy =

G _
v =

d*k (mePL— my, PR) (K+ p+my,) ,
l l P =-m? CyyaP
@) [ =, ] [+ @2 —md,] (kv p2—md, | # 0T T 0 Vet
d*k yP(k+p')ypPrL p'+my
2Ya~0

@m* (k2 —m3, | [(k+ p"? = m3,] m3—m3

dk YP K+ Py [(—ky —2G,) gap + Cka + o) gpv + (- kﬁ+qp)gm]
@n)* (k2 —m2,| [(k+ @)% —m?,]| [(k+ p)? —m3,]

Py

= [40= D)Cy + M2 (Cy = 2Cu) +4pp' (Cu+ Co = Cu) | YaPL
+ My, [pa 2Cy —4Cyuy) — py (2Cy +2C, +4Cyy) | Pr

d'k P (K+P)voPL
@m* [(k+ p)? —m3 | [k? — w3, ]

p+me
m

=Ya ~(2-D)Bi yaPrL

(T

4k (K+p ') (mumePr+m3 Pr)—m3

2m)4 (K2 -

(m,,PR+mePL) }‘) +my

2, ][+ py2—mid, ] mz—mz

= miKBO YaPL

d*k (K+p)(mymePg+ m%iPL) -m? (m#PR +mePr)
em*  [k2-m2, | [(k+q)?-m?] [(k+ p)?—ms, |
:2m,2,lk(~?1 YaPrL+ mii my [Pa(CO =3C, +2Cyuu) + Pa(CO —2C,—Cy+ zcuv)] Pr

(2kq + qa)

(B.15)

(B.16)

(B.17)

(B.18)

(B.19)

(B.20)

(B.21)

(B.22)

(B.23)
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Appendix B. p to e conversion in atomic nuclei

p+me [ d*k (K+p)(mumePr+m}, P)—mj (myPg+mePr)
p2-m3J @2m)? (k2 —m3,] [(k+ p)? - m3,]

=m}, (B1-Bo) yaPL (B.25)

I =y, (B.24)

In the second equality, we used the equations of motion, we expressed the integrals in terms
of Feynman integrals that are given in Appendix B.5, and we neglected the electron mass. The
integrals Cy(x;), C,(x;), Cy(x;), Cuu(x;), Cpy(x;) and Cy,(x;), depending on x; = m%i/m%‘,, are
convergent Feynman integrals that are solved using Feynman parametrization. The integrals
Bo(x;, D), B; (x;, D) and C; (x;, D) are divergent integrals, that we choose to solve by using dimen-
sional regularization method. This means we express these latter in terms of integrals in D = 4-26.
By doing so, the divergent and convergent parts can be separated. At the end of the computation,
we divergent parts must cancel, and a finite result is obtained when taking the limit § — 0.

1 — ey amplitude and rate

After summation of the amplitudes in Egs. (B.6)-(B.12), we get

i (p— ey) =€ (q) Ue(pTauu(p), (B.26)

where
eg® = .

Tq = ; —UeiUyi [Ava+ B(pa+pa) +Cdal , (B.27)
with

A =[i'21nxi +2by —12¢; + (b —2¢1 +2Com?,) x;

(47)
~2¢% (Cu+ Cy = Cuw) + 2% (Cu+ Cy = Cup = Cua) | P (B.28)
B=—m, [ +2Cp +2Cuy +2Cuu+ (Co—2Cyu— Cyp + Cup + Cund) x,-]PR : (B.29)
C == my,| ~2Cy ~2Cy = 2Cyy +2Cuu = (Cu = Co + Cuy = Cu) i P (B.30)

The functions by and c; are given in Appendix B.5. By unitarity, all the divergent parts have fallen
off. From electromagnetic gauge invariance, we must have that g,I'* =0 [134], that is

q2

A+Bmy+C—|=0. (B.31)
my

ZUeiU;i
l

We have checked that this equality is indeed fulfilled at tree level, and also at first order in g2/ m%v
and mﬁ/ m‘Z/V Now, using the fact that we can put the amplitude in the form [134] :

. C
Fa=iBoapq” ——(a*Ya—4da) , (B.32)
o
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B.3. Feynman diagrams and associated amplitudes

we finally get the well-known formula [130]-[134]

. 2
le — .
My & €5 (D Ue(p)) [F;‘e(qzya—qqa)PL—maﬁqﬁcﬁemNPR uu(p) . (B.33)

2(4m2m?,

Keeping only the dominant term, i.e. neglecting the terms proportional to g*/m3,, and m,/m?, in
the integrals, the form factors are given by

Fy® =3 UeiUpFy(xi) , (B.34)
1

Gy’ =3 UeiU;Gy(xi), (B.35)
1

where

x(7x®2=x-12) x%(x%>-10x+12)

B = 6(1—x)* © (8:56)
Gt )__x(2x2+5x—1) S n B37)
AT 20-x8 '

A straightforward computation allows to get the u — ey decay rate, given by [130]-[134]

3 2 .5

ay,S,m
=—— LGV, (B.38)
2562 my,

Let’s note that the term proportional to F)‘f ¢ doesn't give any contribution because it vanishes for
on-shell photon g2 = 0.

Contribution to y to e conversion

A explained in section 2.3.1, one needs to separate the local and long-ranged contributions. The
long-ranged one is obviously the one involving an on-shell photon. This is the term proportional
to G;,le in the amplitude Eq. (B.33), and the amplitude reads

ieg?

S e (@ ue(p) —iaaﬁqﬁGﬁemﬂPR uu(p) . (B.39)
w

i%phot. =
The long-ranged, or non-photonic, contribution of the photon diagrams is the term proportional
to F;f ¢ in the amplitude Eq. (B.33). In order to find the associated y to e conversion amplitude, we
just have to replace the €9 (q) by the photon propagator A, = —i/ g%, multiplied by the quark line
current. We find

J%q_ iezgz

=————1q(py) [QqY"] ug(pg)Ue(p)
To204mEm?, q

uu(p), (B.40)

449
e G )

where Qy is the electric charge of the quark 4.
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Appendix B. p to e conversion in atomic nuclei

B.3.3 ZPenguin contribution

As for the photon contributions, we first separate the lepton line from the quark line. The momen-
tum k in the loop is taken clockwise. The Feynman diagrams, without the quark lines, are given
below. The associated amplitudes, in the Feynman-t'Hooft gauge ¢ = 1, are

1(p) \ wih v e(p)
o (k) Wi (k+q)
i = Zi :’Ue,U Ue(p) I uu(p) e§*(q)  (BAD)
Zu((])
1(p) P nip+ k) I e(p))
Wi (k) Kt (k+q)
iﬂ5=2§ ”’Uez Uo(p) IE uy(p) ¥ () (BA2)
1
Zu((l)
1(p) s mip—a+ k) e(p)
) A .3
§ w iﬂgzzéuel (P IE uy(p) €97 (@) (BA3)
Z,(q) W) l
up__ P MPER A o)
Wi(k) Wk +q)
mzz_zg Cerl TP TP wup) €57 (g) (Bad)
Zu(‘])
(o) merh e ()
P A
M § iuE = Z4gw UeiUS; Te(p— ) IE uu(p) €37 (q)  (B.45)
W) Z,0)
14(p) Py l"‘ (p_“k)] e(r)
§ e ik = Z4mg UeiUyy; Ue(p) Zy uy(p) €37 (q) (B.46)
s wCw
Zu((l) ¢ (k>
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u(p) ni (p+k)
I

SN Hothta)

e()

. g 1- 25
MG = LU U, I B.47
? G =Y e Vel o) 25 ()€ (@) (B47)
Zu(‘])
uol mi(p 1K) - e(v)
o § wgf—zmgzc UeiU,y; Te(p) Z3' uy(p) €57 (q) (B.48)
G)*(/{) Z“(q) 4 w

Ue(p) F] uu(p) €5 (q) (B.49)

ue(p)f uu(p) €y (q) (B.50)

Neglecting the electron mass, the various integrals JC{ are given by Egs. (B.13)-(B.25) and

d*k )fﬁPL (k+p'+ mnj)ya (CjiPL_C;iPR) (k+ﬁ+ mni)yﬁPL

“~J en?t (U p2 = m3, ] [ U+ p)2 = m2| (2 = mi2, | Bob
; j w
:cj,-{ [(2—D)2D1 +2m2 (Dyy + Dyy + Do — 2Dy — Dy)
—2¢* (Dyy +Do—Dy—D,) |yaPL
—4my(Dyy — Dy)paPr+4my (Dyy + Do — Dy — Dy) P;PR}
+2C7imjm,~D0 YaPrL (B.52)
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a

. f atk (=miPR) (k+ P+ mn) Ye CjiPL=CiyPr) (k+ P+ mn,) (muPp - miPy)
! [+ )2 = 2] G+ 2 = 2 | (2 = i

(B.53)
=C,-l-{ m?m?DO—mim?(Do—Du) yaPL+2mHm§D,, p’aPR}
+CJ; mjmi{ [(2 — D)D) +mi 2Dy + 2Dy —3Dy) —2¢° Dy | Yo PL
+2m, 3Dy —2Dyy) pa Pr —4myuDyy p;PR} (B.54)

In the second equality, we used the equations of motion, and we expressed the integrals in terms
of Feynman integrals that are given in Appendix B.5. Do (x;, x;), Dy (X, X;), Dy(X;, Xj), Dyu(xi, X}),
Dyy (x4, xj) and Dy, (x4, Xj), where x; = m%i / m%/v, are convergent Feynman integrals that are solved
using Feynman parametrization. D (x;, x j»D) is a divergent integral that we choose to solve by
using dimensional regularization method.

Contribution to y to e conversion

When summing the various amplitudes Egs. (B.41)-(B.50), the divergences vanish by unitarity. In
order to find the contribution of the Z diagrams to the u to e conversion amplitude, we just have
to replace the €9 (g) by the Z propagator Az = —i/ (g% - mZZ), multiplied by the quark line current.
Because g° =~ —mﬁ, the propagators is in good approximation Az = i/ mZZ As a consequence, a
lot of the terms which have been computed can be neglected, since these will be proportional to
~ mft/ m‘év or at this order, compared to the dominant contributions, which gives

4

ig _ —
7= muq(p;)y“ (Ii;PL - Qqs%,,) ug(pg) Te(p) FyS yaPrLuu(p), (B.55)
where
Fge — .Zl UeiU;j (6isz(xl~) +CijGz(xi, xj) +C;}Hz(xi,x]')) , (B.56)
i,j=
with
Fp)=— —2= [1+ al lnx] (B.57)
2T -0l T1ox ’ ’
1 (1- (1-
Gz(x,y)=— -y lnx—ulny] , (B.58)
2(x-y) 1-x 1-y
VX 2_4 24
Hz(x,y) = Y X xlnx— Y ylny (B.59)
4x=-y) | 1-x 1-y
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B.3. Feynman diagrams and associated amplitudes

B.3.4 W boxes contribution

Here, obviously we cannot separate the lepton line from the quark line. The Feynman diagrams
are given below. The momentum k in the loop is taken clockwise. The associated amplitudes are
given in the Feynman-t'Hooft gauge ¢ = 1, even if we also made the computation without fixing
the gauge.

1(p) e(®)
A g 2 gA
W W iu%WIZ;IUeiU;ﬂVudﬂ I ox (B.60)
bodj
u(p.) i u(pi)
i
1(p) , e(p)
[
W T &+ l-/%]/lf/ :Zdz Uel ,ul|v14d | box (B.61)
1
u(pu) 7 ! u(pn)
i
1(p) I e(p)
[
To W PG = ZZ Uel Uil Vua, P 75, (B.62)
u(py) I 7 (pi)
(p) — ()
[ [
Tqr T o il = ZZ Uel UpilVua; 1> (B.63)
u(pu) . : . u(pi)
n;
#(p) e(r)
w- w- gt
i'/ﬂvb;/_zz Uei ,uzlvu dl box (B.64)
i Uj
d(pa) Ir d(pa)
w(p) e(p)
F g*
ity Zuzm UeiU}si I Viyal* P4 (B.65)
LY w

d(pa)
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u(p) e(p')
G g 2 g
iMy ZZ Uer AV, al” g box
i u]
d(pa) d(pi)
u(p) S e(p')
\ /
N /o g4
X iy =Y S UeiUp I Vial® F)h
, N i uj w
d(pa) : d(pa)

Here, Vy,4; stands for the CKM matrix. Neglecting terms in ~ mi/ m%v, the various integrals .# J

are given by,

4 d*k TUeYa (—)YpPLUy  Tuy*(K)YPPLu,
jbox =

COY [(p— k2 =i ] [(q + K2~ m? | (2 =3y ] (4 = q k2~ 3 |

~UeYaPruy Uuy*Pruy [—16E1 (xi, xd].)]

. d*k Ue(-m3 )y Pruy Ty (mfij)y“PLuu

et k- m | [+ k- m2 ] (62— md ] (@~ q - k-2,
~UeYaPruy Uuy*Pruy [—miiijEo(xi,xdj)]
JC ~jB

box box

d*k U, (—m3, k) Pruy, uu(md k‘)PLuu

Fior =
et -k ) [+ 0 m | (6= ] (07— q - 2 -

— — 2 2
~UeYaPruy Uyy*Pruy [—mnimdjEl(x,-,xdj)]

UeYaKypPruy TUayPky*Prug

e [(p- k2=

(q' - k)% - ][kz—m%v] [(g—q' +k)?-m?]
~UeyoPruy Uqy*Prug [AE (xi,xuj)]
b
ox = (27‘[) [(p-hk2- mn [(CI k)2 — ] [k2 - m%y] [(6]—6]'+k)2—m%,v]

:ﬁeYuPLu,u udYuPLud [mn,-mquO (xi; xuj)
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(B.68)

(B.69)

(B.70)

(B.71)

(B.72)

(B.73)
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(B.75)

(B.76)

(B.77)

(B.78)



B.3. Feynman diagrams and associated amplitudes

g8 =gt

box box

d4k ﬁe(m%lik)PLuu ﬁd (mijk)PLud

Fox =
b (2m)* [(p_k)z_m%i] [(q/_k)z_m%tj

— — 2 2
:ue')/aPLu’u Ud'}/aPLud [mn, mqul (xl’xuj)]

(k2= mi, [ [(g-q'+ k) = m, ]

(B.79)

(B.80)

(B.81)

In the second equality, we used the equations of motion, and we expressed the integrals in
terms of Feynman integrals that are given in Appendix B.5. Ep(x;, x4 j) and E; (x;, x4 j), where x; =

mfll_ /m%v and xg; = mfh_ /m%v, are convergent Feynman integrals that are solved using Feynman

parametrization.

Contribution to y to e conversion

Summing the various amplitudes Egs. (B.60)-(B.67), one gets

;2
ia

s ogd W . - rHeqq
l./%w—4—2uq7/ Prug u. Fbox YaPr uy,
My,

where

pheuu :Z Z UeiUH*i|Vudj|2Fb0x(Xi, xdj) ’

box -
i dj=d,s,b
pedd * 2
Fox —Z Z UeiU’”’|Vujd| Fxpox(Xiy Xu;)
i uj=u,ct

with x; = mj, I m3,, xg, = m /mj, and

xX—=y 4)[1-x (Q-x)? 1-y (1-y)?
1 1
—2xy P Inx-— __J
l1-x  (1-x)? 1-y (1-y)?
_ 1 xyy[ 1 x?
Froasten) = (1 ) [Tt g ey

1 X 1 y

y2

lny] }

y2

(1-y)?

1—x+ (l_x)zlnx— l—y_ (l—y)zlny]}'

lny]

lny]

(B.82)

(B.83)

(B.84)

(B.85)

(B.86)
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B.4 Summary

The amplitudes associated to the three ingredients, i.e. Eq. (B.39) and Eq. (B.40) for the photon,
Eq. (B.55) for the Z, and Eq. (B.82) for the W, can be written as !

. iaye _ )
l'/%phot:—gnnu;z €Z(Q) ue[—laaﬁqﬁGﬁemuPR] Uy (B.87)
. iay,a_
ity = n;Uz gy Qqug Ue[Fy°yaPruy, (B.88)
w
)
. iy, _ 3 2 _
iy =gy (3P = Qqsh ) ug e[ L | vaPrus, (B.89)
w
. q ia%, — — [ ueqq
l‘/%box:4m2 qu pLuq Ue Fbox ]YaPLuﬂ (B.90)
w

The sum of the non-photonic contribution, i.e. the last three equations, gives

ia?

l'/%gon phot — 2 ;J Ug s (V;e + Age7’5) Ug UeYaPruy, (B.91)
my,
where
3
V= Qqss, Pl + 2"—Qqs2 Fb+ 4F5§j", (B.92)
A“e — I(:; F/J lFﬂe‘]q B.93
q — _? VA 4 box ’ (B.93)

where I?i is the weak isospin (Ift =1/2, I?l = —1/2) and s, is the sinus of the weak mixing angle.
The term proportional to the form factor Age doesn’t contribute to the coherent conversion as
discussed in section 2.3.3. In terms of the above form factors, Vlf ¢ and V; ¢ as defined in Eq. (2.65)
are given by

2 1
Vhe = gsfu (FF-FL°)+ (F“e +Fot), (B.94)
1 1
Vi = S (B - FY) = L [ - o) (B.95)

In the case of light nuclei, the contribution of the dipolar term can also be casted in a four-fermion
interaction amplitude. Replacing the €9 (¢) by the photon propagator Ay = —i/ g* and multiplying
by the quark line current, it reads

iaya_ o ﬁq
l'/%)f]—dipole 5 ,:lj UqY“Qquq ue[ l—] muG”ePL Uy . (B.96)
w
In this way Eq. (2.67) is obtained
13
VE = Qg% (B + Gy + Fif (E" —Qqss ) 4F5§jq. (B.97)

1The term proportional to gy in Egs. (B.33) and (B.40) drops because of quark current conservation.
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The loop functions entering the computation of the form factors in Eqs. (B.94-B.96) are : 2

x(7x2=x-12) x*(x®-10x+12)

Fy(x) = , B.98
Y = o 60-xt (B.98)
o) = x2x%+5x-1) 3x3 Inx (B.99)
YR 4(1-x)3 20-x4 7 ’
Fy(x) o ¢ (B.100)
X)=-— - nx, .
z 20—x) 2(1-x)?2
1 2(1 - 2(1 -
Gz(x,y)=— -y lnx—ulny] , (B.101)
2x-y) 1-x 1-y
VX 2_4 2_4
Hy(x,y) = | X280 Y 2800 (B.102)
4x- | 1-x 1-y
1 Xy 1 x? y? ]
Fpoo(x,y) =—— 1 |4+ =L ) | — + Inx— — — ]
box (%, Y) x—y{( 4) T—x -0z "1y a-p2 Y
x y
-2 + Inx— - 1 , B.103
o R TR P BV TR ny]} (103
-1 [ 1 x? y? ]
F =11+ ———Inx——— - 1
Xbox(%,Y) x—y{( - 4) 1-x (1-x)? n 1-y (1-y)? ny
1 X y
—2 Inx— - 1 , B.104
Xy 1—x+(1—x)2 nx =y a2 ny]} ( )
—V/Xy x y ]
Ghox(x,y) =———>1 (4 Inx———— I
box(x y) x_y{( +Xy) 1_x+(1_x)2 nx l—y (1_y)2 ny
1 2 1 2
ol — Y e — Y lny]}, (B.105)
1-x (1-x)7? 1-y (1-y)?
with the limiting values
E,(0)=0, (B.106)
Gy 0)=0, (B.107)
Fz(0)=0, (B.108)
G#(0,x) = — Inx, G7(0,0)=0, B.109
z(0,x) 20— x B z(0,0) ( )
Hz(0,x) =0, H7(0,0) =0, (B.110)
4 4x
Fpox(0,x) = —— + Inx, Fpox(0,0) =4, (B.111)
1-x (1-x)2
X
FXbOx(O!x):_m_ (1—x)2 lnx’ FXbOx(O)O):_l’ (B112)
Gpox(0,x) =0, Gpox(0,0)=0, (B.113)

2We adopted the notation of Ref. [67] except that here Fy,, is —F},,, of Ref. [67] whereas our Fj,,, is given in
Ref. [324] as Hy,y.
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and
F,(x) F,(x) ! 1l (B.114)
YWog T YT T2 e ’
Gy (x) — = Gy (x) —— (B.115)
yx x<x1 4’ y X x>1 2’
Fy(x) o Fy(x) >_ 3 (B.116)
zx x<1 2’ zXx x> 2 2 nx, ’
1 1
Gz(0,x) — ——=xlnx, Gz(0,x) — =Inx, (B.117)
x<1 2 x>1 2
Fpox(0,X) E» 41+x(1+Inx), Fpox(0,X) E» 0, (B.118)
Fxpox(0,x) E» -1-x(1+Inx), Fxpox(0,x) E» 0. (B.119)

In terms of these functions, the form factors read

e 3+ny ny
F;‘ =y Ue,-U;iFy(xi):ZUeNiU;NiFY(xNi), (B.120)
i=1 i=1
e 3+ny ny
G;‘ => Ue,-UZiGY(x,-)=ZUeNiU;Nl_Gy(xNi), (B.121)
i=1 i=1
e 3+ny
Y :i;IUe,-U;;]. (647 F2(x) + CijGarloxs, ) + CJ Ha (i, )| (B.122)

nn

i,j=1
+Cni; (Gz(en,, xn)) = Gz (0, X)) = Gz (0, xn))) + Cy v, Hz (X, X)) | (B.123)
3+ny 3+ny
Fiot=3% Y UeaUslVua)l Frox(xi, Xa) = Y, UeiU}s; Fpox(xi,0) (B.124)
i=1 d;=d,s,b i=1
nyn
=) U, Upin; [Fpox (Xn;,0) = Fyox(0,0)] (B.125)
i=1
3+ny 3+ny
FR =y Y UeiUpIVial* Fxpox (i, Xu) = Y. UeiUy; Fxpox(x1,0) (B.126)
i=1 uj=u,ct i=1
nn
=) Uen, Uy, [Fxpox(Xn;, 0) = Fxpox(0,0)] . (B.127)
i=1
3+ny
et = 3 UeiUy; (UeiUg Gros (6is X)) = 2UUej Fxpox (xi, X)) (B.128)
i,j=1

ny
=-2) U, Upin, [Fxbox (Xn;,0) = Fxpox(0,0)]
i=1

nn
+ Y Uen Uiy {Uen,Uin, Goox (ini ) = 2U g, Ueny, [ Fxpox (i, X,
ij=1

= Fxpox(0, ) = Fxox (¥,0) + Fxpox (0,0 } (B.129)

_ ) 2 _ _ 2 = 2702
In the above, x123 = xy,,, = mVl,z,S/mW’ X4, 3+ny = XN, =my Imiy, and x4 = mq/mw.

.....

The matrix V is the quark CKM matrix and U is the total (3 + ny) x (3 + ny) neutrino mixing
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B.4. Summary

matrix defined in Eq. (2.7). The second equality in Egs. (B.120)-(B.129) is obtained using the
unitarity identity }_; Ug; U:;i = 0, the diagonalization relation }_; U,;/X; Uy; = 0, the limiting values
of the loop functions in Egs. (B.130)-(B.135) and the very good approximation for the present
analysis in which light neutrino masses are neglected compared to the heavy neutrino masses

The above form factors in Egs. (B.120)-(B.129) present the following behavior for low and
high masses

N s 7 1
Fue U U=|< - -y F‘:ue_> U U* ___1 1,
Y oy« l:Zi eNi ¥ uN; [ xN’] Y x>l l; eNi ¥ uN; 12 6 NXN,
(B.130)
Gte % Ui U* [XNi ] Ghe % U |1 B.131)
Toxsr 5 eNiZuN; [Ty Vo1 o eNi¥un; |5 |” )
o _5 ny 5 3
He * He *
F, ol - Uen; Uyn, XN, > —Inxy, |, F, g Z Uen, Uy, 5 Elani ,
=1 i=1
(B.132)
nn nn
Fpox oy 2 UeniUpnxn [L+Inxy ], Fup —— 3 UenUpy, (=41, (B133)
=1 i=1
Fﬂedd . %‘V‘ Ui U*v x [_1 —Inx ] F/.tedd . %V: Ui U (B.134)
box  y«1 bt eN;i ¥ uN; N Ni|» box 1 & eN; YN, .
F.Ueee . ny Ui U~ 2 x [1 +lnx ] Fueee . ny U U o) 5.135)
box y«1 = eN; Y uN; < AN Nil» box 1 i=1 eN; YN, , .

where contributions involving 4 insertions of light-heavy mixing elements have been neglected.
This is a good approximation in view of the various experimental bounds which hold on the
mixings for the low energy regime, as shown in Fig. 2.8 a, whereas for very high right-handed
masses this approximation relies on the perturbativity of the Yukawa couplings (ensured by the
bounds in Fig. 2.7 a up to 10 TeV). Dropping these terms with four insertions, the functions V
and V;; can be written as

Ve = S [F0 - F20-26,0,9)

+;1 [Fz(x) +2Gz(0,X) + Fpox(x,0) — Fpppx (0, 0)] , (B.136)
Ve = —5 5By - B0 - 2620,

1| F200 +262(0,5) = Fxion,0) + Fior(0,0)], (B.137)
V) = Vu(x)+§s?,,Gy(x), (B.138)
Vi(x) = Vd(x)—%s,zUGy(x), (B.139)

which are the expressions we actually use for all plots.
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B.5 Integrals

The divergent integrals are solved using dimensional regularization. These are given by®

By(x,D) i A+1-1 it ! 1 iA +b (B.140)
X, D)= ——— -mh—-——x=——— .
0 H25(4”)2 IJZ x—1 H25(4”)2

j A1 1. m?> x+1 2x—1
! { In—2 + - lnx}

Bi(x,D)~——{—+=-—-In—2
D= a2 22 2 e T 2- 12
=12 +b (B.141)
- [.L26(47'[)2 1 .
~ j A1 1 2 +1 2x—1
Cl(x;qzyD):za; - __—1 ﬂ+ X - * nx
uol@am? |4 4 4 p? 8(x-1 4(x—1)?
q° [ 11x2—7x+2+ x3 | ] iA .\ (B.142)
nx =" C .
§V 72(x-13  12(x-14 p20@am?z
Di(x,v,D) ‘ {A+3 11 2 1 i i } (B.143)
x) ) =\ - nm —— .
ey pPam? 4 8 4 W 4x-y) _

The convergent integrals are solved using Feynman parametrization. They read

Cott g = —d— LTy
olxX, q S @m?md, | x-1 (x-1)7?
q* [2x*+5x-1 X
2 1 . (B.144)
m?, | 12(x-1) 2(x-1)
Colx,q2) =C L 3)62_4x+1+ x
X, q°)=Cy= - n
uXq v 4m)>2ms3, 4(x-13  2(x-1)3
g [3x3+13x*-5x+1 x?
i AN _Inx (B.145)
m2, 36(x—1) 3(x-1)
Gt a?) = o = —i _11x2—7x+2+ x3 nx
uulX, q7) = " G, 18(x—1)3  3(x—1)*
g2 [12x*+77x3 —43x2 +17x-3  x*
T - sInx (B.146)
m, 240(x - 1)° 4x-1)

3The integrals are expanded at zero order in G°/ mIz,v, except the C ones, which are given at first order in g“/m
This is because it allows us to check that the relation in Eq. (B.31) is well satisfied. For u to e conversion, it is enough to

keep the zero order.
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B.5. Integrals

Co () ~ —i _11x2—7x+2+ x® Inx
Wl = e me, 36(x—1)3 = 6(x—1)*
g* [12x* +77x% —43x*>+17x-3 xt
— 5 - sInx (B.147)
m2, 360(x—1) 6(x—1)
—i 1 b y }
Do(x,y) = Inx- ——1 B.148
Al (4n)2m%/v{x—y PR y-1 Y ( )
—i 1 X X2+ xy(x—2) y?
Dy(x,y) = — Inx+ ———Iny (B.149)
@n?mé, |x-y[2(x-1) 2(x-1*(x-y) 2(y-Dx-y)
. 1 2 -2 2
Dy(x,y) = ——— { [ LA 3 1Sl N S N } (B.150)
@m?my, lx-y[2(y-1 2(y-D*(x-y) 2x-D(x~-y)
—i 1 2-3xy—3x+5 3
Duu(x».V): : 2 2 x(x xy Zx y)_ y lny
@m)?2ms, | (x—Y) 6(x—1) 3(y-Dx-y)
x(x?y? + x2y + x* —3xy? —3xy +3y°)
—~ 1 B.151
3x-D3(x—y) n (8151
—i 1 2-3xy-3y+5 3
Dyy(x,y) = 12 5 Y *y zy x)_ al Inx
4m?mg, | (x-y) 6(y-1) 3(x=Dx-y)
_y(x2y2+y2x+y2—3yx2—3xy+3x2) y (B.152)
3(y-13(x~y) '
Do, ) = —1i 1 xzy—x2+xy2—y2_x2(2xy+x—3y)
T @mzm?, | (k-2 | 6x-D(y-1) 6(x—1)2(x~y)
2 _
yery+y=39, (B.153)
6(y-1)2(x~-y)
Folx,y) ~ —— ! [ LN . S ln] (B.154)
° 'y_(4n)2m‘;v x-yll-x 1-y (1-x? a-y2 7 '
Eix,y) ~ — LAY RS S S MO A (B.155)
Y amezmz, | x-y =2 1=y T a-0? a-y2 7 '

233






8] Tools for leptogenesis and dark mat-
ter genesis

C.1 Thermodynamics of the early Universe : definitions and conven-
tions

C.1.1 Bosons

A boson B obeys the Bose-Einstein statistic. Taking into account its chemical potential up, the

associated equilibrium distribution of occupation number of modes of energy E = / p? + m% at
some temperature T is given by

Eq _ 1
fB (E) = m . (C.1)

Accordingly, the number density of a boson B at some temperature 7T is

Eq _ d?’ﬁ Eq,
nB (E) = 8B 27_[)3 fB (p) » (C2)

(

where gp is the number of degrees of freedom of B, and the energy density is given by

Ba gy = dSﬁE Ea 5 C3
Py (B)=gn | o5 B (5. (C.3)

The above relations has simple analytical form in some limit.

e If T <« mp, the boson is non-relativistic and the number density of B in the gas is given, at
zero order in ug/ T, by the Boltzmann’s law

T 3/2
nid(E) = gp (’ZZ ) eIl (C4)
and
P (E) = mp ny\(E) . (C.5)
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Appendix C. Tools for leptogenesis and dark matter genesis

The equation of state, that relates the energy E and the pressure p, in the non-relativistic
limit is simply p = np T = 0.

o If T > mp, the boson is relativistic and the equilibrium number density of B in the gas is, at
first order in ug/T,

) =55 1 (o) + ), c6)

with the Riemann Zeta function values {(2) = 1.645 and {(3) = 1.202. The energy density is,
at zero order in ug/T,

Ba(p) gy T (C.7)
pB ~g330 . .

The equation of state, that relates the energy E and the pressure p, in the relativistic limit is
simply p = pp/3. Let’s note that the thermodynamical quantities associated to the photons
Y, with gy = 2 for the two polarizations, are

_203) n?

T3 =Tt ! (C.8)
’ p ) py—gpy- .

n =
v 15

72

C.1.2 Fermions

A fermion F obeys the Fermi-Dirac statistic. Taking into account its chemical potential ur, the
associated equilibrium distribution of occupation number of modes of energy E = |/ p? + m% at
some temperature 7T is given by

Eq _ 1
E)=——F+« —. .
[ (E) SEAn)IT 11 (C.9)
Accordingly, the number density of a fermion F at some temperature T is
3 >
Eq d P _Eq,
E)= ) C.10
ng (E) gpf K fr (P (C.10)
where gr is the number of degrees of freedom of F, and the energy density is given by
3 >
Eq d p Eq,
E)= E . C.11
pp (E) gpf 2 Iz (P) (C.11)

The above relations has simple analytical form in some limit.

e If T < myp and at zero order in ug/ T, one recover the same results as for the boson case. This
is because for T << mp as for T < mp, the factor £1 in the denominator of the distribution
expression can be neglected.

o If T > mp, the fermion is relativistic, and one gets at first order in ug/T,
Eq 8F .33 HF
n, (E)= = T°(-C3)++—=C(2) |, C.12
r (E) . 4(() ZTC() ( )
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C.1. Thermodynamics of the early Universe : definitions and conventions

and, at zero order in up/T,
2
Eq 7 T 4
E)=~—-gr—T". C.13
pp (E)= 2 8F 25 (C.13)

The equation of state, that relates the energy E and the pressure p, in the relativistic limit is
also p = pr/3.

C.1.3 Maxwell-Boltzmann

In general, it is a good approximation to consider the Maxwell-Boltzmann distribution for both
bosons and fermions. This is, the constant term +1 is neglected in the boson and fermion
distributions :

fRUEx) = e Ex—md/ T (C.14)

where we also took into account the chemical potential 1 x of the species X. The chemical potential
of the associated antiparticle X is ug = —px. With the above approximation, the equilibrium
number density has a simple analytical form. In the case where px =0, one has

i = 55 T2 i Ky (mx I T) (C.15)

2
This is the equilibrium number density that are in general used in the Boltzmann equations.
It allows to not make the distinction between bosons and fermions, leading to less complex
equations, at the cost of the above approximation.

C.1.4 Gas properties in the early Universe

Energy density. The total energy density p is the sum over all the relativistic particle energy
densities

2
T
p= ) pa(Ta), where pA(TA):%g/e‘ff T3, (C.16)
F

with T4 the temperature of the species A, being a boson (B) or a fermion (F), and ngf the effective

eff _ eff _

number of degrees of freedom which is g%" = g4 for bosons and g§" = 7/8- g4 for fermions. The

A
total energy density can also be written as

_z T (C.17)
P=3p 8" '

where T is the temperature associated to the photons, and

B Ta\* 7 T\t
8= ) gA(7) +§ferZ gA(7) (C.18)

bosons mions
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Appendix C. Tools for leptogenesis and dark matter genesis

is the effective number of degrees of freedom in energy. In the early Universe, all the SM particles
were relativistic and the effective number of degrees of freedom is g, = 106.75. ! Today, T = Ty =
2.73 K and the only relativistic species at this temperature are the photons and the neutrinos. It
is straightforward to show that the temperature associated to the neutrinos, after CMB and CvB
(Cosmic Neutrino Background) decouplings, is related to the photon’s one through

1/3
T, = (H) T=195K. (C.19)

The total energy density today is then given by

7.[2

po= |2+

0 ( ) Ty = 1.68- py(Tp) (C.20)

41

where p, is the energy density of the photons, given in Eq. (C.8).

Entropy. The total entropy density s is the sum over all the relativistic particle entropy densities

s= Y sa(Tx), where sa(Ty) = PATPA

(C.21)
A=B,F Th

with T4 the temperature, p4 the pressure and p 4 the energy density of the species A, being a
boson (B) or a fermion (F). For a relativistic particles, the energy density and the pressure are
related to the temperature through

2
7
pa=3pa=—goirs. (C.22)
30
The total entropy density can be expressed as
27? N
S=——g«sT7, C.23
45 8xs ( )
where T is the temperature associated to the photons, and
Ty 3 7 Ty 3
ges= D gA(—) o2 gA(—) (C.24)
bosons T 8 fermions T

is the effective number of degrees of freedom in entropy. In the early Universe, all the SM particles
were relativistic and the effective number of degrees of freedom in entropy is g.s = g. = 106.75. 2
Today, using Eq. (C.19), the total entropy density is given by

21(4)
+__
4 \11

where ny is the number density of the photons, given in Eq. (C.8).

272

3
Tl Ty =7.04-ny(Tp) , (C.25)

So =

11 et’s note that if we use the Maxwell-Boltzmann distribution, it may be more consistent to compute the effective
number of degrees of freedom without taking into account the factor 7/8 in Eq. (C.18). In this case, one can also use
g+ = 117 in the early Universe.

2Using the Maxwell-Boltzmann distribution, one has g«s = g« = 117 in the early Universe.
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C.1.5 Equilibrium

Here, we briefly specify the notion of chemical equilibrium, kinetic equilibrium and thermal
equilibrium, for gas of particles.

Kinetic (or mechanical) equilibrium. A system of particles is said to be in kinetic equilibrium if
the particles exchange energy and momentum efficiently. In this case, the phase space occupancy
is given by the familiar Bose-Einstein or Fermi-Dirac distributions.

Chemical (or diffusive) equilibrium. Chemical equilibrium is reached when the sum of the
chemical potentials of the reacting particles is equal to the sum of the chemical potentials of the
products. The rates of the forward and reverse reactions are then equal.

Thermal (or abusively thermodynamical) equilibrium. Thermal equilibrium is achieved for
species which are both in kinetic and chemical equilibrium. These species then share a common
temperature 7; = T.

C.2 Sphalerons

The global currents associated to the baryon and lepton numbers are non-conserved at the
quantum level because of the triangle anomalies. One can show that the associated current
derivatives read

. 3 ] )
Ouli = 3z 18" W Wi+ B By ] (C.26)
Oujh’ =0, 1, (C.27)

where Xuv = €pvapX b Asa consequence, from the two equations above, we see that the B+ L
global symmetry is violated, but clearly not the B — L one since d,,( ng - jfs) =0.

The SM contains therefore processes that violate the sum B + L, while conserving the differ-
ence B — L. These non-perturbative processes are called EW sphalerons [213] and are very fast
for temperature typically above the EWSB. More precisely, from Fig. 3.5, one can see that the EW
sphalerons rate is faster than the Hubble rate for T > Typpa = 132 GeV.

Let’s note that as these EW sphalerons are related to the SU(2) gauge group, there are also
sphalerons related to the SU(3). gauge group, called QCD sphalerons. Our goal here is not to enter
in the details of the sphalerons physics, but for our present let's mention the following sphaleron’s
properties.
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¢ One can associate effective operators to EW and QCD sphalerons processes. They read

Ny
hal D
@?;va = HQU Qle‘ ng lLi ) (C.28)
i
ha
@(S\)pcg = HQLi Qriup;dp; (C.29)
i

where Ny is the number of families. The EW sphalerons operator relates left-handed quarks
and leptons and violate B + L, while the QCD one relates left-handed and right-handed
quarks.

For T < Tsphal = 132 GeV, the EW and QCD sphalerons rates are exponentially suppressed :
T'ew,ocp = e E £ 1T (C.30)

so that they effectively don’t occur at all.

For T > Tsphal, sphalerons are fast and their rate are given by [255, 214, 325, 326]

Electroweak sphalerons: Tew(T)=26agw T, (C.31)
QCD instantons: Focp(T)=312asT . (C.32)

By comparing Eq. (D.44) with the Hubble rate H, the EW sphalerons are much faster than H
for Tophat ST S 10'2 GeV. In this temperature range, the processes generated by effective
operator in Eq. (C.28) implies the following chemical equilibrium condition

> (Buq, + 1) =0. (C.33)

1

By comparing Eq. (D.43) with the Hubble rate H, the QCD sphalerons are much faster than
Hfor Topha ST S 10'3 GeV. In this temperature range, the processes generated by effective
operator in Eq. (C.28) implies the following chemical equilibrium condition

3" (200, ~ b ~ 1) =0. C34)

1

C.3 Boltzmann equations or chemical equilibrium conditions ?

In general, the evolution equations of particle asymmetries in the early Universe couple all

particles species and thus involve a large number of reactions. However, a simplification is

possible given that for specific temperature regimes different reactions have different timescales.

Any reaction occurring in the heat bath will necessarily fall in one of the following categories :

240

. Reactions which at a given temperature T are much slower than the Hubble Universe

expansion rate H(Tp): I'sg << H(Ty).

Reactions which at a given temperature Ty are much faster than the Hubble Universe
expansion rate H(Ty): I'rg > H(Tp).



C.4. Boltzmann equations formalism

3. Reactions which at a given temperature Tj are comparable to the Hubble Universe expan-
sionrate H(T): I'cr ~ H(Ty).

At Ty, reactions falling in category 1 basically have not taken place, so they are generally of
no relevance in the evolution of the particle asymmetry. The parameters responsible for such
reactions can then be put to zero at the Lagrangian level, leading to the corresponding early
Universe effective Lagrangian which involves new global symmetries implying new conservation
laws [327]. In contrast, the reactions in 2 at Ty have occurred so often that the particles involved
attain thermodynamic equilibrium and so are subject to chemical equilibrium constraints, which
enforce relations among the different particles chemical potentials (the particle asymmetries), see
Appendix C.5 below. These chemical equilibrium conditions, when coupled with the constraints
implied by the conservation laws of the early Universe effective Lagrangian, allow to express
the particle asymmetries of all the species in the thermal bath in terms of quasi-conserved
charge asymmetries, the asymmetries related with charges that are only (slowly) broken by the
reactions in 3. Finally, reactions of type 3 are not fast enough to equilibrate the distributions of the
intervening particles, and so they have to be accounted for via Boltzmann equations, which dictate
the evolution of the quasi-conserved charge asymmetries and therefore of all the asymmetries
in the heat bath. Note that for reactions of category 1 one has nevertheless to be cautious before
dropping them from the Boltzmann equations. A well-known example, relevant in some cases for
the dark matter abundance, is the freeze-in regime, i.e. slow production of dark matter particles
from an out-of-equilibrium process [328].

C.4 Boltzmann equations formalism

C.4.1 Generalities

The Boltzmann equations are very useful to describe the out-of-equilibrium evolution of a gas of
particles submitted to interactions. The evolution equation of the phase space density of a species
X has the simple form

Lifx]=Clfx], (C.35)

where the Liouville operator L describes typically the space evolution of X and is given by

L_0+0J?0+0§6 (C.36)
4t 0tdX 0tov’ '

and C is the collision operator. This operator contains all the physics of elastic and/or inelastic

collisions, and it therefore includes the matrix element of the probability transitions. By integrating

Eq. (C.35), one can derive the Boltzmann equation for the number density nx, which reads

d®p d3p
ng(zT)E”L[fX] —gxfwc[fx]- (C.37)
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For example, in the case where the species X can interact with other particles through the process
X < Y + Z, the collision term in the r.h.s. of Eq. (C.37) reads

acv
gx f ﬁcw = f dnxdnydnz 2m)*6* (px—py-p2) [fr(py) f2(p2) - fx(px)] I4I* (C.38)

with drx = d® px/(2m)32Ex and where we used the tree-level approximation | (X — Y + Z)|? =
|4 (Y + Z — X)|?> = |.&|?, which is enough and dominant for this Boltzmann equation.® The
Liouville term reads, using the Friedmann-Lemaitre-Roberston-Walker (FLRW) metric,

a’p Lifxl =X s pp (C.39)

gX (27_[)3 X1 = dt X .

where H is the Hubble rate. Equalizing the Liouville and the collision terms, changing variables
nx — Yx=nyx/sand t — z=mx/ T (with t = 1/2H(z)), and using the thermal average (myx/E) =
Kj(2)/ K> (z) where K (z) and K> (z) are the Bessel functions, one gets the equation

dyx Ty Kl(z)(Y ~ Eq)’ (C.40)

dz ~ zH(z) K2(2)

with I'x denoting the total decay rate of X. This equation can also be put in the simple form

Y.
Fx _ l)m , (C41)

where Yy = s(z) H(z)zd Yx/dz and where

yp= Eq K (2)

= o (C.42)

is the thermally averaged decay/inverse decay rate. We now develop a generic “method”, which is

actually more a question of notations, that is very useful in deriving the Boltzmann equations an a
simple and straightforward way.

C.4.2 Method

The method is the one introduced in Ref. [225]. The difference between a process and its time
reversed, weighted by the densities of the initial state, is defined by

[A< B]=

l_[ya,-)Yﬁ—(l_[ yb,-)yﬁ, (C.43)
i=1

j=1

where the state A contains the particles a;, ay,...,a, and the state B contains the particles
b1, by, ..., by. In the above equation, yg = y(A — B) is the thermally averaged rate of the process

3This approximation doesn’t always hold, since one needs to go at the loop level (the CP-asymmetries) for example
when computing the Boltzmann equation for the lepton asymmetries. However, it is enough to consider only the
tree-level amplitude for the illustration purpose of this section.
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A — B, summed over initial and final spin and gauge degrees of freedom, and y, is defined as

Y,
Ya = —gq where asusual, Y,=—. (C.44)
Y

a

The difference between the rates of CP-conjugate processes is written A)/g = yg - }/g. Let’s note

that by CPT invariance, one has yg = yﬁ. Using these notations, the Boltzmann equation for the
species X is simply given by

Yx=) [A< B] (C.45)

where we sum over all the processes responsible for a change in the number of X, which appears
at least one times in the final state B 3 by, ..., X, ..., by,.

C.4.3 Example: the type-1 leptogenesis

In the unflavored type-1 leptogenesis scenario, we need the Boltzmann equation governing the
evolution of the lepton asymmetry AY; where Yy = Y,. To this end, one needs to sum over the
various processes changing the number of L. We must consider all the processes that are at the
same order of the CP-asymmetry, that is processes that are proportional to Y;\lf- At this order,
considering only the dominant contribution for a sake of illustration, one has

Y1 = (V1) gphar + [N1 = L] + [L9" = L]+ [¢"¢p" — LL] (C.46)
Vi = (Vi) gphar + [N1 = Lop"] + [Lep — L") + [pp — LL] . (C47)

In the above equation, (YL)sphal denotes the contribution from the sphalerons in the evolution of
L. We will see how to get rid of this term. Also, the primed notation [L¢p* — L(p]' refers to a process
with the resonant intermediate state subtracted. This is needed in order to avoid double counting,
since the on-shell process L¢* < L¢ can be obtained by L¢p* — Nj followed by Ny — L. In other
terms, the associated rate is given by y’é‘c = ch - ylf\‘h Bgé with Bgé the branching ratio of the

decay N; — B + C. Using the following practical identities :

ab—cd:%[(a—c)(b+d)+(a+c)(b—d)] , (C.48)

ab+cd=%[(a—c)(b—d)+(a+c)(b+d)] , (C.49)

it is straightforward to show that subtracting Eq. (C.46) and (C.47), one gets, at leading order in
Yﬁ, for the washouts term,

AYr = (AYL) gt + (780 = 1) Ay D = (Aye+Ayp) 7y - (C.50)

One can get rid of the first term of this equation by considering, instead of the evolution of L,
the evolution of B — L. Indeed, the sphalerons conserve B— L, i.e. (A YL)sphal =(A YB)sphal, and
the evolution of B is only driven by the sphalerons AYg = (A YB)sphal, so that the evolution of the
difference AYp_; doesn’t actually depend on the sphaleron at all. In the second term, from the
CP-asymmetry definition one has AyILV(;) =e€nN,YDp, where yp = ZYJLV(;) is the thermally average rate of
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the total decay of N;. One has therefore finally, at leading order,

. 1
AYB_L:—(le—1)€N1)/D+E(AyL+Ay¢)YD. (C.51)

We cannot solve this equation alone, since there are still unknown quantities. The quantities AYy,
and AYj are in fact related to Y-, through chemical equilibrium condition, see section C.5 below.
One has, in the unflavored case and neglecting the spectator processes, simply that AY; = —AYp_|
and AYy = 0. However, in all the cases the evolution of Yy, has to be determined. This quantity
is a priori not related to the B — L asymmetry and one needs in fact to write down its Boltzmann
equation. Using the same approach, it is simply given by

Y, = [Lp = Ni] + [Lop™ — Ny ], (C.52)
which gives, at leading order,

YNl =~ (le - I)YD . (C.53)

The two Boltzmann equations in Egs. (C.51) and (C.53) are the one given in Eqs. (3.36) and (3.35)
respectively.

C.5 Chemical equilibrium conditions

C.5.1 Generalities and usual chemical equilibrium conditions

At very high temperatures (T > 10'° GeV), all SM reactions are frozen in the sense they are much
slower than the Hubble rate. As the temperature decreases, certain reactions (those driven by
the largest couplings first) attain thermal equilibrium which demands kinetic as well as chemical
equilibrium of the corresponding reactions, the latter in turn enforce constraints among the
different chemical potentials of the intervening particles.

Indeed, for a relativistic species X, the particle number density-to-entropy ratio is, at leading
order in ux/ T, related with the chemical potential according to Egs. (C.6) and (C.12). Therefore,
the difference AYx = Yx — Y3 is in fact directly proportional to the chemical potential through :

2 1, forfermions
AYX:gXG_,UX (C.54)
$ 2, forbosons,

with gx the number of degrees of freedom of X. In our notation, a singlet fermion has gx =1, and
doublet Dirac fermions has gx = 2, a triplet Dirac fermions has gx = 3, etc. Let’s note that there
cannot be an asymmetry in the right-handed neutrinos since these are Majorana particles. In
the same way, below the EWSB, the light neutrinos are also Majorana particles and they cannot
develop an asymmetry. Concerning the boson, only the scalar doublet and the W’s can develop an
asymmetry, and they have gy =2, gw =3.

The chemical potentials are important quantities because if a reaction occurs much faster
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than the Hubble rate (and is then in thermal equilibrium), A — B where A= a; + a +... and
B = by +by+..., then the various chemical potentials are related through the chemical equilibrium
condition }_; ug, = .; ip,, where 4, and up, are the chemical potentials of species a; and b;. From
Eq. (C.54), the chemical equilibrium constraints thus relate the different particle asymmetries of
those species participating in fast reactions.

In principle, there is a chemical potential (an asymmetry) for each particle in the thermal
bath, which implies that a priori there are as many chemical potentials as particles in the plasma:
61 (36 quarks+9 leptons+4 scalars+2 W’s+1 Z+1 y+8 gluons). This number, however, is largely
reduced due to the constraints imposed by the set of chemical equilibrium conditions and the
conservation laws of the early Universe effective Lagrangian. Depending on the temperature
regime where the B—L asymmetry is generated, the possible constraints on the chemical potentials
are :

1. For T > Tgw, chemical potentials for all the gauge bosons vanish py,: = pg = pg =0,
and so the components of the electroweak and color multiplets have the same chemical
potentials [215]. This motivates the above definition of the number of degrees of freedom
that we use all along this thesis. This already reduces to 17 the number of independent
asymmetries.

For T < Tgw, the chemical potential of the charged W’s is not zero and the W’s can develop
an asymmetry. As a consequence, the components of a same multiplets have in general
different chemical potential.

2. For T > Tgw, cosmological hypercharge neutrality must be obeyed. This leads to a relation
between the asymmetries and therefore the chemical potentials. For example, in the SM
and so in the type-1 leptogenesis (IV; has zero hypercharge) one has

Y =) (UQ, +2Huy — Hd, — He, — Hey) +2Hp = 0. (C.55)
a

For T < Tgw, the hypercharge is broken and it is instead the cosmological electric charge
neutrality that has to be imposed. In the SM and in the type-1 leptogenesis, this means

2= Z [2 (HuLa + IJMRa) -2 (:udLa + “dka) -2 (HeLa + HeRa)] +2pps +4pw- =0.  (C.56)
a
This expression can be simplified using the result in item 1 and 4.

3. Non-perturbative QCD instanton and electroweak sphaleron reactions — if in thermal equi-
librium - enforce the following constraints :

(210, = pu —Ha,) =0, D (Suq, +pe,) =0. (C.57)

a a
The temperature range at which the QCD instanton reactions attain equilibrium has been
estimated to be Ts?)gﬁ € [132,10'3] GeV [255, 214] while for electroweak sphaleron processes,
being controlled by a gy rather than ag, it has been found to be about a factor 20 smaller
for the upper value [214] so that Tf{)ml € [132,10'2] GeV, see section C.2.
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4. Finally, for T > Trw, Yukawa reactions when being in thermal equilibrium lead to the
chemical equilibrium constraints:

Up-type quarks: Muy — HQ, — M =0, (C.58)
Down-type quarks: Ha, = HQ, + gy =0, (C.59)
Charged leptons: Me, — Mo, + e =0. (C.60)

Top Yukawa-induced reactions are faster than the Hubble rate for T < 10! GeV. Bottom,
charm and tau Yukawa-induced processes are faster than the Hubble rate for T < 102 GeV,
strange and muon for T < 10° GeV, and the first generation Yukawa-induced processes for
T <10° GeV [230, 233, 231].

Let’s note that below Tgyy, the scalar boson & acquires a vev and so the neutral component
of the scalar doublet cannot develop any asymmetry (p40 = 0). Using also item 1, one has

therefore the relations py,;, = Huy,, , Bd,, = Hdy, = Huy, +Hw+ and fle, = Hey = Hv,, + Hw+.

The exact number of non-vanishing chemical potentials as well as the number of chemical
equilibrium conditions are fixed only when a specific temperature window is settled. Once this is
done, the resulting system of equations is solved in terms of a single set of variables. This set of
variables is pp/3-1,, in the SM and the type-1 leptogenesis. The solution thus provides the relations
between the asymmetries of all the particles in the heat bath with the independent asymmetries
AYp/3-1,. In particular, for T > Tgy, one has the following relations, relating AY, and AY to
AYp/3-1,:

AY,, ==Y CLgAVasr, and  AYp=-) COAYpsa L, (C.61)
B a

where C¢ and C? are matrices of numbers. These matrices have different expressions following the
temperature regime at which leptogenesis takes place. The expression of these matrices, derived
for example in Ref. [233], is computed in next section.

C.5.2 Temperature regimes and chemical equilibrium conditions for type-1 Seesaw
leptogenesis

In what follows we briefly discuss the symmetries of the corresponding early Universe effective
Lagrangian and the relevant chemical equilibrium conditions in items 1-4 above, which enable
us to calculate the matrices relating the lepton and scalar doublet asymmetries with Y3, as
given by Egs. (C.61). We start by discussing the high temperature regime T > 10'°> GeV, proceeding
subsequently to the temperature ranges T’ c [10'2,10%°] GeV, [107,1012] GeV, [10°,10°] GeVand T <
10° GeV. Theses ranges are based on the assumption that all SM interactions that approximately
enter in thermal equilibrium at a similar temperature do it effectively at the same temperature. As
discussed in section 3.5, this may not be the case since the charged Yukawas, even if faster than the
Hubble rate, must also be faster than the inverse decay rate in order that the coherent lepton state
looses its coherence. However, we will here consider only the full-flavor regimes corresponding to
the cases 1., 2.(b), 3.(c) and 4.(d), plus a “0.” one, in which only the top Yukawa-related reactions
are in thermal equilibrium.
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We stress that some of these temperature “windows” differ from those used in Ref. [233], in
particular in what regards the charged lepton Yukawa reaction equilibrium temperatures. They
however match with those pointed out in Ref. [230]. 4

0. None SM reactions in thermal equilibrium, T > 10'> GeV
In this regime all SM reactions are slower than the Hubble rate. A proper treatment of
the problem therefore should be done with the unflavored kinetic equations in Egs. (3.35)
and (3.36). With all SM reactions frozen, only the lepton ¢, and scalar doublets ¢ develop
chemical potentials uy, and pp. These chemical potentials are subject only to the hyper-
charge neutrality constraint in 2. The associated asymmetries can related to the B - L
through the following C? and C? values :

cl=1, c%=1. (C.62)

Taking into account the spectator, from Eq. (C.51), one gets Eq. (3.36) up to a factor 2 in
front of AY3_7, so that the washout is accordingly stronger. Note that above 10'° GeV there
is relatively little time for the reheating to occur before the temperature goes below the
right-handed neutrino mass (assuming the reheating occurs below the Planck scale).

1. Only top Yukawa-related reactions in thermal equilibrium, T C [10'2,1015] GeV
Within this temperature regime, the top Yukawa-related interactions becomes faster than
the Hubble rate. Accordingly, we are still in the unflavored regime and the Boltzmann
equation that must be used is still the one given in Eq. (C.51).

The global symmetries of the effective Lagrangian are those of the SM kinetic terms broken
only by the top Yukawa coupling, and so the group of global transformations is :

Gett=U(D)y xU()px U(L)e x U()pq x SUB) g x SUB)e x SU2)g x SU2), . (C.63)

The SU(3) factors combined with the exact U(1)g, U(1)pq and the absence of Yukawa
couplings for all SM particles, except the top quark, imply : pg, = e, = pu,, = HQ,, = 4B =0
(B being associated to the baryon asymmetry). Taking this constraints into account and the
relevant chemical equilibrium conditions in Egs. (C.55) and (C.58), the latter written only
for the top quark, we obtain

cl=1, c?=2/3. (C.64)

2. QCD instantons, electroweak sphalerons, bottom and charm and tau Yukawa-related reac-
tions in thermal equilibrium, T < [10%,10'?] GeV/
In this temperature window the lepton doublets lose their quantum coherence due to the
tau Yukawa-related interactions being in thermal equilibrium [233, 231]. On the other hand,

4Let’s note that there is an overall factor 2 difference between the matrices we show here and the matrices given in
some papers. This just comes from different notations. Indeed, as an example, £, accounts in this thesis for the lepton
doublet of flavor @ with g = 2, while for example in Ref. [233], ¢, accounts for one of the two components of the lepton
doublet with then g = 1. This can be quite confusing since the notation can change from one paper to another even if
written by the same author (see for example Refs. [233] and [329]). However, the different approaches are consistent
with each other since the factor 2 is compensated in the Boltzmann equations, which are in this thesis written in terms
of multiplets and not in terms of multiplet’s components.
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248

since electroweak sphaleron reactions are in thermal equilibrium, baryon number is no
longer conserved, while they conserve the individual B/3—- L, charges. An appropriate study
of the evolution of the B — L asymmetry should then be done by tracking the evolution of the
flavored charge asymmetries B/3 — L, (a = a, 7, the state a being a coherent superposition
of e and u lepton flavors) with the network of Egs. (3.62)-(3.63).

The QCD instantons reactions break the global U(1)pq, the bottom and tau Yukawa cou-
plings break the right-handed down-type quark and charged lepton SU(3) flavor multiplet
and in addition the tau Yukawa coupling also breaks the global U(1),. The Lagrangian is as
expected “less symmetric”, with the group of global transformations given by

Gei =U(M)y xSUR)g x SUR)ex U)o x U)y . (C.65)

These global symmetries imply : p,, = po, = 0 and pg, = pe, = 0 with a = 1,2, while the
complete set of chemical equilibrium conditions correspond to Egs. (C.55) for hypercharge
neutrality (written so to include the now non-vanishing bottom, charm and tau chemical
potentials), (C.57) for QCD instantons, (C.57) for electroweak sphalerons, and (C.58), (C.59)
and (C.60) written for top, bottom, charm and tau Yukawa interactions. Due to sphaleron
reactions, lepton flavor is no longer conserved so that chemical potentials develop in three
independent lepton doublets : ¢, ¢, and ¢;,. Conservation of the B/3 — L, charges however
provide the constraint p,3-1, = 0, which when coupled with the corresponding chemical
equilibrium conditions yields the following flavored C*% matrices :

, C¢=(82/359 112/359). (C.66)

¢ (307/359 —36/359
—21/359 234/359

. Strange and muon Yukawa interactions in thermal equilibrium, T c [10°,10%] GeV':

As pointed out in Ref. [233, 231], in this temperature regime the lepton doublets completely
lose their quantum coherence, implying that chemical potentials develop in each orthogonal
lepton flavor doublet : ¢;, £, and ¢.. Since the second generation Yukawa reactions are
faster than the Hubble rate, the symmetries of the effective Lagrangian are reduced to U(1)
factors:

Gett =UMy x UM g xUMex UM)ox UMy . (C.67)

These constraints imply pg = pe = o, = Hy = 0, and when combined with the correspond-
ing chemical equilibrium conditions (the ones from previous item complemented with
Egs. (C.58), (C.59) and (C.60) for the charm, strange and muon Yukawa interactions) yield :

151/179 -20/179 -20/179
c’=|-25/358 344/537 -14/537], (C.68)
—25/358 —14/537 344/537

C¢:(37/179 52/179 52/179). (C.69)

All SM reactions in thermal equilibrium, T < 10° GeV :
In this case and until electroweak symmetry breaking, the only surviving symmetry is
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U(1)y. Due to all SM reactions being fast, all SM particles develop non-vanishing chemical
potentials, with the chemical equilibrium conditions given by the full list in items 1-4. The
flavored C*% matrices in this regime therefore read :

442/711 -32/711 -32/711
cl=|-32/711 a42/711 -32/711], (C.70)
—-32/711 -32/711 442/711

C¢=(16/79 16/79 16/79). (C.71)

C.5.3 Relation between the baryon, lepton and B — L asymmetries

In the previous section C.5.2, we gave the relations between the lepton flavor asymmetries AYy,
and AYg/3-1,, as well as the relations between the scalar asymmetry AY, and AYg/3-r,, for
different temperature regimes and for T > Tgw .

Using the same chemical equilibrium condition, one can also easily derive the relation
between the baryon asymmetry AYp and the B — L asymmetry AYp_;, which is needed in order to
evaluate how much baryon are left today. But it is not necessary to compute this relation for all the
temperature regimes considered above. Indeed, once a B — L asymmetry is produced at the end of
leptogenesis, it stays intact since it is preserve by sphalerons. ® Therefore the relation between
the asymmetry in B and in B — L changes as the temperature decreases, passing through all the
temperature regimes. Just before the EWSB at T = 165 GeV, we are in the temperature regime of
item 4 in page 248 above, and we can easily show that the relation reads

28
AYp=—AYp_|. C.72
B= g AVB-L (C.72)
However, when the temperature decreases and crosses the EWPT, the sphalerons are still active
until T = 132 GeV, see Fig. 3.5 in page 86, so that just before the sphalerons decouple and leave the
baryon asymmetry intact until today, one has instead

12
AV = o7 AL (C.73)

5We suppose of course that no other B — L violation mechanism takes place after the leptogenesis era.
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D.1 Tree-level decay rates

We here compute the tree-level decay rates of the A%*, A~ and A~~ components of the triplets into
leptons and scalars. We then explicitly check that the total decay widths of each component are
the same for T > Ty, respecting gauge invariance.

D.1.1 Leptonic channel
A” — eqvg
We have, neglecting the lepton masses and using yoCu; (p) = vs(p) :
i =iv2Y{P @, PryoCul, = iv2y "' a,, P ve, , (D.1)
so that squaring and summing over the final spins one gets

S i =2 ( v’ “m2. (D.2)

spin

“TrippPLl :2|Y:ﬁ

The partial decay width of the process A™ — e, v therefore reads

- 1 . 2 _ mMa | apl?
ra — = 0= =1y, D.3
(A7 = eavp) =Ty 1M1 = 5 % 9)
and the total decay width to leptons reads
T(A™ —ev)=Y T(A™ — eqvp) = %Tr[YYT] . (D.4)

a,p
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A0* — VaVp

For A%, we just have to pay attention to doublecounting. Indeed, here partial decay width of
the process A~ — v4vg must be separated according to whether or not there are two identical
particles in the final state. One has

I(A% — vavy) = % yaa|?, (D.5)
2
T (A% — vaVprq) = % yaP (D.6)

The total decay width therefore reads

L% =) = YT (A% = vava)+ Y T(A% = vevg) = 2T [y Y] @.7)
= T

a,p>a

In D.5 we have used the fact that we have 2 identical outgoing particles so we have a factor 1/2
more. In D.7 the sum is such to avoid double counting since (A% — VaVp) = (A% — VaVp)

A™" —eqep
Proceeding in the same way as for A’*, we get that the decay width are exactly the same and

FA™T" —ee)=) T(AT" —eqel)+ ), T(AT —eqep) = %Tr[YY*] : (D.8)

a,p>a

Summary

We see that we get exactly the same decay rate to leptons for each triplet component. It reads :

ma,
8n

r (Ag ~ N) = Tl [YAk vil. (D.9)

The partial leptonic decay width can be recast in a single equation which is :

F(Aoaé_aiﬁ)z% 2[1+|Q—1|(1—5(,[ﬁ)], (D.10)

8m

ap
YAk

D.1.2 Scalar channel
Here there is no subtlety. We quickly find that the total scalar decay width of each triplet compo-

nent is given by

2
Qo Hal
F(Ak ¢¢) T (D.11)
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D.1.3 Total decay width

The total decay rate of a component of the triplet is simply expressed as :

1 2
Ta, = (BE+Bf)Ta, = . (e [va, ] |+ [a, ) (D.12)
k

2 = k k
1 my, T, B¢+B[

- , (D.13)
8 1? [Rkpk
B(/)B[
where
2 kt . k T 2 V!
i, =T [mE mE| =T [V va, ] |a,] — (D.14)
Ak
Let’s note rhi =); ml2 if there is only one scalar triplet.
D.2 (CP-asymmetries
The CP-asymmetry in the decay of the scalar triplet Ay reads for each components :
o _ ZF(A?C* —VaVa) ~T(A) =V Vy) .S LAY = vovp) =T (A — Vo Vp) D.15)
Ay Tpo +T 50 7w Tpo +T 50 ’
e _ T(AL = Vaeq) ~T(A} — Vo) 2y T(AL — Vvaep) —~T(AL —Vqep) D16
Ak I‘A;'FI‘A; ﬁ;éa FA;‘FFAZ
['(A,” —egeq) —T(ATY —eqey) T'(A,” —eqep) —T(ATT —egep)
ehe, =2—F =7 B Tee Ly ke £ TP Dar
k FA;* +FAZ+ Ba FA;* +FAZ+

where one has FA?‘ + rA% = FA; + FAZ = FA;— + FAF = 2T, . The factor 2 in front of the first terms
in the r.h.s. of the above equations comes from the fact that the associated scalar triplet decay
produces 2 lepton flavors. The factor 2 in front of the second term in the r.h.s. of the second
equation comes from the fact that one has AL — vaep but also Ay — vgeq contributing to the
CP-asymmetry. The one-loop corrections to the tree-level decay depend on the details of the
corresponding model.

D.2.1 Pure scalar triplet case

The one-loop Feynman diagrams responsible for a CP-asymmetry in the leptonic decay of A are
depicted in Fig. 4.12. We here compute briefly the CP-asymmetry by considering, for simplicity
and in order to avoid double-counting trick, the decay A, — eqVvg. The asymmetry produced by
the other component has to be the same, by gauge invariance. The tree-level amplitude i.#° is
given in Eq. (D.1). On one hand, the one-loop amplitude of the self-energy lepton conserving
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diagram with two leptons in the loop is given by

i
i) = 1\/_Y * W@y, P ve.) 1)
¢ YX{; Hvp TR Veq q2—m2 +imAkFAj

Aj
d ) v B -1k —l(ﬂ+1€)
f(Z )4(\/_Y )G \/_Y I k2 +ie(q+k)?+ie ©
- 2v2 Pt va, v | @, Prve) 5 (D.18)

2 _ 2 y
my mAj+lmAkl"Aj

where .#; is an integral, containing divergent and convergent parts, given by

—imA —imA 7 2
Ak Ak |CI | . 2 ]
Sy = = A+—-—-In——inb , D.19
0= 28 a2 128 (4m)? 3 12 i6(q°) (D.19)

with 9(6/2) the Heaviside function (more precisely distribution) of the transferred momentum
q°> = m> 1, On the other hand, the one-loop amplitude of the self-energy lepton violating diagram
with two scalars in the loop is given by

i

zﬂl—zx/_Y "(tiy, Pr ve,)

qz—mi +imAk1“Aj
i
/(2 )4 (l\/_’uA ) (iV2pn,) k2+ze (g+k)?+ie
_2\/E * x —
=— R YA“.ﬁ Ha; Mo (v PR Ve,) Iy (D.20)
mAk—mAj+lmAk1“Aj i

where % is an integral, containing divergent and convergent parts, given by

19°]
Fp=———|[A+2- ln— —in0(g?) (D.21)
¢ H25(4n)2 ,U q
The decay rate to leptons contains an interference term given by
(A, — eqvp) > ) + i) (i) + hec. D.22
(8 = eavp) 2 o pz(z b)) (i) (D.22)
-1 ma,

- Yy y P (2 Tr[y AY*]!QH  lin B ]+h.c.
w28 (4m)3 mik—mijﬂ'mAkrAj Aj Ak ( Ak Aj Ay N )

For the CP conjugate rate we have :

- -1 ma Oc,B* af
AT —é,v5)2 k v m? Tlv e 24 he.
B e p?0 (4m)3 mzk—mij+imAkl“Aj[ A T4 ( Ag [ Ay A] ﬂAkﬂA ) ]

254



D.2. CP-asymmetries

So the CP-asymmetry is given by

(A7 —vaep) —T (AL — Vqep)
ele =py k0P kb (D.23)
k 5 2T A,

1 -1 mAk

Ta, 129 (4m)8 mik - mij +imp,Ta;

; ) i o A . B B
(YAjYAk)aa my, TriYp, Yy ] - FHA RN T T

l+ia l1-ia l1+ia 1-ia

_ (ygk YA],)W (mik Tr(Ya, ng] (1 ia - %) + 1A K, (% - 1‘?:“)) (D.24)

where @ = mp, T'Aj/ (mik - mil_). The various quantities entering in the brackets read
l—ifia_lg—f;a: T2 [2i Sm[«L] - 2ia Rel[L]] , (D.25)
lia_lf;a: T2 [2i Sm[L]+2ia RelL]] , (D.26)
1 fgia - 19—3205 = 1+ a2 [2i SMm[AB] -2ia Re[AB]] , (D.27)
% - % [2i SM[B] +2ia Re[AB]] . (D.28)

l-ia l+ia 1+a?

From Egs. (D.21) and (D.21), we have that Sm [«f] = Sm [%] = -7, so that the CP-asymmetry
reads

2 2
o _ L 1 ma, (my, — my,) o t t1,2 *
T T P @m? (md —md Frmd Ta, (7)), (1 v [ 3 )
k J k J
(D.29)
Finally, dropping 6 and replacing I's, by its value, one gets
2 (192 2 i 2 i
, 1 mAk(mAk—mAj) &‘sm[(YAkYA].)W(mAkTr[YAkYAj] +“Z,J‘Aj)]
€p- =5 2 12 2 2 ¥ (D-30)
k 27 (mAk_mAj) +mAk Aj (mAkTr[YAkYAk] +|HAk|2)
If mij > mj , it simplifies to
2 o i 2 i ] * ]
o _ 1My, “m[(YAkYAf)aa(mAkTr[YAkYAj +“Ak”Af) D.31
A= . (D.31)

T o 2
2m m3 (m2, Triva, V] 1+ s, 2)

D.2.2 Mixed type-1+2 scheme

The one-loop Feynman diagrams responsible for a CP-asymmetry in the leptonic decay of Aj are
depicted in Fig. 4.12. We here compute briefly the CP-asymmetry by considering, for simplicity
and in order to avoid double-counting trick, the decay A™ — e, vy (we consider only one scalar
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Appendix D. Type-2 Seesaw leptogenesis

triplet in this case). The asymmetry produced by the other component has to be the same, by
gauge invariance. The tree-level amplitude i.#° is still given by Eq. (D.1). The one-loop amplitude
is now given by

_ d*k ( -ig i(k+ p+my,)
it =Y ivaun| u —(—)U (me, PL— my P ’
;( pa) e, @t (Vampy | Vot mecPL=ma R)(k+p)2—m12\,i+i€
-ig i i i
(ﬁmw) [ O m Pr -+, P + i pma Pty )| (k+q2+ic "
; 2
L ipag * —
~ ;—\/5(47[)2’”2 UOCNiCNi,BmNi Ue, PR Uvﬂ&f (D.32)

where o = (- % Inx + %), with R denoting some real function. Following the same procedure as
in pure type-2 case, we find :
la 1 gn

m3 I m2
o=y — 57 Mo |V UuN,Cl [ In[14+ =2 D.33
N TSy, ndmE, my [“A N Nﬁ] my, o

Using Ugn, = % Ynjax/my; and Cy, % Y,/ mpy;, we finally find :

‘ 1 %m[#AYfﬁYNia*YN,-ﬁ*] m3
CA‘f = - 4—mNi : 2 nfl+ — (D.34)
ip* m3Tr [YA YA] +|pa| my,
D.3 Scattering rates
Decay and scattering 1 — 2 and 2 — 2 reaction densities are given by :
Ki(2) pha ot
'y D.35
YD = Kz (2) Z ( )
4 ~
My Ki(zy/x)Gs
= dx X—. D.36
YS=Gani ), Vx . (D.36)

Here ngq isthe X = A+A* number density (number density for a non-relativistic species), x = s/ mi
(s being the center-of-mass energy), I'n denotes the triplet total decay width, given in Eq. (4.65),
whereas G's the reduced cross section. The integration upper and lower limits are determined
by the kinematics of the corresponding scattering process : for gauge boson mediated processes
Xmin = 4, for Yukawa (or scalar) induced reactions xin, = 0.

Denoting 6 =T'a/mp, we have found that the reduced cross sections for the s and ¢ channel
AL =2 processes can be written as :

5%¢ 2 X
=3-64mBy By, 0° ————, D.37
Ttaty ¢ Flas (x 12 +62 (D:37)
~Pl X
54, =3-647 By By, 6% — 1n(1+x)—m . (D.38)

The reduced cross sections for the s and ¢ channel flavor violating reactions, instead, can be
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D.4. Boltzmann equations

written according to :

2

~lyls 2 X
Uéa[ﬁ —3-647[Bgy6 Bgaﬁ(‘j m , (D39)
Y4 xX+2
Gy, ¢y =3-647 By, By, 0 | —— ~In(l+0)] . (D.40)
Finally, the reduced cross section for gauge induced processes reads [229, 241, 330]
~ 2 3
G2=3-—1{(15C; -3C) r+(5C,—11Cy) 1
727
1+r 50g* +41g™
+3(r2=1)[2C1 + G2 (r* = 1)]In )}+( g48 g )r3/2, (D.41)
- T

where the following notation has been adopted: r = v1—-4/xand C, = 12g* +3gy +12g°g% and
C,=6g" +3gy +12g%g% (with g and gy the SU(2) and U(1) SM gauge coupling constants).

In Egs. (D.37)-(D.41), the numerical pre-factor 3 accounts for the three scalar triplet com-
ponents. The reaction densities with a resonant intermediate state subtracted can be calculated
from Egs. (D.35), (D.36), (D.37) and (D.39) as follows :

/
Y0, = Yo, =Bty Bo¥D
10,05 0,5
Yele, =Vere, ~ BeusBe,s¥D - (D.42)

Rates for the different SM reactions are approximately given by [255, 214, 325, 326] :

QCDinstantons:  yqcp(T) =312as T*, (D.43)
Electroweak sphalerons : Yew(T) =26 apw T, (D.44)
Yukawa reactions : V(D =5x107°Y; T n]Ecq =5x107" Y} T, (D.45)

where Yy, denotes the Yukawa coupling of fermion f.

D.4 Boltzmann equations

Following the method introduced in Appendix C.4, we here write the main steps in the derivation
of the flavored Boltzmann equations for the type-2 leptogenesis.

Scalar triplet density and asymmetry. Thanks to gauge invariance, it is enough to compute the
equations associated to only one component of the triplet, that we choose to be A* for simplicity.
One gets :

YA* = [(,b+(,1)0 - A+] +Z [éw‘_/ﬁ - A+] +Z [XY b A+A_]gauge ’ (D.46)
ap
Va-=[¢7¢™ = AT]+) [eavp— AT]+ D [XY = ATAT] e - (D47)
ap
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Appendix D. Type-2 Seesaw leptogenesis

The gauge interactions was first computed in Ref. [241] and then improved in Ref. [330]. Summing
the above equations, one gets easily

Y5+ = Ypa+ + YA—

=7 (ys= — 1) =275 [¥5e
where

_1],

(D.48)
A~ At
YD =Y HVgrgo + L Vewvy + Ve,
a

(D.49)
and y7 denote the total decay rate and the total scattering rate of the A* component. Summing
over the triplet components, one gets finally the evolution of the total triplet density

- (

Ys ¥ |
a1 -2rall =5 -
Yz Yy
where yp is the total decay rate as defined in Eq. (4.24). By subtracting the above equations
Egs. (D.46) and (D.47), one gets instead

(D.50)
AYAt = YA+ - YA,

Aya=2BpAys+ Y Br,, (Aye, +Ayr,)
wp

+
D
— D.51
5 ( )
Summing over the triplet component, one gets the evolution of the total triplet asymmetry
. AYr AYy A Yg A Yo,
AYA:— Y (p Eq +Z [aﬁ YEq YD -
z é 14
Lepton asymmetry.

(D.52)
component of the scalar triplet. One gets for e,

Here too, we will focus on the lepton asymmetry generated by only one
=2 [A7 —eavy]

+%[<P 0" — eqvp] + [V50° — eqp™]

+ ) [eyvs < eavﬁ]/ +[eyVs — eqvp]
Byy,6

(D.53)
and for é,, one just needs to replace all the particle by the associated anti-particle in the above
equation. Subtracting the two equations and summing over the lepton components, one gets

AYr, =(y=+1)Av5, 0, =2 (AyA +Aye, + Aye,j) Br,yYD
p
_%(ZAyd, +Aye, +Ay[ﬁ) (y'lf/"/;

ly s

+7, ¢)+22(BgaﬂAY§)(/; ByAy; zﬁ)
+ X (Bye, +Bye, = Bye, - Aye, ) 1y +Y§ f’ﬁ
By.0

) + 2% (BeaﬁAYgz - B/Ayé fﬁ)
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D.5. Chemical equilibrium conditions

Here, one has defined the reaction densities with a resonant intermediate state subtracted YZY;; =

0,0 ' . A A A lq
WZZZ - By, Be,,Yp and y[‘i‘zﬁ = y%’[ﬁ — ByBy,,Yp. Using Ay}, = _AYqAbqb and Y5 Ay?aéﬂ =€,\"YD
one gets finally

AYy, =(ys—1)eyyp =Y. (AyA +Aye, + Ayeﬂ) By, YD
P

op Lo
- % (ZAJ/¢ +Aye, + AJ’%) (Y;aéﬁ + Wf¢>)
+ Zﬁ (Ayey +Aye, —Aye, — AWﬁ) (YZY;; +722) —
By,

As usually, the 1.h.s. of this equations must be replaced by (- 1AYg/3- L, in order to express things
in terms of sphaleron-conserving quantities. Still, one is left with too many unknown asymmetries
in this equations. These must finally be related to the triplet and B/3 — L, asymmetries trough
chemical equilibrium conditions.

D.5 Chemical equilibrium conditions

The way to proceed is the same as in the type-1 Seesaw case in Appendix C.5. The only difference
comes from the Hypercharge neutrality condition which reads now

Y =) (HQy +2Muy — Hd, — He, — Hey) +2Hp +61A =0 (D.56)
a

Here, we will also write the chemical equilibrium conditions that apply in the situations where the
charged lepton Yukawa couplings are not in thermal equilibrium, even if their rate are larger than
the Hubble rate. Indeed, as explained in details in section 4.2, in each temperature regime one has
different possible flavor regimes, following that the inverse decays are faster or slower than the
charged Yukawa reactions. There are therefore parameter space configurations for which lepton
flavor coherence is not lost when the SM tau Yukawa reaction (or any other SM lepton Yukawa
interaction) becomes fast. In those cases, the C¢ and C? matrices certainly differ from those
derived in the case when lepton flavor decoherence takes place at the same temperature at which
the corresponding SM Yukawa coupling becomes fast. Although this lepton flavor decoherence
“delay” is not inherent to scalar triplet flavored leptogenesis, and it is rather a consequence of
parameter choices, here we summarize all possible C/ and C? matrices including as well those
cases. The list presented here thus encompasses all the scenarios one can consider when tracking
the B — L asymmetry in triplet scalar flavored leptogenesis scenarios.

Table D.1 displays the different possible temperature regimes, the corresponding reactions
which are faster than the Hubble expansion rate, the lepton flavor regimes (full-diagonal, semi-
diagonal or general flavor regimes) and the corresponding global symmetries of the effective
Lagrangian in the early Universe. In Table D.2, instead, we specify for the different temperature
regimes the asymmetry charges for which kinetic evolution equations have to be written and
the corresponding C? and C% matrices valid in each case. We remind that ngcoh,

section 4.2.2, refers to the temperature at which the lepton-related triplet inverse decay becomes

as defined in

smaller than the SM lepton f; Yukawa interaction.
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Appendix D. Type-2 Seesaw leptogenesis

As an example, let’s consider the situation where the mass over the scalar triplet is ma =
109 GeV, so that leptogenesis takes place in the temperature regime T € [10°, 10°] GeV. Furthermore,
suppose that the inverse decays ¢ — A are such that only the tau charged lepton Yukawa is active.
In this semi-diagonal regime, one has that the strong and EW sphalerons are in equilibrium, as
well as the top, bottom, charm, strange and tau Yukawa interactions

Y (2kq, = Hu, — Ha,) =0 (QCD), Y (3uq, +He,) =0 (EW), (D.57)
a a
Mu, — HQ, — Mg =0 (top) , M, — 1Q, + He = 0 (bottom) , (D.58)
Mu, — 1Q, — H¢ = 0 (charm) , Mu, — HQ, + Hg = 0 (strange) , (D.59)
Hu, — Ko, + g =0 (tau) , (D.60)

together with the hypercharge relation
Y = D (Hou + 2t~ Ha, — e, ~ He,) +2p + 610 = 0. (D.61)
In this case, the effective Lagrangian at that time possess the following global symmetries :
Getr=U()y xUM)oxU1)yxU)g x SUR),, (D.62)

so that, assuming that initially the Universe was perfectly symmetric, one has in fact ug, = gy, =
Hd, = He, = He, = 0. Now, let’s proceed step by step.

The quantities that are conserved by the sphalerons are in this regime the AYg/3_1,, AYg/3-1,
and AYp,3_1, asymmetries. From the relation between the asymmetries and the chemical poten-
tial in Eq. (C.54), one has that these are proportional to

1
AYpra-1, 0 22 (2HQu + Hu, + Ha,) =21, » (D.63)
a
1
AYpg/3-1, o 3 Y (21Q, + Hug + Ha,) —21te, » (D.64)
a
1
AYp3-1, 3 Y (210, + Hug + Hd,) = 2He, — He, - (D.65)
a

From QCD sphalerons, one has
2 (Hu + pa,) =2 Ko, » (D.66)
a

a

and from EW sphalerons, one has

]
2 HQu = =3 L bty (D.67)
a a
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D.5. Chemical equilibrium conditions

so the asymmetries become, using the tau Yukawa chemical equilibrium condition,

4
AYpj3-1, = -5 Y AYy, —2AY,,, (D.68)
a
4
AYp/3-1, = -5 Y AY,, —2AY,,, (D.69)
o
4 1
AYp/3-1, :—§ZAY4a—3AYgT+§AY¢. (D.70)
a

One has to pay attention to the number of degrees of freedom, as well as to the fermion or
scalar nature of the asymmetry. Following our conventions, g, = g¢ =2 and ga = 3. In order to
determine AY, we use the hypercharge relation, in which we inject the various sphalerons and
Yukawa conditions. One has

HQ, + HQs + 2y +2he — [ — Hs — o, — Mo, = Mo, — Pe, + 2 + 64 =0

e 241Q, +21q, — He, — Koy — 24, + 9k +6n =0
5 5 8
< —SHe, — SHe, — SHe, + g+ 6iua =0 D.71)

so that the scalar doublet asymmetry reads

4 10 10 16
AYj == AVt AV, + =AYy, + Ay, . (D.72)

Injecting this asymmetry in the expression of the B; — L, asymmetries, and inverting the relations,
one finally gets the C matrix

_4 307 _5 _36
’ R S N
C'=|-3 3 339 “3%|° (D.73)
26 _21 21 234
359 359 359 359

and the C? one

¢ _ 172 82 82 112
C _(ﬁ B B @) (D.74)
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Appendix D. Type-2 Seesaw leptogenesis

’ T (GeV) ‘ In equilibrium Regime ‘ Global symmetries of the effective £ ‘
> 101 Hyp. Full Uy x UL x UL g, x U pgx
SUB)gxSU@B)yxSUB)g x SUB3),
[10'2,10%9] Hyp., ¢ Full Uy xU1)pxU(1)g, %
SU(2)q x SU2)y x SUB) g x SUB3)e
[10%10%] :
[Tgecon’ 10?1 | Hyp., Sphal,, Full- | UMy x U(L)g x U()y x SUR)gx
t,b,c diagonal | SU(3),
(10%, T3, o] Hyp., Sphal., Semi- | Uy x U(1)g x U(1)y x SU(2) 4%
t,b,c,T diagonal | SU(2),
[10°,10% :
[T econ 10°] Hyp., Sphal,, Full- | ULy x U x ULy x U1)gx
t,b,c,s diagonal | SU(3),
[Tecon’ Taecon] | HyP. Sphal., Semi- | Uy x U)o x U(1)y x U(1) g x
t,b,c,s,T diagonal | SU(2),
(10, Tfecoh] Hyp., Sphal.,, General | Uy xU()gxU(1)yx U(1)gx
t,b,c,s,T,1 U,
<10°:
(T} o 10°] Hyp., Sphal., Full- | Uy x SUB),
t,b,c,s,u,d diagonal
[Tciitecoh’ T(}ecoh] Hyp" Sphal" Semi- Uy xSU2).
t,b,c,s,u,d,t diagonal
(T§on Télemh] Hyp., Sphal.,, General | U(1)y x U(1),
t,b,c,s,u,d, T,
< Tc‘fecoh Hyp., Sphal., General | Uy
t,b,c,s,u,d,T,1,e

Table D.1 — Temperature ranges and the corresponding reactions which are in thermal equilibrium.
In the third column we show the corresponding flavor regime that has to be considered and in the
fourth column we show the global symmetries of the early Universe effective Lagrangian.
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D.5. Chemical equilibrium conditions

T (GeV) Flavor(s) c? c?
0 1 0
>101° B-1Lios 0 01 2 11 1)
0 0 0 1
0 1 0
12 15 4 2 2 2
[0, 10 B=lLzs 0 01 5 5 5 3)
00 1
[10°,10'2]
o B _2 _2
12 152 1%:5 125 1 1 1 1
T — —_—— —_— —_—— — — —_ —_
[Tdecoh’m] B-Li23 0 15 15 15 (2 1 1 4)
0 -2 _2 13
15 15 1
4 307 5 _ 36
9 329 355% 3?)%9 33569 172 82 82 112
T _ 2 —2< U/ 25 iz Oz Oz ilz
[10 ’Tdecoh] BI/3 L“rva 359 359 359 359 (359 359 359 359)
260 21 =21 23
359 359 359 359
[10°,107] :
o £ -% -%
T 9 2 13 2 1 1 1 1
[T §econ 10°] BI3—Liag3 0 -5 & 3 (G 1 7 1)
0 -2 _2 13
15 15 1
4 307 _ 52 _ 36
1% 339 3%% 3:(3)%9 33569 ( 172 82 82 112 )
(T TT 1| BI3=Lgpr | |52 =2 % _36 1z 82 8 12
,0, 359 359 359 359 359 359 359 359
decoh’ “ decoh P ] B P
359 359 359 359
_4 151 _ 20 20
5 1z 11179 17295 34114719 11749 (82 37 52 52)
[10°, T ] B/3—Leyr - T - 5 B 30 52 52
Ly 1 1 1 1 1
decoh 1_19 B E _Si ﬁ7 79 79 79 79
58 358 537 537

...see next page for the other regimes. ..
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T (GeV) Flavor(s) ct c®
<10°:
o B _2 _2
5 ) ¥ P 4 2 2 2
T _ _2 13 _2 4 2 2 2
[Tdecoh'lo] B/3—1IL123 0 5 15 15 (11 11 11 11)
0 -2 -2 1B
15 5 15
2 209 _ 3 _ 24
Iz 244 24 564 oy (86 41 4 56)
[T LI 11 BI3=Lgpr = —a —5s == o = = 22
b, 244 244 244 244 244 244 244 244
decoh’ ~ decoh Bis A 3 188
244 188 188 244
__8 407 _52 _ 52
H D i 81 164 2 8 8
e _ R 1 A - 1064 < el el
[Tdecoh’Tdecoh] B/3 Le’#’T 481 13 111 111 (481 13 37 37)
22 1 _4 70
181 13 11 111
3 442 32 _ 32
g 443 9 26 16 16 16
e _ o _ 9O 74 _ 9O b 16 16 106
~ “decoh BI3—Ley,r 79 11 711 711 (79 79 79 79)
3 _32 _32 442
79 711 1 711

Table D.2 — Temperature ranges, as in Table D.1. In the second column, we show the asymmetries
for which kinetic equations have to be written. In the third and fourth columns the different C*
and C? matrices holding in each regime. Note that some of these matrices reduce to those found
in the type-1 Seesaw case when removing their first column.
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I Asymmetric Dark matter in IDM

E.1 Scattering rates
In Eq. (5.45), the reaction density of the 15 scatterings for the n* (and similarly for n°) is given by
(E.1)

Yas = Yo + Yo

where
Y = ” f dxv/xKi(zV/x) 6 (ab— cd) . (E.2)
nz
with 6 (ab — cd) the reduced cross section. These are given by
53 ( )—3/% 1 : (E.3)
O3, (P —mm = = Pt :
312 1\2
51 1-—| . E.4
0, (pn—¢n) = n( x) (E.4)
In the non-relativistic limit, the corresponding rate is given by
T, =25 = P08 vy + "ot v) (E.5)
/15 - nEq - AS ¢+ 15 ) .
n+
where [318]
2 3/12
_ 5 roN 5
(o3 v = >—.and (o) v)= o, (E.6)
2

32nm H,
In Eq. (5.46) and (5.63), the effective cross section of the H, H, — SM SM coannihilations is given

by [292]
Eq Y Eq

Y 1 3 4 2 2
<(TH2U> Z(Uz] V) —— Eq qu m(gg +/13+/14 (E.7)
H,
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Appendix E. Asymmetric Dark matter in IDM

where g is the weak coupling constant. We neglected the A5 contribution, and the corrections due
to the contributions proportional to (v?).

E.2 Analytical resolution of the Boltzmann equations

The Boltzmann equations given in Egs. (5.57)-(5.59) do not in general have a simple analytical
solution. However, in the case of very fast oscillations, like it is the case here, a good approximation
consists in symmetrizing the equations for Ao and ETIO’ i.e. replacing Egs. (5.58)-(5.59) by

dAp  dm _  1{ogv)s

dz “HZHE Ty o M =0
dZ o om 1 {(ogv)s
n . ovrs _
=2i— ———Ep0 Xp0. E.9
dz ! cH™" 2 g T (E:9)
In this approximation, the solutions for A, and =, are of the form
A (2) = f(2) coslg(2)] , Ep(z) =i f(z) sin[g(2)]. (E.10)

Furthermore, since we are interested in oscillations happening after the freeze-out, we can neglect
ZE? in Eq. (5.57). With these approximations, integrating from zg to z with the initial condi-
tions Ay, (zgw) = Zp, (zgw) and Z(zgw) = 0, the analytical solutions of the Boltzmann equations
Egs. (6.57)-(E.9) are given by Eq. (E.10) and

Zp(2) = /A% ()~ B (2) = f(2), (E.11)
with
Zn, (ZEW)
fle) = ———— : (E12)
1+ ansa (ﬁ - 1) %0 (ZEW)
O PLL (E.13)
89 % Ha\z, ) '

The abundance Z,0 decreases therefore monotonically until it reaches an asymptotical value given
by

2’770 (zEW)

1{oov)s(z) _z :
z H(z) azno (ZEW)

T0(2> zpw) = (E.14)

Note that despite appearance, the denominator doesn't depend on z, since one has sz/(Hzgw) =
12,/8- Mp; Tgw 157°.
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E.3. Landau Pole

E.3 Landau Pole

The renormalization group equations for the inert doublet model have been computed in Ref. [290] :

di;

1672
d dlog A

=iV, (E.15)

where the beta functions are given by

B1 = 2447 + 215 + 24344 + A5 + A%,

B2 = 2405 + 25+ 24344 + A3+ A2,

Bz = (1243 +414) (A1 + A2) +4A5 + 215 +2A2

Ba = 4As(A1 + Ap) +4A% + 83, + 842,

Bs = 4A5(A1 + A2) + 8315 + 121445 . (E.16)
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